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Chapter 1

Introduction

As part of the Standard Model (SM) of particle physics, neutrinos are crucial for the
understanding of our Universe. Despite the conservation of the lepton number demanded
by the SM, solar neutrino studies have shown that neutrinos violate this conservation by
changing their flavours while propagating [1], an effect called neutrino oscillation. While
the theoretical nature of these oscillations is well understood, there are a few parameters
still unknown, while most of them have been determined with sufficient precision.

Two important oscillation parameters are the neutrino mass hierarchy (NMH), which
is defined by the sign of the large squared mass difference AM?, and the CP-violating
phase dcp. Both parameters can be determined by further studies with neutrinos in
the GeV-energy range, planned by the KM3NeT collaboration by measuring neutrino
oscillation occurring during the neutrino’s path through Earth. In order to do so, a new
detector known as ORCA (Oscillation Research with Cosmics in the Abyss) is used, which
is currently under construction [2]. While ORCA is optimized to determine the NMH, d¢p
is more difficult to measure, which is why we are already investigating the successor called
Super-ORCA, a much more-densely instrumented detector. Although this is a completely
hypothetical detector, we can present its high capabilities in this thesis.

This thesis focuses on preliminary sensitivity studies for the determination of the NMH
using ORCA and Super-ORCA. The calculation is based on the Asimov approach [5], a
technique to calculate sensitivities. The neutrinos used in the studies are either produced
in the atmosphere or are generated as a beam by a particle accelerator.

The thesis is organised as follows: chapter [2| begins with an introduction to the sci-
entific background, focusing on the theoretical description of neutrino oscillations (sec-
tion , the neutrino sources we use (section and the general idea of detection via
Cherenkov light (section[2.3)). Chapter [3]then continues with sensitivity studies for ORCA,
introducing the software used, called paramNMH (section , showing the influence of a
new set of parameters describing systematic uncertainties to make the calculation, done by
paramNMH, more realistic (section , and doing sensitivity studies by using a neutrino
beam instead of the atmospheric neutrino flux (section . Finally, in chapter 4| we will
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move on to sensitivity studies with a hypothetical denser detector, taking a closer look at
the detector performance of Super-ORCA compared to ORCA (section {4.1)), and show-

ing the results concerning the sensitivity to determine dcp using atmospheric neutrinos

(section and neutrino beams (section [4.3).



Chapter 2

Scientific Background

2.1 Neutrino Oscillations

In this section we will describe the basic theory of neutrino oscillation which is important
for determining the so called neutrino mass hierarchy (NMH) and the CP-violation phase
dcp. All formulas have been taken from [6], [§] and [9].

2.1.1 Neutrino Oscillations in Vacuum

Due to solving the solar neutrino flux problem, where less electron neutrinos have been
detected than expected, neutrino oscillation was first mentioned to solve the problem
by PONTECORVO [3] in 1957, and later accepted due to measurements with atmospheric
neutrinos. The here considered oscillation theory was invented by MAKI, NAKAGAWA and
SAKATA in 1962 [4]. Their assumption was to treat neutrinos as massive particles while
their mass is only a tiny fraction of the electron mass, so they hardly interact via gravity
but due to weak interaction with their surrounding. However, the particles interacting
this way are only a superposition of the neutrinos with different masses.

Therefore, we distinguish the neutrinos in two sets of different eigenstates:

mass eigenstates |v;) describe the propagating neutrinos with different but fixed masses.
In the three neutrino model we have three different mass eigenstates with masses
my where k = 1,2,3. Mass eigenstates are defined by numbers as index if they are
clearly defined, or Latin letters if they are undefined.

flavour eigenstates |v,) describe the interacting particles that preserve the lepton num-
ber. In the three neutrino model we distinguish between v, v, and v, corresponding
to the three heavy leptons electron e, muon p and tau 7. Flavour eigenstates are
written with a Greek letter as index if undefined.
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A simple example of a neutrino oscillation can be described as the following: a neutrino
is generated as an |v.) due to a (-decay, it propagates as an superposition of |v1), |vs)
and |v3), and interacts again as a |v,), generating a . While propagating, the ratio of
the mass eigenstate superposition changes, so the amplitude of each eigenstate |v1), |v2)
and |v3) oscillates with time. With that, the composition of the superposition is likely to
be different at the target compared to the state at the generation of the neutrino.

