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Abstract

The Double Chooz experiment is a reactor neutrino experiment, located at the Chooz

power plant in France. The experiment aims to study the disappearance of electron

antineutrinos produced in the two Chooz reactors - B1 and B2 - to perform a precision

measurement of the neutrino oscillation amplitude sin2(2�13). To do this, Double Chooz

uses two liquid scintillator antineutrino detectors; a far detector (FD) and a near detector

(ND). A likelihood fitting method is used to measure neutrino oscillation from the detector

data.

In this thesis, a project to separate the DC data based on the activity of the two

Chooz reactors is described. An event selection process was first performed, which aimed

to create a sample with a higher neutrino to background event ratio. The data from each

detector was then separated into four distinct sets: a two-reactor ’On-On’ set, two single-

reactor data sets (B1-Only and B2-Only), and an ’Off-Off’ set for times where neither

reactor was active. This separation was performed using thermal power data from the

two Chooz reactors.

The event selection applied to the data produced results in considerable agreement

with previous Double Chooz publications. Only 6 detection runs out of 40698 (∼ 0:01%)

show signs of being incorrectly sorted by the separation process. Further investigation

of the separation criteria would allow for greater understanding of the process’ success,

and could further reduce this error. The main limitation in the data separation is in the

limited data available for the Chooz reactors’ power output over time. This causes a 5:49%

reduction in usable ND statistics, and a 50:5% reduction in FD statistics. With increased

reactor data, this separation process could create effective, unique single-reactor data

sets. These could then be used in conjunction with an updated likelihood fit to constrain

the neutrino oscillation model used by Double Chooz, and provide increased precision to

future measurements of sin2(2�13).
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Nomenclature

ANN - Artificial Neural Network

B1 / B2 - Chooz Reactors

CPS - Chimney-Pulse-Shape

DC - Double Chooz

FD - Far Detector

FN - Fast Neutrons

FV - Functional Value, FuncV

GdT - (Gadolinium-Doped) �-Target

GC - -Catcher

IBD - Inverse Beta Decay

ID - Inner Detector

IV - Inner Veto

LLH - Likelihood

ND - Near Detector

OV - Outer Veto

PMT - Photomultiplier Tube

SM - Stopping Muons

TnC - Total Neutron Capture
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Chapter 1

Introduction

Neutrinos are di�cicult particles to detect and study, as they are light, chargeless, and

only interact via gravity and the weak force. There are currently three known avours of

neutrino; the electron (� e), muon (� � ), and tau ( � � ) neutrino [1]. In the late 1960s, the

Brookhaven Solar Neutrino Experiment, also known as the Homestake experiment, was

set up to count the rate of neutrinos produced in the sun [2]. The experiment found that

the measured solar neutrino count was only about a third of the theoretical expectations,

and this discrepancy became known as the 'solar neutrino problem'. One explanation

for this di�erence was the theory of neutrino oscillation - the idea that neutrinos change

avour during travel. This theory had been built up over time by Bruno Pontecorvo,

as well as Maki, Nakagawa, and Sakata prior to the Brookhaven experiment [3, 4, 5].

Neutrino oscillation wasn't proven to be the cause of the missing neutrinos until 30 years

later, when the Super-Kamiokande Collaboration provided signi�cant evidence of neutrino

oscillation [6]. This result was then veri�ed by the Sudbury Neutrino Observatory [7].

Since then, several collaborations have been founded to further study the phenomenon

of neutrino oscillation, measuring neutrinos produced in solar, atmospheric, or reactor

sources [8]. One such collaboration is the Double Chooz (DC) Collaboration, a reactor

neutrino experiment intended to measure certain neutrino oscillation parameters, namely

the neutrino mixing angle � 13 [9]. For this purpose, DC uses a two-detector setup, which

measures the neutrino rate produced in two nuclear reactors. As of 2020, DC has provided

a measurement of sin2 (2� 13) as 0:105� 0:014 [10].
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Exploitation of the two-reactor layout of the Chooz reactors could be used to great

e�ect in the Double Chooz measurement method. For example, the distance travelled by

neutrinos a�ects their survival probability against oscillation, and there is currently no

method for directly constraining these distances for each reactor. The aim of this thesis

is to discuss a method of separating the data produced from the two reactors, in order

to create a direct distance constraint and, in turn, allow for an increase in measurement

sensitivity. To begin with, the basic theory surrounding neutrino oscillation is explained.

Details of the Double Chooz experiment are then provided, including discussions of the

detection method and background process, as well as the likelihood �t used to measure

� 13. A preliminary test is discussed which provides an initial motivation to the work that

will follow. In chapter 2, the data separation will be explored. First, an event selection

process is described, to reduce background signals in the data to produce a sample that

is more pure in neutrino detection events. An investigation into the event rates over

time in the Double Chooz detectors is then performed, followed by an investigation of

the Chooz reactors' thermal power over time. The actual process of data separation will

then be explored, with the DC data being separated into four sets: an 'On-On' data set,

where both Chooz reactors are active; two single-reactor sets, with one reactor on and

one o�; and an 'O�-O�' data set, where neither reactor is active. In chapters 3 and 4,

the e�ectiveness of this separation is then discussed, and the work needed to improve this

process is outlined.

1.1 Neutrino Oscillation

The neutrino was originally devised by Wolfgang Pauli in 1930, as an explanation for the

continuous energy spectrum of beta decay [11]. Since the �rst direct neutrino measure-

ment in 1956 [12], they have been an interesting target of study, as a sort of anomaly in

the standard model. The three neutrino avour eigenstates: � e, � � , and � � ; are analogous

to the three charged lepton avours: electron, muon, and tau; and neutrinos interact

via the weak interaction in these states. Neutrinos, however, also exist in three mass

eigenstates: � 1, � 2, and � 3, which are direct solutions to the Schr•odinger equation and

are described by a di�erent basis to the avour states. Because of this, each state in the
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mass or avour basis can be considered as a superposition of the states in the other, as

shown in equations 1.1 and 1.2.

j� � i =
X

j

U �
�j j� j i (1.1)

j� j i =
X

�

U�j j� � i (1.2)

In the equations above,� represents the avour basis, andj represents the mass basis.

This can also be written in terms of a transforming matrix, called the Pontecorvo-Maki-

Nakagawa-Sakata matrix[4], or UP MNS , as shown in equation 1.3.

0

B
B
B
B
@

� 1

� 2

� 3

1

C
C
C
C
A

=

0

B
B
B
B
@

U1e U1� U1�

U2e U2� U2�

U3e U3� U3�

1

C
C
C
C
A

0

B
B
B
B
@

� e

� �

� �

1

C
C
C
C
A

(1.3)

The UP MNS shown in equation 1.3 is based on the three-neutrino model. The three-

neutrino UP MNS can be parameterised using four phases: three mixing angles,� 12, � 23,

and � 13, as well as a phase� CP which is non-zero if neutrinos are found to violate CP-

symmetry. This matrix is shown below in equation 1.4.

