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This thesis presented a connection between space charge effect and the impact, if this is not studied
in greater detail, on the systematic errors that will limit DUNE’s ability to make new discoveries.
If SCE is not taken into consideration a 20% error on the value of the Electric field would be made
causing a 20 cm shift in the track reconstruction, and an extra 3% systematic error on the energy
reconstruction. The effect of this systematic error is then studied on DUNE’s sensitivity to CP
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I. Introduction

The Standard Model (SM) of particle physics is to
this day an accurate description of the elementary
particles and their interactions. It is a quantum field
theory that describes the interaction of fermions
through fields, mediated by the gauge bosons. Each
particle is characterised by a mass, spin and charges
(colour, flavour, electromagnetic, ...) [1].

Nevertheless, there are still questions that the SM
cannot explain, such as the nature of dark matter
and the origin of the neutrino mass.

In a strict interpretation of the SM, neutrinos
are massless weakly interacting particles. There are
three neutrino species, one for each charged lepton:
electron neutrino νe, muon neutrino νµ and tau neu-
trino ντ .

With the discovery of neutrino oscillations, it was
clear that the neutrinos were in fact massive. This
opened the door to beyond the standard model neu-
trino physics.

II. Neutrino Oscillations

A. Evidence

In the past years, many experiments such as
SNO and SuperKamiokande have resolved the solar
problem and atmospheric anomaly, by taking into
account neutrino oscillations, receiving the Nobel
Prize in Physics in 2015.

B. Vacuum Oscillation

These observations are well described by the
three active flavour mixing framework, firstly devel-
oped with two flavours by Pontecorvo and later the
full picture was advanced by Maki, Nakagawa and
Sakata. This framework is characterised by three
flavour states (νe, νµ, ντ ), which are unitary linear
combinations of three mass states (ν1, ν2, ν3).νeνµ

ντ

 =

Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3

ν1ν2
ν3

 , (1)

where U is a unitary matrix, known as the PMNS
matrix [2]:

U =

1 0 0
0 cos θ23 sin θ23
0 − sin θ23 cos θ23

 cos θ13 0 sin θ13e
−iδCP

0 1 0
− sin θ13e

iδCP 0 cos θ13

 cos θ12 sin θ12 0
− sin θ12 cos θ12 0

0 0 1

P. (2)

The parameters that characterise this matrix are
the mixing angles θij , the CP-violating phase factor
δCP and two possible Majorana phases - this is taken
in consideration in the P matrix detailed in [2].

It is important to notice that the flavour states are
a linear combination of the mass states, and their
coefficients are given by elements of U. The oscil-
lation process is encoded in these coefficients, even
though the neutrinos are detected as flavour states.

The probability of oscillation between two flavour
states α and β depends on the parameters of U and
the squared differences of the mass states, as shown

in equation 3. These parameters are known through
experiments and their current best fit values, taken
from [3], are shown in table I.
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Parameter Central Value Relative Uncertainty

sin2(θ12) 0.310 3.8%
sin2(θ13) 0.02237 2.9%
sin2(θ23) 0.563 3.3%

∆m2
12 (eV2) 7.39×10−5 2.8%

∆m2
23 (eV2) (NH) 2.538×10−3 1.3%

∆m2
23 (eV2) (IH) -2.510×10−3 1.4%
δCP (o) 217 18.4%

Table I: Oscillation parameters as of November
2018 [3]

C. Charge Parity violation

In the leptonic sector CP violation is taken into
account in the δCP parameter in the PMNS matrix
2. The conditions for CP violation are : θij 6= 0;
δCP 6= 0, π; m1 6= m2 6= m3 [2]. If CP is violated,
the probability of να oscillating to νβ would be dif-
ferent than the one of να to νβ .

III. State of the Art

There are still many unanswered questions about
neutrino physics, such mass hierarchy and CP vio-
lation.

A. Current and Future Experiments

Currently, there are long baseline experiments
running with goals to reduce the oscillation param-
eter space. Namely, T2K and NOνA. These exper-
iments main objective is to reduce the parameter
space allowed for oscillations. It is not expected
that T2K or NOνA have the potential to make a dis-
covery in CP violation or hierarchy measurements,
hence a new generation of neutrino detectors such
as DUNE, explained in the following chapter.