To describe the relation between mass and flavour eigenstates, we use the complex
unitary PMNS mixing matrix U/, named after the first letters of its inventors’ names:

Ve "
v, | = UX | (2.1)
V- Vs

So the flavour eigenstates can be written as a superposition of the mass eigenstates (similar
for antineutrinos):

va) = > Uilw), (2.2)
|ﬂa> = Z uak|pk>‘ (23)
k

For the other way around we get for the mass eigenstates:

) = Y (U)o lva)
= > Uailva), (2.4)
o) = Y Unkl7a) - (2:5)

Here we used the PMNS matrix to be unitary:
U =id = Ut =u = u)" (2.6)

In the following, we want to calculate the probability P,, (L, E) which describes a
neutrino with energy E, that is generated as v,, is measured as vg after a propagating
distance L. As we stated before, the amplitudes of the mass eigenstates oscillate with
time (and therefore fulfil the Schrédinger equation):

(1)) = e B ). (2.7)

The energy Ej can be described as:

m2 m2
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due to the Taylor expansion because p >> m; and therefore £ ~ p in natural units
(c=1).
Now we can describe the flavour eigenstate in dependence of time ¢, using the equations
22), @4) and £7). |
va(t)) = Y Us U e i) (2.9)
kyy

Note that « is the flavour of the neutrino at time ¢t = 0 such that |v,(t = 0)) = |v,).
With that we can calculate the time-dependent transition amplitude:
Ala = ;1) = (vplva(t))
= Y U U e = U D U)ap. (2.10)
k

Here we use (v3|v,) = 6,5 and the diagonal matrix Dy; = d;; exp(—iEjt). By using (2.8),
E =~ p, the amplitude of |vy) oscillating with exp(—ipt) and the distance between the
|vq)-source and the detector L = ¢t (¢ = 1), we can write that as:

Al — B5t) = Z Us Ugp e’ TE = Al — B L). (2.11)
k
For antineutrinos we find the relationship:
Ala@— B) = A(B— a). (2.12)

The three important symmetry operations in particle physics are the charge conjugation
symmetry (C-symmetry), where we compare a particle with its antiparticle, the parity
symmetry (P-symmetry), where we invert the spatial coordinates r — —r and the time-
symmetry (T-symmetry), where we invert the direction of time ¢ — —t [11]. Until now,
the combination of that symmetries CPT is always preserved, so the physics for a particle
is exactly the same as for its antiparticle with inverted spatial and time coordinates.

C-symmetry alone is broken by the fact we have only left-handed neutrinos and right-
handed antineutrinos, because with the C-transition of a neutrino, we should get a left-
handed antineutrino, which doesn’t exist at the momentary state of knowledge. Therefore
we can distinguish between v and v by distinguishing the chirality. However, the problem
can be solved by changing the parity of the antineutrino, so the CP-symmetry is preserved.
Still, there are some cases in the quark sector, like the decay of a kaon, that leads us to
a CP-violation. Now we are looking for a CP-violation in the neutrino sector as well.

As we can see, the CPT-symmetry is preserved by eq. , because C converts the
particles into anti-particles, P changes the helicity from left-handed to right-handed, and
T changes the direction of the arrow. If we assume time-invariance of eq. , we would
get as a result that the CP-symmetry is preserved as well:

A@—=B) = Ala—8) £ AB—a) = AB— a). (2.13)
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We can test eq. by measuring and comparing the oscillation probabilities of B, .,
and P,, . If we have CP-violation, and therefore no invariance of time, the second
equation sign in eq. is wrong. We can describe this CP-violation due to a phase
Ocp as part of the PMNS mixing matrix U. If the value of dcp differs from n - 7w, n € 7Z,
CP-symmetry would be violated.

Using equations (2.11)) and (2.12)), we can calculate the transition probability as:
Py (L E) = |Ala — B;1)]?

= Y Uy Usy, Uy Up; ™9, (2.14)
k?j
where we have the phase difference:
Am2. L
Apj = — 2kj 'z with Amzj =mj — m?. (2.15)

It can be seen from eq. that it is not possible to measure the exact mass of the
neutrinos by neutrino oscillation experiments but the squared mass difference between
the three masses of the mass eigenstates only. While the value of Am3, is known very
well (by experiments with solar neutrinos [10]), only the absolute value of Am3, could
have been determined by now (using atmospheric neutrinos). So the mass ordering is still
unknown (values taken from []]):

Am3, = Am2; = (7.547035) x 10~%eV?, (2.16)
|Am3,| = Am2,, = AM? = (2.4340.06) x 10 %eV?>. (2.17)

Depending on the sign of Am3,, we distinguish two different neutrino mass hierarchies:
the normal hierarchy (NH) assumes that the three different masses of the neutrino mass
eigenstates are ordered by their numbers, starting with m; being the smallest mass and
m3 being the largest mass (Am2, positive). The inverted hierarchy (IH) takes the other
sign and postulates that ms is the smallest mass (Am3, negative). However, due to the
fact of the known sign of Am32,, we know that ms is higher than m; (see Fig. [2.1)).

To calculate the transition probability we need to know the values of the PMNS matrix,
which can be written similar to the CKM matrix in the quark sector. Depending on the
model we use for describing neutrino physics, U can be a 2 x 2-matrix (2-flavour model)
or a 3 X 3-matrix (3-flavour model). If we take sterile neutrinos into account, what we
will not do here, the matrix could even have a higher dimension.