UP MNS =

0

B
B
B
B
@

1 0 0

0 c23 s23

0 � s23 c23

1

C
C
C
C
A

0

B
B
B
B
@

c13 0 s13e� i�

0 1 0

� s13ei� c13

1

C
C
C
C
A

0

B
B
B
B
@

c12 s12 0

� s12 c12 0

0 0 1

1

C
C
C
C
A

(1.4)

Here, cjk = cos(� jk ) and sjk = sin( � jk ). For the sake of completeness, it is worth

stating that two factors that have been left out of this matrix. These relate to whether

the neutrino is a Majorana or a Dirac particle, and are therefore beyond the scope of this

thesis.

Despite being created and annihilated in their avour states due to the weak inter-

action, neutrinos propagate through space in the mass basis, as this is described by a

Hamiltonian. This propagation can therefore be described by applying the Time Depen-

dent Schr•odinger Equation to the eigenbasis transformations in equations 1.1 and 1.2.

This expression is as follows in equation 1.5
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j� � (t)i =
X

j

U �
�j j� j (0)i � e� i (Et � px) (1.5)

A more useful expression can be provided from this, through the assumption that

neutrinos are relativistic particles. This allows equation 1.5 to be written in terms of

distance travelled, L � ct. Using an expression for total energyE tot =
q

p2
j + m2

j '

pj +
m2

j
2pj

� E +
m2

j
2E , neutrino propagation can be re-written as in equation 1.6.

j� � (L )i =
X

j

U �
�j j� j (0)i � e� im 2

j L=2E (1.6)

This expression describes the state of a neutrino after travelling a distanceL � ct,

and therefore can be used to predict which avour a neutrino of known energy will be

after this distance. If a neutrino is known to be produced in the state � in the avour

basis, then the probability that it will be detected in state � is calculated using equation

1.7. This probability can then be expressed as in equations 1.8 and 1.9.

P� ! � (L; E ) = jh� � (0)j� � (L )ij 2 (1.7)

P� ! � (L; E ) =

�
�
�
�
�
�

X

j

U �
�j U�j � e� im 2

j L=2E )

�
�
�
�
�
�

2

(1.8)

P� ! � (L; E ) =

0

@
X

j

U �
�j U�j � e� im 2

j L=2E )

1

A

y  
X

k

U �
�k U�k � e� im 2

k L=2E )

!

(1.9)

The exponential components of this expansion can be expressed as a single exponential

using the mass square di�erence, �m2
jk � m2

j � m2
k . Due to the complex exponent of this

term, it can be expressed in terms of trigonometric functions. This means that as long

as neutrino mass is non-zero, the probability that a neutrino is measured in a di�erent

avour will vary with a set frequency and amplitude, hence the name neutrino oscillation.

As a note, this also means that oscillation would not occur if neutrinos were truly massless

particles, as originally thought. Therefore, the discovery of this oscillation was signi�cant
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Figure 1.1: The survival probability of an electron antineutrino as a function of L=E ,
using equation 1.10. The oscillation amplitudes due to� 12 and � 13 have been marked.
The parameters used for this plot are taken from the Particle Data Group's 2020 summary
[8], and are: sin2(� 12) = 0 :307� 0:013, sin2(� 13) = (2 :18� 0:07) � 10� 2, � m2

21 = (7 :53�
0:18) � 10� 5 eV2, � m2

31 = (2 :453� 0:034) � 10� 3 eV2. For the purposes of this plot, a
normal neutrino mass hierarchy was assumed.

evidence for neutrino mass.

As a reactor neutrino experiment, the Double Chooz experiment operates through the

detection of electron antineutrinos produced by the beta decay of reactor �ssion products

[10]. By using equations 1.4 and 1.9, the probability that an electron antineutrino is

unchanged after travel can be written as equation 1.10.

P�� e ! �� e = 1 � 4 sin2(� 13) cos2(� 13) sin2
�

� m2
31L

4E

�
� cos3(� 13) sin2(2� 12) sin2

�
� m2

21L
4E

�

+2 sin2(� 13) cos2(� 12)
�

cos
�

� m2
31L

2E
�

� m2
21L

2E

�
� cos

�
� m2

31L
2E

��

(1.10)

As the variable quantities in this expression are the distance travelledL and the energy

E, it can be seen that the oscillation frequencies are determined by the mass square

di�erences � m2
21 and � m2

31, while the amplitudes are determined by the mixing angles

� 12 and � 13. This survival probability has been plotted in �gure 1.1 using parameters

from [8]. This �gure demonstrates that this oscillation has essentially two component

oscillations to it. The smaller of these oscillations is based on the mixing angle and mass
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Figure 1.2: Comparison of the three-neutrino oscillation model with the two-neutrino
model. The di�erence between the models is also shown. At smallL=E , around the �rst
� 13 oscillation amplitude, the di�erence between the two models is negligible, and therefore
at these short baselines a two neutrino model can be used with signi�cant accuracy.

square di�erence between mass states 1 and 3, while the larger is based on the parameters

between states 1 and 2. This directly means that �m2
21 � � m2

31, and similarly for the

amplitudes, that � 12 � � 13. This model assumes that the neutrino will not interact with

other particles during this travel, which is a fair assumption for the short baselines used

to measure � 13. Due to the limited e�ect of the larger oscillation caused by � m2
21 and

� 12 at this short baseline, the model can be simpli�ed by assuming a two-neutrino model.

The two-neutrino PMNS matrix shown in equation 1.11 can be used in this case.

UP MNS =

0

B
@

cos� sin �

� sin � cos�

1

C
A (1.11)

Using this assumption, and by modelling the mixing as being between states 1 and 3

only, the survival probability is massively simpli�ed, as shown in equation 1.12.

P�� e ! �� e = 1 � sin2(2� 13) sin2
�

� m2
31L

4E

�
(1.12)

A comparison of this model with the three-neutrino survival probability in equation

1.10 is shown in �gure 1.2. As the short baseline three-neutrino amplitude is equivalent

to the amplitude of equation 1.12, a measurement of the amplitude given by this equation
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will provide a value for the neutrino mixing angle, as sin2(2� 13).

1.2 The Double Chooz Experiment

The Double Chooz experiment, based at the Chooz Nuclear Power Plant in France, is a

reactor experiment studying antineutrino disappearance to measure the oscillation am-

plitude sin2(2� 13) [9, 10]. As described in the previous section, neutrino oscillation is

dependent on several parameters of thePMNS matrix, as well as the mass square di�er-

ence between each of the three neutrino mass states. The two mixing angles� 12 and � 23

have been experimentally measured by many groups, largely by solar and atmospheric

neutrino experiments respectively [8], and an upper limit for sin2(2� 13) was set by the

CHOOZ and Palo Verde reactor neutrino experiments soon after the con�rmation of

neutrino oscillation [13, 14]. Today, Double Chooz is one of three reactor neutrino ex-

periments performing precision measurements of� 13. These experiments study electron

antineutrinos produced during the beta decay of �ssion fragments in nearby reactor cores.

For Double Chooz, these are two N4 type pressurised water reactors at the Chooz site,

referred to as B1 and B2, which each have a thermal power of 4:27 GWth [9].