IV. Deep Underground Neutrino Experiment

The Deep Underground Neutrino Experiment
(DUNE) is a long baseline experiment hosted by
Fermilab, close to Chicago (Illinois, USA). The ex-
periment consists of two sets of detectors, one set at
Fermilab and the other, consisting in four large 10kt
TPCs, at SURF (Sanford Underground Research
Facility) in South Dakota, 1300km north-west of
Illinois. DUNE’s baseline is the largest to date. A
diagram of DUNE is shown in figure 1.

A. LArTPC Technology

In the past years, there has been an extensive and
increasing effort in terms of research and develop-
ment (R&D), funding and workforce towards liq-
uid argon time projection chambers (LArTPCs) for

Figure 1: An overview of DUNE, taken from [4]

the studies of neutrino physics. A time projection
chamber (TPC) consists of a gas or liquid detection
volume with an applied electric field. Negatively
charged particles will travel from the cathode to the
anode and positively charged particles will have the
opposite behaviour, anode to cathode.

A passing particle will ionise the medium creating
electrons and ions. Since there is a non-zero electric
field, the pair will be less likely to recombine and will
drift to either the cathode or anode. This likelihood
of recombination will effect how much of the charge
produced reaches the collecting anode plane.

After the ionisation, the electric charge that is
created isn’t necessarily the charge that is collected
at the anode. Many processes promote this, such
as thermalisation, recombination, diffusion and elec-
tron attachment during the drift.

Recombination is, as previously described, the
probability of an electron and ion recombine to a
neutral atom. This can be taken into consideration
by multiplying the produced electric charge Q0 by
R - the fraction of electrons that do not recombine.
This can be given by equation 4 .

Q = RQ0 (4)

If an electron does not recombine it could still dif-
fuse until it reaches the anode. It may also attach to
any impurities in the active volume. To take the ab-
sorption into account equation 4 becomes 5, where
R is the same as before and τ is the drift electron
lifetime

Q = R(E)Q0 exp
−t
τ

(5)

B. Overview of DUNE

DUNE is a long-baseline on-axis experiment, with
four 10kt fiducial liquid argon (LAr) neutrino de-
tectors and a baseline of 1300 km, which will host a
1.2 MW at 120 GeV proton beam [5]. The neutrino
beam is produced by this accelerated proton beam
on a carbon target, which produces K and mainly π
, which then predominantly decay to µ and νµ. The
beam has two modes, ν and ν, that are selected by
inverting the polarity of a magnet. Figure 2 shows
predicted unoscillated muon neutrino fluxes. It is
possible to notice that, independently of the beam
design, the flux is quite broad and has a central
value around 2 GeV. The probability of oscillation
is shown graphically in figure 3. Looking at fig. 3,
at the energy of the neutrino beam shown in figure



3

2, one can see two oscillation peaks. This is unique
to DUNE, due to its broad initial beam.

Figure 2: Muon neutrino fluxes for several beam
designs, in neutrino mode, described in [5].

Figure 3: The oscillation probability as a function
of the neutrino energy for a set of different values

of δCP : δCP = −π/2 (blue), δCP = 0 (red),
δCP = π/2 (green). On the right for antineutrinos,

and on the left for neutrinos. This is assuming
normal heirarchy. The black lines idicates the

probability if θ13 = 0. Taken from [5].

Experimentally, the energy distribution and the
beam flux are measured close to where neutrinos
are produced, at the ”Particle Detector” in figure
1. One uses Monte Carlo simulations to take into
consideration the distance the neutrinos travel until
reaching the far detector. Here no oscillations are
considered. What is obtained from the simulations
is then compared with the actual measured values
at the far detector. From this comparison, the frac-
tion of neutrinos that oscillated is extracted. Con-
sequently, the probability of oscillation is obtained.