If we use the 2-flavour model (v, v,,), we only have one mixing angle §. This model does
not describe the reality as good as the 3-flavour model, but it is easier to understand, what
we will use later for the description for oscillations in matter. However, the conceptional
mathematics behind both models is still the same, so looking at the 2-flavour model will
give us information on the 3-flavour model as well. Here, the mixing matrix can be written

as: '
U — (cos@ 81119). (2.18)

—sinf cos@
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normal hierarchy (NH) inverted hierarchy (IH)
m? 4 A m2
D Vo
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41 [ I
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Figure 2.1: Neutrino mass hierarchy: the normal hierarchy (NH) describes the model
where the mass ms is heavier than m; and ms, while the inverted hierarchy (IH) assumes
it to be lighter. In both cases, experiments with solar neutrinos proved msy to be larger
than my [I0]. Additionally the mass eigenstates are split into their flavour eigenstates
(different colours) by using the absolute values of the PMNS mixing matrix. [7]

Using the 3-flavour model we will have three different mixing angles 0;; with k,j =
1,2,3 and k # j, as well as a CP-violating phase dcp. The two Majorana phases are
neglected here, assuming we are working with Dirac particles. In the following we use
ckj = cosOy; and si; = sinOy;.

C12€13 51213 S1ge” 0P
_ 6 5
U = | —S12C23 — C12523513€°"  C12C23 — S12523513€"°CF S93C13 | - (2.19)
i i
812893 — €12023513€"°°F  —C12823 — S12023513€°°F  (C23C13

Different measurements like measuring solar neutrinos or reactor neutrinos determined
the values of all mixing angles (values taken from [§]):

01, = (33.47702)°, (2.20)
15 = (8.4240.26)°, (2.21)
fas = (41 %+ 2)°. (2.22)

Of those three, only 65 has no significant influence on the measurement of NMH and
dcp and will therefore be assumed to be a constant. 63 and especially #,35 have a strong
influence on the mass hierarchy, so these mixing angles can be used as fit parameters later.
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To calculate the fluxes at the detector site ®’, we have to take the initial fluxes ® of
the atmospheric neutrinos or of the beam without oscillation into account, as well as the
oscillation probabilities:

®(v.) = P, (L, E) ®(v,) + P, . (L, E)-®(v,) + P, (L, E) - (vy)
(I)/(Vu) = pVe‘H/,u(L7 E) - ®(v,) + PVHHV;L(L E)- (D(Vu) + PVTHVALa E) - ®(v,),
V() = P (L E) - 0(0) + Poys (L E) - B(0,) + Por s (L, E) - B(0r)

V).

Whether we use the atmospheric neutrino flux or a generated beam as a neutrino source,
®(v,) will be always set to 0, so all measured v, are generated solely by oscillation.

2.1.2 Neutrino Oscillations in Matter

Until now we have assumed neutrinos are propagating in vacuum which is a reasonable
assumption for space but does not work anymore for propagating through the Earth.
As we will see later, we will mainly take up-going neutrinos into account (neutrinos
coming from below and traversing Earth) because down-going neutrinos have do not carry
information on the NMH. In order to measure NMH, we need neutrino oscillation taking
place inside the Earth. For that reason we have to understand how neutrino oscillation
changes in matter.

For simplicity, we will study this subject in the 2-flavour model (v., v,). We rewrite

eq. (2.1), using eq. (2.18)) for the mixing matrix:

Vel cosf siné 1/1
(Vu) B (—Sinﬁ cose) (y2>' (2.23)

As we have already mentioned in eq. (2.7) the time-dependent mass eigenstates are a
solution of the Schrodinger equation:
dv(t)

. . k . ("
i = H” v(t), with v = (1/2>' (2.24)

H* is the Hamiltonian for the mass eigenstates which is diagonal in vacuum:

R (m% 02>. (2.25)

2p \ 0 m3

The Hamiltonian can be converted from the form for mass eigenstates H* into the form
for flavour eigenstates H® using the mixing matrix U:

1 10 1 —cos 260 sin 26
o kyst .
HY = Ul = 4p > (0 1) * 4p b ( sin 20 cos%) ’ (2.26)

with 3 = m? +m3 and D = m3 — m?.



2.1. NEUTRINO OSCILLATIONS 13

Ve e Ve, Vy,Vr Ve, Vy,Vr

— v - —
e € Jpln € ?pln

Figure 2.2: Coherent elastic forward scattering for the CC interaction (left) and the NC
interaction (right). While the NC-scattering applies to all flavours and it only results in
a phase factor equal for all flavours, the CC-scattering works only for electron neutrinos,
which generates a potential VI affecting v, only. [9]

In matter we will experience a significant change in oscillation due to the different
interactions of v, compared to the other flavours. The reason for that is a coherent
elastic forward scattering with surrounding matter via the weak interaction (see Fig.
2.2). All flavours interact with matter due to the neutral current (NC) scattering (via
the Z boson) in the same way, causing a shared phase factor without any physical effect.

However, only v, undergo charged current (CC) scattering (via the W#* boson), because
normal matter consists mainly of electrons but not of muons and taus.