Double Chooz uses two almost identical detectors, called the Near Detector (ND) and

the Far Detector (FD). Construction of the ND was only completed in 2014, whereas the

Double Chooz data taking period was from 2011 to 2018. As such, the far detector data

is considered in two phases; FD-I, consisting of data prior to the initiation of the ND in

early 2015, and FD-II, consisting of the FD data alongside the operation of the ND. As

shown in �gure 1.3, the near detector is located 469m from the Chooz reactor B1, and

355m from B2, whereas the far detector is located 1115m from B1 and 998m from B2

[10]. The distance from the reactors to the FD is around the baseline needed for e�ective

measurement of� 13 as mentioned in chapter 1.1. The baseline of the ND allows for a

more e�ective analysis of the antineutrino disappearance, by providing a second point

along the oscillation for comparison to the FD data.

7



1.2.1 Neutrino Detection

The neutrinos produced in reactor cores are detected through the use of Inverse Beta

Decay (IBD). In this mechanism, an incident electron antineutrino interacts with a proton

in the detector, producing a neutron and a positron, as shown in equation 1.13.

�� e + p ! n + e+ (1.13)

As neutrons have a higher mass than protons, this interaction can only occur above

an energy threshold of 1:806 MeV, as the neutrino has to provide the energy to create

the additional particles.

The positron produced in this interaction annihilates almost instantaneously on an

electron in the detector, producing 2 photons with a total energy equal to the combined

rest mass of the two colliding particles, 1:022 MeV, plus the kinetic energy of the neutrino.

These photons act as theprompt event, the �rst sign of an antineutrino incidence in the

detector. The visible energy, which is the energy of the incident antineutrino E �� e , is

related to the prompt deposition energy Ep using E �� e = Ep + 0 :78 [10].

A second event, called thedelayed eventis provided by the neutron, which undergoes

neutron capture in the detector a short time after the prompt event. This is typically

either on Gadolinium (Gd) or Hydrogen (H) due to the design of the antineutrino detec-

tors, which will be explained further in section 1.2.2. This capture then releases photons

Carrying the binding energy of the neutron target, of about 8 MeV for Gd or 2:2 MeV

for H. The detection of photons from these two signals, the prompt positron annihilation

and the delayed neutron capture, is the process by which an IBD event, and therefore an

electron antineutrino, is detected.

1.2.2 Detector Setup

The design of antineutrino detectors has remained the same in principle since earlier

experiments such as CHOOZ [13] and Palo Verde [14]. Each detector was built up in layers,

with each layer serving a di�erent purpose in the detection of neutrinos and reduction of

backgrounds. These layers are shown in �gure 1.3 for the FD, with only a slight variation

for the ND. The basic structure consists of the Inner Detector (ID) - a stainless steel
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cylinder containing the necessary components for neutrino detection - and a surrounding

Veto system, which has been designed to reduce backgrounds. Each layer within the

Inner Detector is separated by a transparent acrylic vessel, to allow e�ective photon

propagation. The individual detector components are described below, and more in-depth

technical information can be found in [15].

� -Target (GdT)

The innermost component of the Inner Detector is the neutrino target, or � -target. This

is also sometimes referred to as the gadolinium-target, or GdT. The GdT contains liquid

scintillator, doped with 1g/l Gd. Gadolinium is used as the primary target of neutri-

nos in the detector, due to its high cross section for capturing thermal neutrinos. The

liquid scintillator used is proton-rich for a higher chance of IBD events, and is used to

create scintillation light for measurement, after absorbing the photons from a prompt or

delayed event. The scintillator also contains a 'wavelength shifter', designed to shift the

scintillation light to a band where the detector's PMTs (Photo-multiplier tubes) are more

sensitive. Double Chooz's current Total Neutron Capture (TnC) method of neutrino de-

tection also employs the use of delayed events from neutron capture on hydrogen in the

liquid scintillator as well as the loaded Gd, to increase the IBD event statistics.

 -Catcher (GC)

The Gamma-Catcher (GC), or the  -catcher, is the layer surrounding the GdT. It is

designed to capture prompt or delayed event photons that may escape the neutrino target

due to an IBD occuring at the boundary. To this end, the GC is very similar, except there

is no Gd-doping in the scintillator, as it was not originally intended as a target for neutrino

capture. The scintillator's composition is instead slightly di�erent to the GdT's, so that

the two regions match in density and light yield. With the use of the TnC method, the

active measurement region of the detector has been expanded to include the GC, as the

scintillator still contains hydrogen for neutron capture. The GC also serves a secondary

role of sheltering the GdT from fast neutrons that may enter from outside the detector.

This background is explained further in section 1.2.3.
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Figure 1.3: A diagram of the Double Chooz detector-reactor geometry (left) and the
design of the FD (right), taken from the DC 2020 neutrino analysis paper [10]. The
geometry is such that the ND is approximately 400m from the two reactors, while the FD
is aproximately 1000m from the reactors at the distance needed to measure� 13 e�ectively.
The Far Detector consists of a central neutrino target (GdT) designed to capture incident
reactor neutrinos, which is surrounded by a gamma catcher (GC) that can detect events
that occur on the boundary of the GdT. Surrounding this is the bu�er, where 390 PMTS
are placed on the outer edge to detect the photons produced in an IBD event, as described
in section 1.2.1. This is surrounded by two veto systems designed to limit backgrounds
from outside the detector as well as to track incident muons for further background
reduction. The ND also includes a water tank surrounding the IV, to further reduce
external backgrounds.
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Bu�er

The bu�er is the outermost section of the ID. It is �lled with a non-scintillating mineral

oil, composed to match the density and light yield of the GdT and GC. The oil exists

to transmit the photons produced by scintillation to the outer edge of the bu�er, which

is lined with 390 PMTs. These PMTs detect the scintillated light and create a electrical

signal to be recorded, which is then used to determine the energy of the original photons

and, in turn, the energy of the captured neutrino.

Inner (IV) and Outer Veto (OV)

The ID is surrounded by two veto systems, designed to both reduce and track background

events in the active measurement volume. The �rst of these is the Inner Veto (IV). This

is a second stainless steel cylinder surrounding the ID that is �lled with liquid scintillator

and contains a further 78 PMTs on the outer edge facing towards the detection medium.

This is designed to reduce background in a similar way to the GC, but is also capable of

detecting scintillation events, which allows the Inner Veto to track when a PMT signal

in the ID is likely to be caused by a background originating outside the detector. This

system also includes a steel plate on top of both the ID and IV, to help shield against

external radioactivity or incident cosmic muons. The ND di�ers slightly from the FD in

this regard, as it also has a water tank surrounding the IV to provide further shielding.

Unlike the IV, the Outer Veto (OV) is more designed to track backgrounds than

reduce them. This system involves sets of two crossed layers of 64 plastic scintillating

strips each, the signals from which are read by a 64 channel PMT. These layers are

aligned perpendicular to each other. This is so that, for example, a cosmic muon passing

through the OV can essentially be assigned an x- and y-coordinate based on the strips

triggered by it. One set of these crossed scintillating strips is placed above the ID and

IV, while a second is placed below. This means that if a muon enters through the top

of the detector and exits out the bottom, its path through the detector can be traced,

and any event that occurs close to this path at the appropriate time can be rejected as

background.
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1.2.3 Background Processes

As briey touched on in the previous section, one of the main problems with measuring

neutrino events is the high level of background involved. As neutrinos are very light par-

ticles, the probability of neutrino interactions in the detector medium is very low, and

therefore the signals produced by background noise are much more signi�cant in compar-

ison. This is limited further by other factors, such as the number of neutrinos produced

in the reactor cores, the inverse-square reduction of neutrino ux due to distance to the

detectors, and the reduction in electron-antineutrino count due to oscillation mechanics.