This is done for both muon (anti-)neutrinos and
electron (anti-)neutrinos. As previously stated, the
majority of the neutrinos in the beam are muonic.
However, there is some contamination of electron
neutrinos, due to the the decay of π± to e± and
(—)

νe , and due to the decay of µ− → νµ + νe + e−.

C. ProtoDUNE

ProtoDUNE is a DUNE far detector prototype,
located in the North Area at CERN. The goals of

ProtoDUNE are, firstly, to be the point of reference
for the principal technical solution of DUNE’s far
detector. Secondly, to understand the systematic
uncertainties that will affect DUNE.

Two different types of detectors were constructed
to better understand the possibilities. Both consist
of large liquid argon TPC’s.

1 Single Phase

This detector consists of the time projection
chamber (TPC), the cold electronics (CE), and the
photon detection system (PDS). These are enclosed
in a cryostat that contains the LAr target material,
with an active mass of 0.46 kt [6].

The TPC consists of two vertical anode plane as-
semblies (APA), one on each end of the TPC and a
cathode plane assembly (CPA), in the centre of the
other two. This creates two horizontal drift regions,
within the TPC volume. Surrounding the four open
sides of the later, there is a field cage (FC) to ensure
an uniform electric field [6]. This is shown schemat-
ically in figure 4.

Figure 4: A view of the TPC. The field cage and
the CPA are visible. The APAs, which would be
positioned at both open ends of the FC, are not

shown for simplicity of the image. Taken from [6].

ProtoDUNE-SP operated with a secondary beam
coming from the SPS [6] during the 2018 Sum-
mer/Autumn run of the LHC. Even in beam-off pe-
riods, ProtoDUNE collected data due to cosmic ray
interactions.

2 Dual Phase

To improve the signal to noise ratio, one may im-
plement dual phase technology in some of the far de-
tectors. Similarly to PD SP, the detector is housed
in a cryogenic vessel. The volume is divided into
two structures: the drift cage and the charge read-
out plane (CRP). The former contains a ground grid
with PMTs underneath a cathode and drift cham-
ber. The CRP consists of an extraction grid, Large



4

Electron Multipliers (LEMs), and the anode read-
out plane, as seen in figure 5 [7]. This will allow a
vertical drift, contrary to SP.

This detector is dual phase since the charge read-
out is done in the gaseous phase. The volume is
filled up to 5mm above the extraction grid with liq-
uid argon, the rest will be filled with gaseous argon,
[8].

Figure 5: Principle of the DP readout [7].

The electrons will drift vertically the whole length
of the detector, from the cathode to the anode.
Contrary to SP, where there are two drift volumes.
Once they reach the extraction grid, a stronger elec-
tric field (∼ 2kV/cm[8]) is applied and it extracts
the electrons from the liquid to the gaseous phase.
Now in the gaseous phase they encounter the LEMs
which are micro-pattern detectors with high-field re-
gions, this amplifies the electrons in avalanches that
occur at the high-field regions. The amplified charge
is then collected in the anode.

Although dual-phase technology has been used in
many Dark Matter studies, it still has not been done
at ProtoDUNE scale, the kilo-tonne scale. Before
the commissioning of ProtoDUNE DP some tests
were performed on a smaller demonstrator experi-
ment, WA105.

D. Physics at DUNE

DUNE will try to answer fundamental open ques-
tions in neutrino physics; such as the measurement
of the CP violating phase, δCP ; determination of the
neutrino mass ordering and precision measurements
of the mixing angles, in particular θ23. To obtain
these results one must take into account not only
νµ → νe but also νµ → νµ and their correspond-
ing antiparticle oscillations, νµ → νe and νµ → νµ,
respectively.

In Figure 6 is possible to see that for higher values
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Figure 6: Number of νµ → νe events vs number of
νµ → νe events, for different values of of the

oscillation parameters, taken from [9]

of the mixing angle θ23 there is better sensitivity to
the determination of the mass hierarchy. However,
even for lower values of θ23, DUNE is capable of
measuring the mass hierarchy and value of δCP .