This can be described by an effective potential affecting only v, (4) and 7, (—):
Vel — +V92GpN,, (2.27)

where Gy is the Fermi coupling constant and N, the electron number density. With that
the first entry of the Hamiltonian H“ changes:

« e, L [ADO
H® = H +% (0 0), (2.28)
with the additional term and using that F =~ p:
A=2EVT = 2/2GpN.p. (2.29)

Therefore the mass difference D changes as well:

A 2
D, = D \/<5 — cos 2(9) + sin? 26, (2.30)

and with that the mixing angle:
sin 26

\/(% — COS 29)2 + sin® 29‘

sin 26, = (2.31)
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Figure 2.3: Oscillation probability for v, — v. and v, — 7. for NH and IH. While (a)
and (d) are showing a resonance between 2 and 10 GeV, depending on the path through
Earth, (b) and (c) do not have this resonance. The visible line at cos8,enin ~ —0.85
describes the transition between the Earth’s mantle and its denser core.

For the 2-flavour model we have the following oscillation probability:

A D,, L

Pu(ve = v,) = sin20,, - sin? ==, with A, = — - =. (2.32)
2 2 p

The resonance at A/D ~ cos 26 is dependent on the mass squared difference D, which
helps us to determine the neutrino mass hierarchy. The resonance occurs at energy FEj

that has to be positive for neutrinos or negative for antineutrinos:

D cos 20

EFy = ———.
0 2Veff

(2.33)

If Ey is positive, the resonance occurs only for neutrinos and D > 0. If E, is negative,
only antineutrinos are subject to the resonance and D < 0.
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For the 3-flavour case we are dealing with two different squared mass differences Am3,
and Am3,. While the resonance and therefore the sign of Am3; has been determined by
SNO [14], the sign of Am3, is still unknown (see Fig. [2.1)). Fortunately, the resonance of
Am3, happens in the Earth and can be measured at energies between Ey = 2 GeV and
Ey =10 GeV, depending on the density of the Earth’s mantle and core. From now on we
will use AM? := Am3, for the large squared mass difference.

To now evaluate the sign of AM?2, we use the fact that A is depending on V*#, which
has a different sign for neutrinos and antineutrinos. Therefore, only in one of the two
chiralities occurs a resonance due to A/D = cos20. This is only the case, while A/D is
positive:

(a) neutrinos (A positive), NH (D positive) — resonance,

(b) antineutrinos (A negative), NH (D positive) — no resonance,

(c) neutrinos (A positive), IH (D negative) — no resonance,

(d) antineutrinos (A negative), IH (D negative) — resonance.

So depending on the NMH, only neutrinos or antineutrinos will show a resonance, by
which we can determine the sign of the large squared mass difference AM? = D. In Fig.
2.3 the resonance can be seen, depending on the energy and the matter profile of the Earth

in the propagating path of the (anti-)neutrinos, determined by cos @,enitn. The transition
from the Earth’s mantle to the denser core is clearly visible at cos @,cniin &~ —0.85.

2.2 Natural Neutrino Sources

While ARCA, the other detector built by the KM3NeT collaboration, is searching for
galactic or extragalactic neutrino sources, ORCA is using the atmospheric neutrino flux
or a neutrino beam to determine the values of the oscillation parameters.

Atmospheric neutrinos are generated by cosmic ray particles interacting with parti-
cles in Earth’s upper atmosphere. The flux of these particles, and therefore that of the
atmospheric neutrinos, follows a powerlaw depending on the particle’s energy:

N(E) « E™°, (2.34)

where o = 2.7 for energies E < 10'° eV (1 PeV) and a = 3.1 for energies £ > 10" eV.
The steepening at 1 PeV is called the knee between galactic sources (lower energies) like
supernovae or pulsars, and extragalactic sources (higher energies) like Active Galaxies,
Gamma Ray Bursts and starburst galaxies [15]. However, because we are operating in
the GeV energy range, we can assume « to be constant.

Due to spallation of atoms in the atmosphere due to interaction with those high-energy
particles, secondary particles are generated, mainly neutrons, protons and pions. Resting
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Figure 2.4: The flux of the cosmic ray particles decreases with the energy of the particle.
Because these particles are the source for the atmospheric neutrino flux, the general energy
dependency of the neutrino flux resembles this trend. [15]

pions decay after a very short time (2.6 - 1078 s for 7% and 8.52 - 10717 s for 7° [8]) into
muons, gamma and neutrinos:

° = y+7, (2.35)
™ = ut+u,, (2.36)
T = W+, (2.37)

When we take their high velocity into account (v < ¢), the half-life of the pions is increased
significantly by the Lorentz boost, so 7% would reach the Earth’s surface with an kinetic
energy of a few 100 GeV. Because of the longer distance through the atmosphere for
horizontal particles, many pions and their secondary particles like muons have already
decayed, so the neutrino flux is higher at the horizon than from the zenith (see Fig. .