One of the main focuses of Double Chooz's e�orts is in reducing and then modelling this

background, to get a better grasp on the actual signal from detected IBD events. There

are two types of background present in the reactor neutrino experiments; correlated and

uncorrelated backgrounds. Correlated backgrounds are from a speci�c combination of

interactions from sources other than reactor neutrinos, which can mimic the IBD signal,

creating a similar prompt and delayed event. These include fast neutrons passing through

the detector, muons stopping in the detector medium, and isotopes being created in the

detector by spallation from cosmic muons [10].

Uncorrelated Backgrounds

Uncorrelated backgrounds (also called accidentals) refers to any background caused by

random events that happen to trigger unrelated 'prompt' and 'delayed' like signals. This is

primarily caused by natural radioactive isotopes from the rocks surrounding the detectors.

Due to the random nature of these events, it is di�cult to determine speci�c characteristics

of this background. Instead, this background is limited by using a more strict de�nition of

what is considered an IBD event - this will be explained in more detail in section 2.1. The

energy of these accidental events is mainly at the lower end of the IBD energy spectrum.

Part of this background is contributed by Potassium, with its long half-life, as well as

Uranium, Thorium, and subsequent decay products in the detectors' surrounding steel

tanks, or Cobalt used in the production of used materials.
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Cosmogenic Isotopes

The primary source of background signals in the Double Chooz experiment is cosmogenic

sources, such as radioactive isotopes created by the spallation of cosmic muons on carbon-

12 in the detector [16]. This spallation primarily creates lithium-9, which can undergo a

� -n decay that mimics the prompt positron and delayed neutron signal of an IBD. These

isotopes have a relatively long decay time, and so can decay a while after the muon has

passed. Because of this, rejecting events in a set time window after a muon has been

detected passing through the OV would veto far too much time. A better method is to

tag certain events identi�ed through spallation activity near a detected muon track.

Fast Neutrons (FN) and Stopping Muons (SM)

While unstable isotopes are signi�cant, cosmic and atmospheric muons are the cause of

other backgrounds - fast neutrons (FN), and stopping muons (SM). The �rst of these

is also caused by muons interacting with surrounding materials, but is instead due to

the creation of high-energy neutrons. A single neutron can recoil o� protons and then

be captured in the detector. Multiple neutrons created by a single passing muon can

also enter the detector and be captured. The signals created by either of these events are

practically identical to that caused by an IBD, and are therefore very di�cult or impossible

to distinguish. Stopping muon backgrounds, however, are caused by an incident muon

entering the detector medium without interacting. Instead, the muon can decay into

either an electron and two neutrinos, or a positron and two neutrinos. This also mimics

an IBD event, although the time between the prompt-like stopping muon and the delayed-

like electron/positron interaction is typically shorter than an IBD event, and can therefore

be distinguished.

1.3 Likelihood Fit

In order to measure� 13 from the detector data, Double Chooz uses a Poissonian likelihood

(LLH) �t [10]. In essence, this takes the measured prompt energy spectra as input, and

recreates this as closely as possible in a model using a log-likelihood function [17]. For this

model to work, the processes that go into creating the measured prompt IBD spectra need
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Figure 1.4: A diagram of the likelihood (LLH) �t process (credit: Philipp Soldin [17]).
The created model is compared to the data, and then improved until a signi�cant �t is
found.

to be studied. A Monte Carlo simulation is used for the reactor model, using an external

reactor neutrino prediction [18, 19] and previous studies of individual isotope contributions

[10]. The rate and shape of the background spectra used in the model is based on studies

from DC's O�-O� data, which is a background-pure data sample taken while both reactors

were down for maintenance [20]. The probability of a neutrino triggering an IBD event in

the detectors is calculated using detector systematics and relevant cross sections, and the

responses of the PMTs and the scintillator in the detectors has also been studied for this

model. The parameters of neutrino oscillation are left as variables in the �t, as they are

the unknown to be measured in the analysis. The process of measuring these variables is

outlined in �gure 1.4. Once a model is created from the relevant simulations and data, the

LLH �t will test the model to the data. The model is then adjusted and tested again, and

this process is repeated until the model is as close to the data as is required for e�ective

measurement. This is ensured by calculating the estimated distance to minimum (EDM)

of the model, and returning the oscillation parameters as results if the EDM is below a

certain threshold.

One area where this likelihood �t falls short is that there is currently no way to directly

constrain the distance travelled by a neutrino in the oscillation model. Distance can be

constrained indirectly in the current implementation of the �t, but a direct approach
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could increase the precision of this method. The data separation that will be described in

this thesis would allow for some direct constraint in the �t. For separated single-reactor

data, the prompt spectra in these sets will have been produced by neutrinos with a

known distance travelled, for both the near and far detectors. The oscillation parameters

returned by the �t would therefore bene�t from this increased precision.

1.3.1 Single-Reactor Asimov Test

A simple but very crude test for the potential improvements of the single reactor data is

through an Asimov test. Such a test makes use of an Asimov data set - a set where data

points are de�ned as values expected by an in�nite set, so as to suppress any statistical

uctuations [21]. This method is already used by DC to test the performance of the

likelihood �t itself, as it provides a 'best case' precision test. The Asimov data set used

is a model created from the DC data, as described previously. This model is then used

as the input data for the likelihood �t, which will then perform a model-to-model �t and

attempt to return the oscillation parameters of the input.

For the standard likelihood �t test, neutrinos are 'created' at the distances of reactors

B1 and B2 for each detector, given in �gure 1.3, in the expected ratios. This is shown

for the far detector in �gure 1.5a. For the single-reactor test, neutrinos either above or

below a certain distance were shifted, depending on which reactor was being used for the

test. This is shown in �gure 1.5b for the B1 shifted neutrinos. This change to the model

allowed the �t to test how well a single-reactor model could be recreated, which was

then compared to the best case results for a two-reactor Asimov test. This test was poor

in terms of e�ective comparison, as there are many elements of the likelihood �t, such

as speci�c systematics and e�ciencies, that are based on the two-reactor DC geometry

[17]. Shifting the created neutrinos from one reactor to the position of the other doesn't

properly create a single-reactor set, but instead creates a second 'virtual' reactor in the

same position as the other.

Despite the lack of a single-reactor speci�c implementation, the Asimov test gave

0:82% improvement to the best-case precision, from an uncertainty of� 0:011879 for

the two-reactor case, to� 0:011782 for the single reactor. Again, this value is likely to be

di�erent if the �t can be updated for the use of single-reactor data sets, but the calculated
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(a) (b)

Figure 1.5: Distributions of neutrino distances used for the FD Asimov data set. The
initial two-reactor distribution is shown in (a), while the single-reactor shifted distribution
is demonstrated in (b) for the B1-only test.

improvement provided good motivation for this work.