V. Space Charge Effect

Space charge effect (SCE) can be defined as the
distortion of the electric field due to the accumula-
tion of slowly moving positive ions in the detector
volume. This results, on one hand, in distortions
in the reconstructed particle track that comes from
electrons drift deviations in the TPC [10]. On the
other hand, the electric field distortion has also im-
pact on energy reconstruction. This is due to elec-
trons drifting in the TPC can recombine and disap-
pear, impacting the collected charge, as explained
in section IV A.

The ionisation of the LAr creates electrons and
ions that drift through the chamber at different
speeds as a result of their different mobilities (µ),

~v = µ~E. (6)

The electron reaches rapidly the anode (µe =
329.7 cm2V −1s−1 [11]) , where the ion takes
much longer to reach the cathode (µion = 1.6 ·
10−3cm2V −1s−1[12]). This causes an accumulation
of positive ions throughout the detector that can
cause a distortion in the electric field.

Based on space charge studies done for Micro-
BooNE [10], a LArTPC detector very similar to the
ProtoDUNE-SP, it is reasonable to expect an elec-
tric field distortion of 15%, at maximum. If this
effect was not taken into account, it would impact
the recombination efficiency, adding a 5% system-
atic uncertainty to detector energy scale. since this
distortion affects the net charge available after re-
combination.

Even though this effect is negligible for DUNE-SP
[10], it is not for DUNE-DP nor ProtoDUNE and the
latter will play an important role in DUNE’s cali-
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bration. If this calibration does not take SCE into
account, a larger systematic uncertainty is expected.

Figure 7: Impact of the space charge effect on
reconstructed tracks in the detector. [13]

A. Modelling of SCE

To fully understand the space charge effect it is
necessary, firstly, to know its sources. In Proto-
DUNE there are two main sources of SCE: atmo-
spheric muons and 39Ar.Å

dn

dtdV

ã
µ

≈ 1.5 · 1010 pairs/(m
3
s), (7)Å

dn

dtdV

ã
Ar39

≈ 1.2 · 107 pairs/(m
3
s) (8)

In equations 7 and 8 we see the expected rate of
electron ion pairs produced per m3 of the Proto-
DUNE SP detector. From these rough calculations,
it is possible to understand that, for ProtoDUNE
the main source of ionisation is atmospheric muons
that have produced at a rate of, approximately, 1010

pairs/m3. However, the ionisation from the decay of
Ar-39 is not negligible, and thus needs to be taken
into account.

For DUNE, the principal source of SCE is the ra-
dioactive decay of 39Ar. Considering it is 1.5 km
underground [14], the effect of cosmic rays is negli-
gible.

B. Effect on Electric Field

Now that the sources are known, one must study
their effect on the electric field, using Maxwell’s
equations. Eq. 9 and 10 were worked out assum-
ing dρ

dt = 0 and v0 = const, and considering figure 9
reference frame.

V1(x) =
−Q
vionε

x3

6
+

Å
V0
d

+
Q

vionε

d2

6

ã
x (9)

E1(x) =
−V0
d

+
Q

vionε

d2

2

Å(x
d

)2
− 1

3

ã
(10)

In figure 8, one can see the clear difference be-
tween the imposed electric field E0 = 500V/cm
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Figure 8: Comparison of the constant imposed
electric field, E0 = 500V/cm and the first-order

calculation, E1 see equation 10.
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Figure 9: Schematics of a passing muon in the
detector. This sketch is not to scale.

and the first-order calculation, E1 (see equation 10).
Near x = 3.6m at the cathode, there is a clear 20%
increase. Which agrees with what is expected, since
the positively charged ions drift towards the cathode
and accumulate, creating a larger distortion. This
is 5% larger than what was expected from [10], but
this is a very aproximated calculation, so a 5% com-
patibility is a sufficient level of agreement.

After implementing equations 10 an estimate of
the time difference was made between assuming v =
const, lets call this v0, and v1, the case when the ve-
locity depends on x. This started with parametris-
ing a hypothetical track of a passing muon. In figure
9, we can see that θ and x0 where chosen as param-
eters. The track x was defined as a function of y,

x(y) = x0 − tan θy. (11)

After this parameterisation, obtaining the time it
would take an electron to reach the anode plane was
rather simple. Here, t0 defines the time with v0, and
t1, with v1, as shown in equations 12.
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Figure 10: Displacement distortion map.