Due to their lifetime of 2.2 - 107% s and again the Lorentz boost due to their high
velocity (v < ¢), muons can reach the Earth’s surface causing a high background in the
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Figure 2.5: Atmospheric neutrino flux in units of particle per m? s st GeV. As expected,

the muon (anti-)neutrino flux is about twice as much as the electron (anit-)neutrino flux.
They follow the same energy dependence as the cosmic ray particles. Their flux is maximal
at the horizon (cos 6. = 0) because the primary and secondary particles propagate a
longer distance through the atmosphere and therefore have a higher probability of being
decayed at the detector site. [13]

data for down-going particles. However, most of the muons, especially those with less
energy and from the horizon decay on their way down to the surface:

= et e+, (2.38)
poo—= e v, + . (2.39)



18 CHAPTER 2. SCIENTIFIC BACKGROUND

With that we expect to measure two times more muon (anti-)neutrinos that electron
(anti-)neutrinos:
Vy + v,
Ve + Ve

~ 2. (2.40)

The atmospheric neutrino flux used for sensitivity calculation can be seen in Fig. 2.5 It
roughly follows the same energy dependency as the cosmic ray flux and is calculated via
the Honda calculation of the neutrino flux [13].

2.3 Detection of Neutrinos

The low cross section of neutrino interactions, which allows them to propagate through
Earth and the sun without a significant loss in their numbers, is also the main problem in
detecting them: only a tiny fraction of neutrinos interacts with matter in the vicinity or
even inside the detector. But even if a neutrino interacts, it is not automatically detected.

As we stated before, neutrinos interact only via the weak interaction, where we dis-
tinguish between NC and CC (see Fig. [2.6).

Ve e \)u 3 V. T \ Y
shower track shower

_— s = =

nudeon hadronic shower nudeon hadronic shower nudeon hadronic shower nudeon hadronic shower

Figure 2.6: The four types of neutrino interactions: on the left, the CC interactions for
all flavours are shown, the NC interaction is on the right. While all interactions produce
a hadronic shower, the neutrino produced in the NC interaction disappears unseen. The
electron is stopped very fast in the surrounding water, producing an electromagnetic
shower. The muon propagates through the detector as a track like event. The tau has a
very short lifetime and mostly decays shortly after being produced into a u, 7, and a v,
or an e, U, and a v, so it can leave a electron or muon like event in the detector [§].

When it comes to detection, we distinguish two different signatures of an event: a
shower and a track like event. In a track like event, only a single particle (a muon)
generates Cherenkov light over a long distance (see below) and is therefore responsible for
the signal in our detector. The electromagnetic shower is generated by an electron with
an energy above 100 MeV which looses its energy almost entirely by bremsstrahlung. In
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that process, photons are emitted that mainly interact via pair production, generating an
electron and an positron that can again loose energy by bremsstrahlung.

In the NC case we can only detect the hadronic shower because the secondary neutrino
escapes without leaving any track. This is completely different for CC where we also have
a hadronic cascade but we can also detect an electromagnetic shower of an electron or
a track like event of a muon. The tau mainly decays into a muon or an electron, and
therefore can look like a track and a shower like event [8].

To detect both the hadronic shower and the lepton, we exploit the fact that the
particles are propagating with a velocity close to lightspeed in vacuum c. If a charged
particle is propagating through a translucent medium like water or ice with a velocity
larger than the speed of light in that medium, Cherenkov light is emitted in a cone
around the particle (see Fig. . The opening angle O of that cone is depending on the
refractive index n of the surrounding medium and the velocity 8 = v/c:

1
cosfc = e (2.41)
n

For water (n = 1.33) and v = ¢ the angle is approximately 41°.

Figure 2.7: A charged particle like a muon propagates with a relativistic velocity 5 through
a medium (red arrow), for example water, with a refraction index n. If 8 > %, Cherenkov
light is emitted in a cone along the propagation direction with an opening angle of 6¢

(blue lines). [16]

The Cherenkov photons are then to be detected by photomultipliers (PMTs) building
the detector. To detect those photons, one must go deep under the surface where sun
light does not produce a high background. Therefore, most neutrino detectors like ORCA

are being built on the bottom of the sea, or beneath a few kilometers of ice like IceCube,
while others are built in a closed reservoir like Hyper-Kamiokande [15] [27]. In KM3NeT
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detectors (ORCA and ARCA), 31 PMTs are arranged in a sphere called digital optical
modules (DOM), to look in every direction to detect the photons [2].
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(a) Strings and DOM (b) ORCA building block

Figure 2.8: (a) Alignment of 18 DOMs as a string, and a picture of a DOM with its 31
PMTs. (b) Layout for the ORCA building block and their connection via cables to shore.

2]

ORCA consists of one building block of 115 detection strings, each consisting of 18
DOMs. A detection string is fixed by a heavy anchor to the ground and sustained by a
buoy towards the surface, and is about 200 m in height with DOMs spaced 9 m apart in
vertical direction and the strings are deployed about 20 m from each other [2]. The spacing
between the DOMs determines the minimum energy threshold of incoming neutrinos that
can still be detected. A smaller spacing shifts that threshold to lower energies. Therefore,
a hypothetical Super-ORCA could have a roughly 10 times denser arrangement, to have
more sensitivity in the low energy range, which is more important for the determination
of dcp than it is for NMH.
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Chapter 3

Sensitivity Studies for ORCA

3.1 paramNMH

For all sensitivity studies, the software called param NMH (version 3.0) provided by Jiirgen
Brunner and maintained by Liam Quinn was used. It is built on the data analysis frame-
work ROOT, a C++ library used to analyse data at CERN [17]. Before we will turn to
the new features we have included in this framework, we will give a quick overview of its
computation chain of sensitivity studies.