1.4 A Review of Reactor Neutrino Experiments

Before discussing a potential method of improving the sensitivity of Double Chooz, it is

useful to review the current state of reactor neutrino experiments as a whole. A literature

review of the active reactor neutrino experiments is presented in appendix A, and a

summary of the review will be presented here. The review is focused on the three active

reactor neutrino experiments currently in the analysis phase: Double Chooz, RENO,

and Daya Bay [8]. RENO (the Reactor Experiment for Neutrino Oscillation) is a reactor

experiment based at the Hanbit Nuclear Power Plant in South Korea, using a two-detector

setup similar to Double Chooz, measuring the neutrinos produced by six reactors [22].

Daya Bay, based in China, also measures neutrinos from six reactors [23]. Instead of a

two-detector setup, Daya Bay makes use of eight antineutrino detectors; two in each of

two near detector halls, called EH1 and EH2, and four in a far detector hall, EH3. A

graph of the recent results from these experiments is shown in �gure 1.6.

All three experiments bene�t from a multi detector layout. After early reactor exper-

iments provided non-zero measurements of sin2(2� 13), namely DC's predecessor CHOOZ

[25], the two-detector design was put forward as an e�ective solution to the limited pre-

cision of such experiments [26]. The antineutrino detectors used in RENO and Daya Bay
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Figure 1.6: A comparison of recent measurements of sin2(2� 13) from Double Chooz [10],
RENO [22, 24], and Daya Bay [23]. The RENO n-H measurement shows signi�cantly
larger uncertainty than their previous n-Gd only result.

are based on the same philosophy as the DC detectors described in section 1.2.2. RENO

uses a similar inner detector (ID), surrounded by an outer detector that acts in the same

way as DC's inner veto system [22]. At Daya Bay, the detector medium is placed within

a pool that is separated into an inner and outer water shield, each equipped with PMTs

to detect incident muons via Cherenkhov light [27].

Neutron Capture Channels

The use of gadolinium in the detector targets is universal accross reactor neutrino exper-

iments, and is the main method of neutron capture used by each [28, 29, 30]. This is

due to gadolinium's high cross-section for neutron capture. Despite this, the n-H capture

channel for neutrons has been pursued as an alternative, or complementary method. In

2017, Daya Bay reported that approximately 16% of the measured neutron captures in

the GdT were captures on Hydrogen [27]. The use of the n-H capture channel has been

found to increase the detection volume signi�cantly, as it includes the surrounding GC

[10, 22]. It was also found, however, that this increased detection volume combined with

the longer mean capture time of neutrons on hydrogen provided a substantial increase

to background events. Following a Gd-only neutrino analysis [24], RENO performed a
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measurement of sin2(2� 13) using the hydrogen capture channel [22]. The sensitivity of the

measurement was found to be signi�cantly larger, suggesting a limited e�ectiveness of a

hydrogen only measurement. A comparison of the two measurements is shown in �gure

1.6. One bene�t suggested, however, is that the increased volume and statistics provides

a better understanding of the background events in the sample.

The Double Chooz experiment builds on this, by using a combined capture channel

method [10]. The TnC method presented by DC allows for capture on gadolinium and

hydrogen, as well as including neutron capture on present in the detector. The inclu-

sion of the GC in the detection volume causes a complication, as there is a less exact

understanding of it's composition and therefore the hydrogen count. The dismantling

of the DC detector, which was scheduled for this year1, should allow further studies of

this composition and a potential solution to this problem. The increased statistics of the

TnC method have been found as a bene�t to the neutrino analysis, while the increased

background had limited impact on the uncertainty of the measurement.

Reactor Models and Geometry

For the e�ective analysis of neutrino oscillation, an understanding of the reactor-detector

geometry and reactor neutrino contributions is required. This importance is reduced by

the multi-detector design of these experiments, more so for Daya Bay, but is still present.

The detector-reactor geometry shown in �gure 1.3 for Double Chooz provides a unique

'iso-ux' advantage. The ratio of FD to ND distance is approximately equal for both

reactors, and the two reactors are similar distances from each detector [15]. This causes

many of the uncertainties introduced by di�ering neutrino contributions from the reactors

to cancel out when analysing the data from the two detectors. This bene�t was not present

in DC's earlier studies before the ND was implemented. For these single-detector studies,

the FD data was supplemented by data from the Bugey4 experiment [31]. The Bugey4

data is still used in the Double Chooz analysis, to reduce uncertainty in the reactor model

during the single-reactor phase [10].

In contrast to DC, RENO's six reactors are at di�erent distances to the detectors

[22]. The baseline distance used for the neutrino analysis is ux-weighted to account for

1Through meetings with the neutrino analysis group at RWTH Aachen.
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this, which introduces an uncertainty in ux to the distances of each reactor. Daya Bay's

geometry is further complicated, as the experiment uses reactors from two separate sites -

Daya Bay and Ling Ao [27], with the latter containing four of the six reactors. These are

close to the two near detector halls, EH1 and EH2, respectively. These complications are

reduced, however, through increased understanding of the contributions of each reactor.

An issue is also present in Daya Bay due to neutrino contributions from spent fuel. This

uncertainty has been set as 30% after studies of the spent fuel inventory [23].

Due to the six reactors used in each experiment, RENO and Daya Bay are less likely to

bene�t from a data separation method, as described in this thesis. The iso-ux geometry

of Double Chooz means that the two single-reactor data sets contribute similar event

rates. If the di�erent reactor activities of RENO and Daya Bay could be separated, the

geometry would still require a more in depth study of reactor contributions and detector

responses.

Backgrounds

One of the main ways of reducing background events in reactor experiments is through

event selection. As an IBD event has certain characteristics, such as positron-electron

annihilation energies, neutron capture energies, and expected neutron capture time, cri-

teria can be introduced to the data to create a more IBD-pure data set. As described

previously, the use of the n-H channel causes the expected neutron capture window to be

extended [22], as well as the delayed energy range in the case of the TnC method [10].

One of the issues faced by RENO is that the two detectors have di�erent delayed energy

requirements for event selection [22]. This is caused by a deeper overburden for the FD

compared to the ND, such that the ND experiences an increased rate of incident muons.

This di�ering IBD e�ciency introduces an uncertainty in the measurement, during the

analysis of the ND and FD data. In contrast, Daya Bay's e�ciency bene�ts from a more

even and e�ective shielding against incident muons, as the experiment site is purposefully

placed with a surrounding mountain range [27].

Both RENO and Daya Bay account for background events through the use of a back-

ground enhanced sample - produced by removing known IBD events from the data [22,

27]. This process is also used by Double Chooz [10], though a uniquely background-pure
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sample is provided by the use of the O�-O� data [20]. These studies allows the back-

ground spectra to either be subtracted from the measured spectra, to better study IBD

events, or to be accounted for in �tting techniques such as the likelihood �t used by DC

[17].

Other Neutrino Experiments

The work of Double Chooz, RENO, and Daya Bay are all subject to varying systematics

and analysis methods, which provide a useful cross-check for measurements of sin2(2� 13)

[10, 22, 23]. The continued work from the three experiments allows increased precision

measurement to be made, and a global value to be calculated and updated by the Particle

Data Group (PDG) [8].