Figure 11: Comparison of a track where SCE is
considered x1 (in blue) and one where it is not
xinit (in pink), for θ = 25o. On the right the this

was done for a fixed x0 = 3.5, and varying θ.

t0 =

∫ 0

x(y)

dx

v0
; t1 =

∫ 0

x(y)

dx

v1(x)
(12)

Although t0 in eq. 12 can be integrated analyt-
ically, integrating t1 in eq. 12 is not so straight-
forward since it involves the inverse of equation 10.
Hence the numerical integration implemented in the
ROOT framework was used. Given the time differ-
ence ∆t = t1 − t0, one can multiply it by v0 and
obtain a the error in ∆x that would be committed
if we didn’t take SCE into consideration. This is
shown in figure 10. Looking at figure 10 we can see
that, at maximum a difference of 18 cm is expected,
this agrees with [10] which states a distortion of 20
cm is expected.

In figure 11 we see the comparison of three differ-
ent tracks xinit defined as eq. 11 and three tracks
defined with t1, x1. On the left each pair xinit, x1
has a different x0, and θ = 25o fixed. As x0 in-
creases, the difference between the two tracks also
increases, as expected from figure 10. On the right
of figure 11 this was done for a fixed x0 = 3.5, and
varying θ.

Figure 12: Drawing of the dual-phase LArTPC in
the cryostat. Taken from [15]

As shown, with this first order approximation cal-
culation, the electric field without SCE will be un-
derestimated 20% near the cathode, which effects
the track reconstruction in a 18cm shift depending
on θ. This will also effect the charge collected by the
anode plane, the recombination factor depends on
the electric field, and if this is underestimated then
the recombination will be overestimated and the col-
lected charge would be higher then what is expected
for a atmospheric muon, for example. Which would
effect the correct calibration of the detector.

VI. Analysis of WA105

A. Experimental Setup

WA105 is the first tonne scale dual-phase de-
tector to be constructed and operated. The main
objectives of WA105 were to provide technological
achievements and operational milestones; such as
the cryogenic system, extraction of ionisation charge
over a large area (3m2) and amplification in argon
vapour by the LEM’s. The size was chosen to fully
contain showers from incoming cosmic/atmospheric
particles of a few GeV.

On the exterior of the volume encasing the TPC
there are two cosmic ray taggers (CRT), one on each
side, see figure 13. A CRT consists of two over-
lapped planes each consisting in 16 mechanically
joined 10.8 cm wide scintillating strips. Each strip
has two optical fibres that collect the scintillation
light and two silicon photomultipliers (SiPMs) that
are placed on one of the ends of the fibres. The bar
is then evolved in a reflective aluminised tape. For
more details on the fabrication of the CRTs see [16].

B. Muons Detection in WA105

The calibration was done with atmospheric
muons: they traverse the cosmic ray tagger trig-
gering the collection of data, produce ionisation in
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Figure 13: Scheme of the pre-prototype WA105
and the CRT postions. Taken from [17]

the detector active volume and then cross the CRT
on the other end.

The CRTs are two superimposed planes, let’s call
them A and B, figure 14 shows them schematically.
Each is used to identify one coordinate: the scintil-
lating strip that sees the particle - plane A gives the
x coordinate, and the strip on plane B gives the z
coordinate. This coordinate is taken as the centre
value of each bar and an error of half the width of
the band is assumed.

Plane A

P
la

n
e

B

...

...

x

z

Figure 14: Scheme of the two CRT planes

Atmospheric muons work well as a calibration
method for this small detector; since it is at the
Earth’s surface and muons are passing at a rate dis-
cussed in section V A; also considering that these
muons have enough energy to transverse the whole
detector without decaying. This means that they
leave a clear straight track in the TPC.