3.1.1 Rate Calculation

First, we will focus on the rate calculation that is used to transform a incoming flux of
neutrinos into detector dependent reconstructed events. The general idea of the evaluation
is the same for ORCA and Super-ORCA, as it is the same for the atmospheric neutrino
flux and a neutrino beam, although the inputs will of course be different. The hypothetical
data from both ORCA and Super-ORCA will consist of observed event rates By comparing
the true data with the calculated reconstructed events, done by paramNMH, it will be
possible to derive the statistical significance to refute out a certain set of oscillation
parameters. The exact implementations of the steps are given in the specific inputs in

section for ORCA and section for Super-ORCA.

The general computing chain is shown as a flowchart in Fig (which is designed for
ORCA using atmospheric neutrino flux, but not for paramNMH specifically) and will be
described here in detail. For further information, see the Letter of Intent for KM3NeT 2.0
[2]. The flux and event rates to be determined are a function of the true neutrino energy
FEliwe and the zenith angle 6., and the reconstructed energy F,.., and zenith angle 0,cc,,
respectively.

At first we will attend to the detector independent part, starting with the incoming
neutrino flux @, (Eire, birue) of a flavour a.. For the normal sensitivity studies we use the
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Figure 3.1: Chart for general strategy to calculate event rates: The green blocks contain
external and additional inputs that do not result from any step before them. The blue
blocks show the intermediate results after taking a step from all the way of the incoming
flux to the final reconstructed events. The red blocks describe the steps that are executed
between those results. paramNMH does not take the muon background into account. [2]

atmospheric neutrino flux ®3™  for the beam we will use an artificial flux ®>°*™. Note
that the flavour « in this case can be v, v,, 7. and 7, because all those representatives
are produced in the atmosphere and the beam generator. Tau (anti-)neutrinos are only
generated by oscillation in sufficient number.

The first step in Fig. (1) concerns the oscillation that occurs between the source
of the provided neutrino flux and the detector. Note that this is still independent of
any systematics of the detector. To calculate oscillations in Earth, we use OscProb that
uses a density profile of the Earth with about 50 different density shells provided by
PREM [12] and is implemented in paramNMH. The majority of relevant neutrinos will
propagate through the Earth because of their oscillation probabilities are changed by
Earth matter effects (see section [2.1.2)). OscProb calculates the oscillation probability
pre,,, (Etrues Birue) from flavour a to flavour 8 (which now includes v, 7., too), depending
on the true energy of the neutrino and the path through Earth which is given by the true
zenith angle. The zenith angle, which is used in its cosine form for calculation, determines

the different layers of Earth, as well as the propagating distance L in those shells. With
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equation for the oscillation probability, see section [2.1, we can calculate the oscillated
neutrino flux directly at the detector site (b):

(I)get(Etrueaetrue) - Z P;j:yB(Etrueaetrue) : q)a(Etrueaetrue)~ (31)

For the interaction with the matter (2) in our detector, we use the GENIE event
generator which gives us the charged current (CC) and the neutral current (NC) neutrino-
nucleon cross sections o3(Fie) for an oxygen nucleus and two protons (normal water)
(see Fig. [3.2) [19].

o/E x 107 [m"2/GeV]

0102 1 2 345 10 2030 100
E [GeV]

Figure 3.2: Energy-dependent cross section for all interaction types generated by GENIE
[19].

With this, we get the interaction rate per unit volume at the detector site Rg(Eirue, Orrue)
depending on the true energy and zenith angle for a (anti-)neutrino of flavour £ (inter-
mediate result (c)).

R5<Etrue79true) = pwater : Z Uﬁ(Etrue) ' st:uﬁ<Etrue7€true) : cI)cv(EJtlruteae‘crue>- (32)

Mpycleon o

By that time we have calculated eight histograms, six for the CC interactions (three
flavours, two chiralities) and two NC interactions of neutrinos and antineutrinos. The
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binning in all those histograms is consistent. The energy axis is linear in log;,(Firue) from
2 to 100 GeV in 40 bins for ORCA and from 0.1 to 100 GeV in 60 bins for Super-ORCA
(see chapter (| for further changes). The zenith angle axis is binned linearly in cos ,epitn
from —1 to 0 in 40 bins, where cos 0,enitn = —1 corresponds to directly up-going neutrinos
coming from the nadir. However, if we take down-going neutrinos into account, we will
use 80 bins and a range going from —1 to 1. For beam experiments, we will use only one
bin for the zenith angle, which is given by the direction to the source. We still need the
value for cos 8,enitn to calculate the density profile through the Earth and the oscillation
probability, but the event rates histograms become one-dimensional.