One of the main issues faced by these experiments, however, is in the correlated

background events caused by incident muons. The Jiangmen Underground Neutrino

Observatory (JUNO) is currently in the preparation stage, and while not at the baseline

for optimal measurement of� 13, aims to increase the precision of all three neutrino mixing

angles by an order of magnitude [32]. One of the main bene�ts is the� 700m overburden,

which allows for a large reduction of incident muons and therefore a potentially increased

signal-to-noise ratio.

The e�ective measurement of the mixing angle � 13 is of huge bene�t to a variety

of neutrino experiments, both planned and operational. Neutrino beam experiments,

such as T2K [33], NOvA [34], and MINOS [35] are sensitive to both measurements of

� 13 and the CP-violating phase � CP . Improved measurements of� 13 from the combined

e�orts of reactor neutrino experiments allow for a better measurement of� CP , helping to

complete a more precise picture of neutrino oscillation mechanics. To this end, Double

Chooz, RENO, and Daya Bay all remain focused on improving the sensitivity of their

measurements.
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Chapter 2

Research Methodology

With the theory, experimental design and context now provided, this chapter aims to

explain the approach used in this project. As described in chapter 1.2, the Double Chooz

experiment uses two reactors at the Chooz power plant, labelled B1 and B2. These

reactors are each at di�erent distances from the two detectors, and by the nature of the

power plant, are not always in operation at the same time. Either reactor can be turned

o� for a variety of reasons, such as maintenance or refueling, and power is managed

separately. The Double Chooz collaboration have already used this to their advantage,

as the o�-o� data set, comprised of detection runs where neither reactor is operating, is

used to help model background events and therefore improve the precision of the �t [20].

As a result, the data separation performed in this project used a 'reactor-on' data set,

where previously de�ned o�-o� data was excluded.

2.1 Event Selection

The event selection process is designed to cut as many background events as possible from

the detected data, to create a more IBD-pure data selection for use in the likelihood �t.

In its most recent iteration, the �nal selection of IBD events from Double Chooz were

not stored alongside any further information that would allow the data to be separated.

Instead, this �nal selection had to be recreated using the same methods, with the necessary

data for separation being stored for each surviving event. The event selection that will

be described in this section involved using a series of data cuts and event vetos to reduce
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Figure 2.1: A ow chart of the event selection process. The process is performed for each
event, within each run. In a proper implementation of this method, unselected events
(where Selection is set to False) could be ignored instead of saved. For this, however, all
events are kept for the purpose of checking statistics.

background events and produce a �nal data set. As a result, this section can also be used

as a cross-check for the implementation of event selection in the DC �nal �t data.

The �rst group of cuts applied to the data are designed to reduce the amount of events

that are statistically unlikely to be an IBD due to energy ranges and the relation between

the prompt-like and delayed-like signal. These selection cuts are shown in table 2.1 as

the de�nition of an IBD event, and mainly reduce accidental backgrounds. Correlated

backgrounds that can mimic an IBD signal however are also likely to pass these cuts,

and so a series of vetoes are applied to determine if an IBD-like event is due to such

a background. A full list of these vetoes is provided in table 2.2. The complete event

selection process is outlined in �gure 2.1. In creating a more IBD-pure selection, the

process described here caused a� 96% reduction in event count, from 13; 277; 807 to

541; 894 events.
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Prompt / Delayed Signals

1:0 < E prompt < 20 MeV
1:3 < E delayed < 10 MeV

0:5 < � T < 800 ms
� R < 1200 mm

ANN Coincidence ANN >
�

0:85 (FD only)
0:86 (ND only)

Unicity Condition
� Ttrigger < � 800 ms

� Tprompt < 0:5 ms or � Tprompt > 900 ms

Table 2.1: The conditions for de�nition of an IBD event. If both the prompt-like and
delayed-like signals of a detected event match these conditions, then it is accepted as an
IBD. An event that fails to meet any of these conditions is rejected from the data set. The
unicity condition is maintained by rejecting events that �t the multiplicity cut de�nition
given in equation 2.6.

2.1.1 IBD De�nition

Energy Range

The �rst cuts applied to the data were to limit the energy range of the IBD events. These

cuts are based on the expected energy spectra of each signal. For example, prompt signals

must be detected with at least 1 MeV of visual energy, as this is the combined rest mass

of the positron and electron involved in the annihilation, and at most 20 MeV, as this

allows for the expected range of neutrino kinetic energies. Similarly, the delayed signal

is expected to be between 1:3 and 10 MeV. This allows for the photon energies released

by neutron capture on hydrogen (� 2:2 MeV) and gadolinium (� 8 MeV) respectively, as

well as a range of energies for capture on carbon isotopes in oil used in the detectors. This

leads to the two energy cuts applied as part of the IBD de�nition, shown in equations 2.1

and 2.2.

1:0 < E prompt < 20 MeV (2.1)

1:3 < E delayed < 10 MeV (2.2)
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Event Proximity

As well as being de�ned by energy range, an IBD can also be characterised by the connec-

tion between the prompt and delayed signals. The expected time between an IBD event

and the detection of positron annihilation signal can be determined, by using the density

of electrons in the detector medium and the cross-section of the interactions. Similarly,

the time between an IBD event and neutron capture signal can also be determined. As

such, an expected time window between these two signals can be de�ned. Rejecting any

events where the time di�erence is either too large or too small creates a data sample

where each event included is much more likely to be an IBD than a pair of accidental

triggers. This leads to the time cut in equation 2.3.

0:5 < � T < 800 ms (2.3)

During these steps, it was found that no further events were lost by applying this cut

on top of the previous energy cuts. This does not render the time cut irrelevant, however,

as the time di�erence between prompt and delayed events was used in the arti�cial neural

network cut de�ned later.

Another, more e�ective proximity cut is in limiting the distance between the two

signals. Double Chooz uses an event vertex reconstruction method, where each event is

given an x-, y-, and z- coordinate. This method uses a maximum likelihood algorithm

applied to the charge and time of di�erent PMT channels to determine an event vertex

[36]. Therefore, in a similar way to how the time between events can be determined, the

distance travelled by the positron and neutron can be estimated. An expected distance

window between the prompt and delayed signals has been de�ned, and if the two signals

are found to occur outside of this window, they are rejected as background. This distance

cut is shown in equation 2.4.

� R < 1200 mm (2.4)
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Arti�cial Neural Network

The main purpose of the IBD de�nition is to increase the likelihood that each event left

in the data is an IBD event as opposed to an accidental event. While the cuts provided

above were quite e�ective to this end, there was still a signi�cant chance that an accidental

event happens to be within the de�ned ranges. An arti�cial neural network (ANN) was

used to try to reduce this chance [10]. In essence, the ANN considers each potential IBD

event individually. Based on the proximity between the prompt and delayed signals, and

the energy of the latter, the ANN returns an output value in arbitrary units. The ANN

selection cut has been then de�ned using these outputs, to optimise the signal-to-noise

ratio while keeping as many satistics as possible. In a previous study by the Double Chooz

collaboration, use of the ANN was found to increase signal-to-noise ratio by more than a

factor of seven, with the number of IBD candidates only being reduced by� 6% [37].