This track is then recreated by two different meth-
ods, to be compared. One is by the positions that
were estimated by the CRT readouts and another is
by the charge collected in the anode and the time of
the signal. By comparing these results one can get
a sense if there are any problems with the electron-
ics or if there is some physical effect that was not
taken into consideration. An effect like the Space
Charge Effect explained in chapter V, if not con-
sidered would cause a disparity between the two re-
sults.
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Figure 15: This plot shows the number of bars in
plane 0 with events that have a signal

500 < SB < 8192, in blue. In red we can see the
number of events after all the cuts.

Figure 16: Reconstructed muon tracks. Projection
in the ZY plane.

C. Event Selection

In figure 15 we can see the events that resulted
from the selection processes. When comparing the
histograms in red and blue we notice that the num-
ber of events has decreased significantly. There are
still some events with more than one active bar -
since these signals are very asymmetric, due to pre-
vious selection process the bar with the highest sig-
nal value was chosen as where the muon passed.

D. Event reconstruction

Figure 16 and 17 show the muon tracks for each
projection, ZY and XY. To obtain this figure a bit
of simplifying was done: the scintillating bars were
paired in groups of two, each possible track was
drawn once and the colour of the track tells how
many events passed. The tracks in deep blue were
the most popular tracks with a frequency (F) above
105 events. Looking at figure 16, we can see that
on the Z-Y projection more events occur diagonally
and as the zenith angle increases (to 90o - horizon-
tal) the frequency decreases. The X-Y projection is
generally uniform, which is seen in figure 17.
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Figure 17: Reconstructed muon tracks. Projection
in the XY plane.

E. Muon Distribution

After track reconstruction, we wanted to check
the angular acceptance. Firstly it was important
to separate events that came from different sides.
We did this with the time of flight (TOF), i.e. the
time difference between the two sets of scintillating
planes. TOF will be positive for tracks that go from
left to right and negative for right to left.
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Figure 18: The plots show the muon flux variation
with, on the left the zenith angle θ, and on the

right cos θ

We can see in figure 18 that the events with
TOF>0, in blue vary from 70o to about 95o. The
flux drops, as expected at 90o, as seen in figure 20,
from [18]. Events for TOF< 0 have an angle larger
than 90o due to how it is defined, we can see in figure
19 that this is in agreement with what is expected.

Following this we compared the ratio of events
with TOF< 0 and TOF> 0 and see if it agreed with
what was expected from the rough approximation
of the geometrical acceptance.

The ratio of the integral of the two histograms
(on the left) in figure 18 is

RHIST =
IRED
IBLUE

=
3139

8896
≈ 35%. (13)

z

y

θ

α

TOF > 0

TOF < 0

Figure 19: Tracks with TOF<0 are expected to
have θ > 90o, as in green. On the other hand

tracks with TOF> 0 are expected to have θ < 90o,
as in red

Figure 20: Muon flux as a function of zenith angle
at sea level. To see how the fitted functions where

defined, see [18]

In figure 21, the green section of the CRT repre-
sents the available area for detection of tracks with
TOF< 0 while the red section represents the avail-
able area for tracks with TOF> 0. The ratio of the
areas is:

RAREA =
AGreen
ARed

= 41.3% (14)

Comparing this result with the ratio of the inte-
gral from the histograms in blue and red in figure
18, equation 13, we can see that the rough approxi-
mation was off by ∼ 4% - which is thought to be due
to the shape of the muon flux. Figure 20 shows that
there will be more muon at smaller zenith angles, so
the events in red, below 80o, are more probable, in
comparison the events in green have a larger angle,
being less probable. The more probable events will
have a larger multiplication factor when calculating
the overall muon flux.
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Figure 21: In red area for possible tracks with
TOF>0, and in green tracks with TOF< 0
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Figure 22: Mass hierarchy sensitivity.
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VII. Sensitivity Studies

A. Mass Hierarchy

To study the sensitivity to the mass hierarchy, the
expected − values considered normal ordering, i.e.
∆m2

23 = 2.457×10−3 eV, and the test−values con-
sidered inverted ordering, ∆m2

23 = −2.449 × 10−3

eV. θ23 was profiled, i.e. a interval of values of θ23 ∈
[36o, 54o] was considered and, for each of them, χ2

was calculated. For each value of δCP ∈ [0o, 360o],
the θ23 that gave the minimum χ2 was then consid-
ered the best fit value. DUNE’s sensitivity to the
mass hierarchy is shown in figure 22.