The next step (3) will be the first which is depending on the detector itself. The
effective mass or better the effective volume (without pyater) can be imagined as the size of
a hypothetical detector where every events can be reconstructed. Therefore, the effective
mass Mg determines how many of the events can be reconstructed and is depending
on the neutrino energy FEj., (version 4.0 of paramNMH is also adding a zenith angle
dependency for the effective mass, but it is not used for the results in this thesis):

N, sel
N, gen

Meﬂ" - ‘/gen * Pwater * (33)

Nygen is the total number of generated events in the generation volume Vie,, Nger is the
number of successfully reconstructed events, pyater = 1025 kgm™ is assumed for the
density of sea water.

When we are using real data, we additionally have to take misreconstructed atmo-
spheric muons as background into account. While those events have to be removed by an
effective muon veto [18], using simulations with paramNMH does not need this step be-
cause those wrong events due to atmospheric muons are ignored. That is why the number
of detected events R} (result (d)) is only given by:

Rg’et(Etrueuetrue) = RB(Etrueaetrue> : Mef'f~ (34)

In step (4) the event has to be identified to be a track or shower event, the so-called
particle identification (PID). Ideally, all CC muon interactions would be considered to
be track-like events, and all other CC interactions, as well as NC interactions would be
identified as shower like events (see Fig. [2.6). However, there is an energy-dependent
efficiency in identifying the true event type, so that events could be misclassifiedIn that
step, each of the eight histograms is splitted into two new ones, where events are identified
as tracks or showers.

At last, the detector cannot measure the exact energy and zenith angle, which is why
we have to apply an energy and an angular smearing. Until now, we have calculated the
events depending on the true energy Fi,.. and the true zenith angle 6;,.,.. Now we have to
smear this data to get the response of the detector, calculating the reconstructed energy
FEeco and the reconstructed zenith angle 0,cco.
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After the energy reconstruction (result (f) in the chart) the 16 histograms are reduced
to four, by adding up the CC histograms classified as tracks and showers binwise. Addi-
tionally, all histograms of antineutrinos are added to their particular neutrino histogram,
because we have no way to identify v and v to separate them from each other. Thus, we
get the following four histograms:

e CC interactions (all flavours, neutrinos and antineutrinos) classified as tracks
e CC interactions (all flavours, neutrinos and antineutrinos) classified as showers
e NC interactions (neutrinos and antineutrinos) classified as tracks

e NC interactions (neutrinos and antineutrinos) classified as showers

3.1.2 Sensitivity Calculation

Sensitivity calculation is done by a y?-fit using an Asimov data set, where every event
rate per bin is set to its expectation value [20]. The idea is to calculate the median
significance to reject a wrong NMH or dcp assuming another value to be correct [21]. As
a starting point, we are calculating the four histograms from the rate calculation (see
last section) for a certain set of oscillation parameters (neutrino mass hierarchy, mixing
angles, squared mass differences, CP-violating phase) considered to be true. Each bin

; : : ; true true
J, depending on Eyeco and reco, consists of a certain number of events udc'rg ;» HEC s
true true

HNC,TR,j and MNC,sH,;

7‘77

For comparison, we have to calculate a second set of those histograms, changing one
of the parameters and fixing it (for example taking another NMH), while the other pa-
rameters are fitted. With this we get “wrong” event rates, which we want to refute with
a certain significance, assuming the “true” event rates. Note that the “true” histograms
are simulated here as some kind of pseudo-data and can later be replaced by the true data
coming from the detector.

For each bin, the “true” and “wrong” total number of track and shower events are
calculated, using the following equations:

MtTrﬁ?j = NE%?TR,;’*’ M%\??}S,TR@ (3.5)
Mtérf{leg = :ugngH,j'f— :uf\ll%?SH,jv (3.6)
trry = (HocTR; T UNGTR,j * PNC) TR, (3.7)
fsi g = (Hocsh; T UNC i, * INC) - NSH. (3.8)

nnc, ntr and ngy are scaling factors for the event numbers for NC, track and shower
events, and are later used as fit parameters to determine the overall norm, the track /shower
skew and the scaling of NC events. The true value is always assumed to be 1, so we do
not have to apply those factors to the “true” event rates.
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Figure 3.3: Distribution of the relative NMH differences for 7,-CC (a) and (V])—CC (b)
after applying the resolution as a function of the reconstructed energy FEi.., and the
reconstructed zenith angle 0,.., after one year of data taking. The binning is the same
as for the event histograms. The colour gives the statistical significance x; calculated for

each bin j (see equating (3.11])).