The ANN cut itself is shown below in equation 2.5. The limit used for this cut varies

slightly between detectors, due to the di�erences in detector design and geometry.

ANN >

8
>><

>>:

0:85 (FD)

0:86 (ND)
(2.5)

Multiplicity

Due to their nature, the chances of detecting multiple IBDs in quick succession is very

low. Neutrinos are very di�cult to detect, and therefore it is expected that relatively few

neutrinos will be detected each hour. In fact, if multiple signals were detected in quick

succession, these events were much more likely to be caused by backgrounds induced by

a muon shower. Muon showers cause an increase in unstable isotopes such as9Li in

the detector for a time after, as well as increased FNSM background from either muons

directly entering the detector, or interacting with material in the surrounding rocks and

causing an inux of neutrons. As such, a multiplicity cut was added to the de�nition of

an IBD. With this cut, IBD-like events that occured soon after or shortly before another

event were rejected, leaving only the solitary events that were much more likely to be

IBDs. The multiplicity cut window was de�ned so that an IBD must not have any trigger,
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(a) FD (b) ND

Figure 2.2: A comparison of the detected prompt energy spectra for the FD (a) and the
ND (b), before and after applying the IBD de�nition. The number of events is drastically
reduced, as is expected for the high-background nature of neutrino detectors. It can also
be seen that the spectra are much smoother after selection, and closer in shape to an
expected IBD spectra [38]. This e�ect is more signi�cant for the ND, due to the higher
signal-to-noise ratio.

prompt-like or delayed-like, within the 800 ms leading up to its prompt signal, and must

only contain a single delayed-like event from 0:5 to 900 ms following it. The latter was

de�ned by rejecting events for which a prompt-like trigger occured in this range. The

requirements for an event to be rejected by the multiplicity cut is given in equation 2.6.

� Ttrigger > � 800 ms

0:5 < � Tprompt < 900 ms
(2.6)

It should be stated that the de�nition given in table 2.1 is the requirements for an event

to be accepted as an IBD, and so instead of providing the de�nition of the multiplicity

cut, the unicity condition is provided. The multiplicity cut has been given in this section

as it was the active check used in this process to ensure that the unicity condition was

maintained.

2.1.2 Veto De�nitions

This section describes the vetoes applied on top of the IBD de�nition, to reduce correlated

backgrounds through background tracking or likelihood methods. The criteria for an event

to be rejected by these vetoes is outlined in table 2.2.
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Inner Veto
(prompt)

IV PMT Multiplicity > 1

IV Total Charge > f 400 DUQ (FD-I only)
300 DUQ (FD-II and ND)

� 40 < � TID � IV < 70 ns
� RID � IV < 3:7 m

Inner Veto
(delayed)

Same as prompt criteria, plus:
Edelayed < 3 MeV

Outer Veto
(prompt)

Signal coincident with OV trigger

B+Li+He Veto
(prompt)

Li Likelihood � 0:4

CPS Veto
(delayed)

L chimney
delayed =Lvertex

delayed � 0:95

FV Veto
(delayed)

E � 0:36e
F uncV

2:4 or E � 0:06e
F uncV

1:2 (FD-I only)

E � 0:2e
F uncV

1:8 or E � 0:05e
F uncV

1:2 (FD-II only)

E � 0:32e
F uncV

2:1 or E � 0:07e
F uncV

1:2 (ND only)

D BJ z vs. FV t Veto
(delayed)

( F Vt � 4:1
0:14 )2 + ( � BJ z +0 :03

0:21 )2 � 42 (FD-I only)

( F Vt � 4:1
0:15 )2 + ( � BJ z � 0:01

0:21 )2 � 52 (FD-II only)

( F Vt � 4:0
0:14 )2 + ( � BJ z � 0:01

0:19 )2 � 52 (ND only)

FVt � 4:3

Table 2.2: A full list of event vetoes applied to the data sample. For these vetoes, only
either the prompt-like or delayed-like signal are considered. If an event matches any of
these de�nitions in full, then it is rejected as background.
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Inner Veto

The inner veto, as described in section 1.2.2, is designed to both shield the detector from

incident background e�ects, but also to track background events that cannot be prevented.

The latter requires the active vetoing of events that �t a set de�nition, and this is de�ned

as the inner veto cut. If an signal passing through the IV can be identi�ed as an incident

background signal, and occurs close to an IBD-like event in the detector, then this event

is rejected. For an IV signal to be detected as incident background, it must have triggered

enough PMTs, with enough charge. The space and time proximity of the IV signal to the

potential IBD detected in the inner detector, � RID � IV and � TID � IV respectively, was

used to determine if the event is likely to be background. The former was calculated as

the di�erence of the reconstructed vertices of corresponding ID and IV triggers, and the

latter was simply the di�erence in trigger time. As a result, a potential IBD event was

rejected by this veto if the prompt signal �t the following requirements:

IV PMT multiplicity > 1 (2.7)

QIV >

8
><

>:

400 DUQ (FD-I only)

300 DUQ (FD-II and ND)
(2.8)

� RID � IV < 3:7 m (2.9)
8
><

>:

� 100< � TID � IV < � 10 ns (FD-I only)

� 40 < � TID � IV < 70 ns (FD-II and ND)
(2.10)

If an event passed this prompt IV veto, it could also be rejected if the delayed signal

�t similar requirements. For the delayed IV veto, the delayed energy was also considered,

and the time proximity � TID � IV was modi�ed, as shown in equations 2.11 and 2.12

below. The PMT multiplicity and charge requirements, as well as that of the ID-IV

spatial proximity, were the same as for the prompt signal.

Edelayed < 3 MeV (2.11)
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8
><

>:

� 100< � TID � IV < � 30 ns (FD-I only)

� 30 < � TID � IV < 60 ns (FD-II and ND)
(2.12)

Outer Veto

The outer veto would in theory be included in a similar way to the IV, with an IBD-like

event in close proximity to a valid OV trigger being identi�ed as a background signal,

and therefore being rejected. It was found, however, that applying any sort of veto using

this system reduced the IBD sample size by a signi�cant amount . As such, any precision

gained from improved purity of the sample was unable to account for the loss in precision

due to reduced statistics, and therefore the outer veto was not used in the event selection

process.

B+Li+He Veto

The B+Li+He veto, and the other vetoes that follow in this section, are more in depth

with detector mechanics and data handling than is required for this thesis. The use of

these vetoes will be described, but some more information can be found in previous DC

publications [10, 36, 37] and technical documents [9, 15].

The B+Li+He veto is designed to reduce the number of background signals produced

by cosmogenic isotopes, based on an analysis of event reconstruction, delayed-like trig-

gers, and muon tracks. The likelihood that an event was caused by a cosmogenic isotope

(of which 9Li is the main contribution) was calculated, using previous studies of the pro-

duced energy spectra [16]. Events were selected based on this likelihood, if the following

condition was met:

Li likelihood < 0:4 (2.13)

Similar to the de�nition of the ANN selection cut, the values de�ned here were to

optimise signal-to-noise ratio, while limiting the loss of IBD candidates.
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Chimney-Pulse-Shape (CPS) Veto

The Chimney-Pulse-Shape (CPS) veto rejects events based on background likelihoods in

the detector chimneys. Speci�cally, the likelihood of stopping muons has been calculated,

based on previous background studies [20]. The veto was then applied through a com-

parison of the SM likelihood in the detector chimney and the SM likelihood determined

through vertex reconstruction, as shown in equation 2.14.