Figure 22 shows the sensitivity to reject the in-
verted mass hierarchy. From 22 we can conclude
that DUNE is very sensitive to the mass hierar-
chy, and within 7 years, even in the conservative
approach in blue, the inverted ordering in rejected
by more thN 5σ, independently of the value of δCP .

B. CP Violation

The sensitivity to CP violation, expected in
DUNE at the end of a seven year run is shown in

0 50 100 150 200 250 300 350
 )o( CPδ

0

1

2

3

4

5

6

7

82 χ∆

hist
Entries  180

Mean    177.8

Std Dev     98.55
 Systematic error = 2% 2)%⊕Systematic error =  (5

Figure 23: CP Violation Sensitivity.

figure 23.
Figure 23 shows the significance to reject CP con-

servation (sin(δCP ) = 0) for different expected val-
ues of δCP , and the comparison between different

systematic errors for the
(—)

νe signal.
From figure 23, it is possible to conclude that after

7 years it would be possible to exclude CP conser-
vation in the leptonic sector, with a 5σ significance,

for a systematic uncertainty of 2% for the
(—)

νe signal,
if the real value of δCP ∈ [50o, 125o] ∪ [240o, 310o].
For a larger systematic error, as in the plot in red,
more time will be needed to reach this discovery, for
all values of δCP .

Although the current best fit value of δCP , for
normal ordering, is δCP = 222o [3] which in figure
23 is well below the 5σ threshold, its error is about
13%, so its 3σ range is δCP ∈ [140o, 370]o. This in-
cludes more than half of the x axis scope in figure
23, highlighting how essential it is to not only dis-
cover CP violation but also the actual value of δCP .
DUNE aims to do both.

C. Oscillation Parameters

Assuming we know the mass ordering, and if CP
is violated, the next step is to measure the value of
δCP and θ23 up to the per cent level.

The same method was used as the previ-
ous studies. Here there were twelve sets
of expected − values, each with different val-
ues of θ23 = {39.0o, 47.2o, 52.3o} and δCP =
{0o, 90o, 180o, 270o}.

From figure 24 we can see that for these values
of δCP and θ23 the sensitivity changes with the in-
crease of systematic uncertainties, as expected, and
with the different values of the oscillation parame-
ters. For θ23 = 47.2o the errors are fairly larger,
especially for θ23. This is due to the octant degen-
eracy: the best fit value for θ23 is 44.30 [3] but its
uncertainty leaves an ambiguity as to whether the
value of θ23 is in the lower octant (less than 45o),
the upper octant (greater than 45o), or exactly 45o.
This leads to the χ2 distribution having two local
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Figure 24: Parameter space for θ23 and δCP .

minima - which ”stretches” the 1σ confidence level
towards the second minimum. We can see that the
error on δCP decreases down to ∼ 9% at 270o, and
at best down to ∼ 5% close to 180o. In both cases,
this is an improvement on the current best fit value
errors, shown in table I.

VIII. Conclusions

This thesis presented a connection between space
charge effect and the impact, if this is not studied
in greater detail, on the systematic errors that will
limit DUNE’s ability to predict CP violation, in par-
ticular.

DUNE will begin to take neutrino data in 2026
and to prepare for the experiment many prototypes
were made, including ProtoDUNE Single Phase,
Dual Phase and WA105. Cosmic Ray Tagger data
from WA105 was analysed, and the tracks where re-
constructed. These tracks will then be compared
to the data collected from the anode. If SCE is not
taken into account the track recreated by the charge
collection will have a shift in comparison to the track
reconstructed by the CRT data as shown in section
V.

In section VII the effect of different systematic
errors on the ability to exclude inverted hierarchy
and CP conservation are discussed. We can see that
DUNE is very sensitive to the mass hierarchy and
will be able to exclude inverted hierarchy by more
than 5σ. For CP violation, in the case of higher sys-
tematic uncertainty 7 years is not enough to exclude
CP conservation at any value of δCP .
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