L chimney
delayed

L vertex
delayed

> 0:95 (2.14)

FV Veto

The FV veto cuts events based on correlation between detected delayed energies (Edelayed)

and a log-likelihood function of the corresponding vertex reconstruction (the 'functional

value', FuncV ) [36, 37]. A larger FuncV indicates an event with a di�erent hit pattern

to point-like IBD signals, such as a stopping muon or light noise in the PMTs. An event

was selected if the delayed signal satis�ed the following criteria:

Edelayed > 0:36eF uncV=2:4 and Edelayed > 0:06eF uncV=1:2 (FD-I only) (2.15)

Edelayed > 0:2eF uncV=1:8 and Edelayed > 0:05eF uncV=1:2 (FD-II only) (2.16)

Edelayed > 0:32eF uncV=2:1 and Edelayed > 0:07eF uncV=1:2 (ND only) (2.17)

D BJ vs. FV t Veto

The DBJ vs. FV t veto is even more involved in event reconstruction than the FV veto,

but will still be included here for completeness. It involves a comparison between a

value FVt (based on event reconstruction likelihood), and the di�erence between two

approaches to event reconstruction, known as the BAMA and JP reconstructions. The

BAMA event reconstruction has been used for all other sections of this project, such as

the spatial proximity cut de�ned in equation 2.4. From these values, an event is selected

according to equations 2.18, 2.19, and 2.20. These correspond to the selection criteria for
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(a) FD (b) ND

Figure 2.3: A comparison of the detected prompt energy spectra for the FD (a) and
the ND (b), before and after applying the background vetoes. The vetoes mainly a�ect
the high energy 'tail' of the spectra, creating a sharper peak around 3 MeV where the
majority of IBDs occur. As with �gure 2.2, this e�ect is greater for the ND.

the di�erent detectors:

8
>><

>>:

�
FVt � 4:1

0:14

� 2

+
�

� BJ z + 0 :03
0:21

� 2

< 42 or FVt < 4:3

where FVt = FVtlk + 0 :11E and � BJ z =
zJP � zBAMA

1000

9
>>=

>>;
(FD-I only) (2.18)

8
>><

>>:

�
FVt � 4:1

0:15

� 2

+
�

� BJ z � 0:01
0:21

� 2

< 52 or FVt < 4:3

where FVt = FVtlk + 0 :12E and � BJ z =
zJP � zBAMA

1000

9
>>=

>>;
(FD-II only) (2.19)

8
>><

>>:

�
FVt � 4:0

0:14

� 2

+
�

� BJ z � 0:01
0:19

� 2

< 52 or FVt < 4:3

where FVt = FVtlk + 0 :097E and � BJ z =
zJP � zBAMA

1000

9
>>=

>>;
(ND only) (2.20)

Here, E refers to the delayed energy,Edelayed. FVtlk is speci�cally the time likelihood

calculated in vertex reconstruction, whereasFuncV is associated with the goodness of

the reconstruction solution [37]. zJP and zBAMA are the reconstructed z-vertices from

the JP and BAMA reconstructions respectively.
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2.2 Investigation of Event Rates

Once the event selection process was completed, an investigation into the event rates over

time for each detector was performed. The detection data from Double Chooz is stored in

'runs', with each run being about an hour's worth of saved data. These are each labelled

with a unique run number, and so can be easily sorted by time and detector. Investigating

how the event rates in the detectors varies over time gives a good initial insight into the

potential for separating by reactor activity. For this, an e�ective 'event rate' quantity

was required. The simplest form of this to implement was IBD count per run, as this

just requires the amount of IBD events in each detection run to be counted. The problem

with this, however, was that a 'run' is not a unit of time. After an event is detected,

there is a short period of detector 'deadtime' while the system records the event, and as

such the active duration of each run varies. There is also a variation in run length due to

other factors, such as a run being aborted due to a temporary system failure. To reduce

the impact of these run length variations, the event count was scaled to the run livetime,

essentially creating a measure of events per second as shown in equation 2.21.

event rate (s-1) =
events in run

run livetime (s)
(2.21)

As the livetime itself is not necessary for the actual neutrino analysis, it has been

stored separately to the IBD data by Double Chooz, and therefore the amount of runs

used in this investigation of event rates was limited to the runs for which livetime data

was available. This means a reduction from 63,986 runs to 51,881. As this was simply

an investigation into the event rates, this loss of data is not too troubling, though ideally

livetime data would be available for all detection runs. For the actual separation stage,

all runs were used, regardless of livetime availability.

The runs are sorted by detector, and the event rate for each was plotted in a histogram

against the run's start time. The event rates for both detectors are shown in �gure 2.4.

From these plots, it can be seen that the event rates change over time, trending around

certain levels over di�erent periods, which is illustrated with a visual approximation for

the ND in �gure 2.5. This is due to the di�ering activity of each of the two reactors

at Chooz; B1 and B2. For the majority of the data taking period, both reactors were
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running, but for some periods either one or both of the reactors were shut down. For

the periods where one of the reactors was shut o�, the event rate expectedly appears to

drop to about half of the two-reactor rate. However, the rate actually drops to one of

two levels, depending on which reactor is running. As shown in �gure 1.3, the distance

to reactor B1 is about 100m greater than the distance to B2, and this is true from either

detector. The neutrino ux from a reactor to a detector is dependent on two factors:

neutrino oscillation, which is the unknown in this experiment, and a simple drop-o� due

to the inverse-square law. This means that the neutrino ux is proportional to the square

of the distance, as � / 1
r 2 , and therefore the IBD rate contributed by reactor B1 will be

higher than that from B2. This e�ect is greater for the ND, as the � 100m di�erence is

much more signi�cant at this shorter baseline.

Using the distances to the ND from �gure 1.3, the ratio of event rates from B1 com-

pared to B2 is as shown in equation 2.22.

_N B 1

_N B 2
=

r 2
B 2

r 2
B 1

=
3552

4692 = 0 :573 (2.22)

As a very rough approximation, the two single-reactor event rate levels from �gure

2.4c appear to be around 20 and 12 events per hour, with variations. Assuming that the

lower contribution corresponds to that from reactor B1, this gives a ratio of event rates

from B1 to B2 as 0:6, which is in agreement with that predicted by equation 2.22. This

does not take into account the small background contribution, as the previously de�ned

O�-O� runs were not included in these plots and therefore cannot be used to estimate

background event rates.

From �gures 2.4 and 2.5, it can be seen that there is a signi�cant amount of time

for which only one reactor was running. It is also worth noting that, for each indicated

single reactor level, there is a noticeable variation in event rate. This slight variation

is expected, due to changes in the fuel of the reactors over time. The contributors of

neutrinos in a nuclear reactor are235U, 238U, 239Pu, and 241Pu, each providing a unique

neutrino spectrum [38]. The balance of these isotopes will change throughout a reactors

operation, and therefore it is expected that the emitted neutrino ux will also change.

As a result, this variation is accounted for in the reactor model's prediction of neutrino
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