These event rates are now used to define our x?, where we treat track and shower
events individually:

2 2
wrong true wrong true

X2 _ Z TR,j TR, _'_Z SH,j SH,j . (39)

- true - true
J \/ HTR,j j \/ HsH,j

By adjusting the fit parameters, the event rates of the “wrong” histograms will change
and the fit will try to minimize x? this way, adapting the “wrong” histograms to the
“true” histograms in the best way possible. This is done by the Minuit 2 function of
ROOT [22]. The square root of x2, will then give us the statistical significance to refute
the histograms due to the parameter assumed to be “wrong” (for example the NMH or

6CP)I
o = \/XIZnin‘ <310)

In Fig. |3.3| we can see the distreibution of the relative NMH differences for v, and v,
(left) and v, and 7, (right), which mainly defines the asymmetry for showers and tracks,
respectively. The colour gives the statistical significance x; calculated for each bin j.

Here, we use x; instead of X? so we can see the sign of the difference.

IH NH
T

Xj =
A/

(3.11)
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As we can see here, the main sensitivity comes from an energy range between 5 and

15 GeV.

Because the sensitivity is heavily dependent on 63, which is not sufficiently known, the
sensitivity is calculated for different values of 653* in the interval between [40°,50°]. The
values for the other oscillation parameters are for better comparision the same as in the
Letter of Intent and therefore slightly outdated. In addition to the oscillation parameters,
we use five other parameters, that are already implemented in param/NMH and have been
used in the Letter of Intent [2]. The parameters including their priors can be see in table

B.1

parameter true value prior treatment

Bas (°) {40, 41,..., 50}  no Fitted

013 (°) 8.42 0.26  Fitted/Fixed
012 (°) 33.4 N/A Fixed
AM? (1073 eV) 2.44 no Fitted
Am? (1075 eV) 7.53 N/A Fixed
dep (°) 0 1no Fitted
Overall flux factor 1 0.1 Fitted
NC scaling 1 0.1 Fitted
v/v skew 0 0.03 Fitted
w/e skew 0 0.1 Fitted
Energy slope (spectral index) 0 0.05 Fitted

Table 3.1: Standard parameters used in paramNMH.

While the first six parameters in table are oscillation parameters described in
chapter [2] the other parameters are implemented in paramNMH as followed. The overall
flux factor and the u/e skew are calculated by using the scaling factors nrr and ngy in

equations (3.7) and (3.8)):

Overall flux factor = w, (3.12)
p/e skew = w. (3.13)

The NC scaling is equal to the scaling factor ny¢ in equations and . The spectral
index Zgpectral s able to suppress event rates at lower or higher energies and favour the
others. The energy slope Egope can be calculated by the spectral index for each energy
bin, using the true energy FEiye:

E e Tspectral
Eslope = < g(] ) . (314)

Ey is the center of the seesaw and equals 6 GeV for ORCA. The factor Egope is then
multiplied with the event number for each bin.
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The v/v skew fuunubar is implemented as a factor directly to the flux of a certain flavour
a: %, so we get a slightly modified flux:

v/v?

O (Bypne) = O3 (Eirue) - (1 + O2E™ - i) (3.15)

v/v
O72™ is 1 for v and —2 for 7, SO frunubar distinguishes between neutrinos and antineutrinos.

In table we state that some parameters are fixed in the fit, because they do not
influence the sensitivity of the detector, while others are fitted, so the chi? can change
these parameters slightly. To prevent the fit of changing the parameters too much, we
can apply priors o, to each parameter, by adding the following term to the calculated y?
for each parameter x (e is the value of z assumed to be true):

(27 - xtrue)Q
o;

As we can see, assuming the NH to be true is much more dependent on the mixing
angle 63 than for the IH assumed to be true. Additionally, the sensitivity for &p° = 0° is
significantly higher than those of §&5° = 180°. In the following we will assume §&p° = 0°
for all sensitivity studies concerning the NMH with ORCA.

o 5 T H
o F |0
‘6‘ 4.5__ o — |H, 6CP = 0 ..... N ...................... ............
S NH, 6CP =180| : : i
7Y I i IH, 6CP:: 180 | i L
35 :_ ................................................................................................................................................
s
25
o[-
B 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1

Figure 3.4: Standard paramNMH statistical significance for ORCA in dependency of 3
for assuming NH (red) or IH (blue) to be the true hierarchy after three years of data
taking. dcp = 0° for solid lines and dcp = 180° for dashed lines. The normal parameters
of the Letter of Intent were used without priors.



3.1. paramNMH 29

Using the standard parameters of paramNMH without priors (613 is not fitted here),
we define two standard graphs for the two different hierarchies for 6&p¢ = 0° and two
for 0gpe = 180° (see Fig. [3.4) after three years of data taking. Here we can see that our
statistical significance is heavily dependent on the mixing angle 03 which is the reason

we calculate the significance for different values of 3.

The red curves show the significance of refuting IH if we assume NH to be true, and
vice versa for the blue lines. For NH assumed to be true, the significance has a minimum
of 2.450 (2.150) around o3 = 41.5° for dcp = 0° (dcp = 180°) and then increases with
increasing o3 up to 4.1 (4.30). The IH fits have a minimum of 2.30 (2.20) around
O3 = 49° for dcp = 0° (0cp = 180°), but do not increase that much for smaller values of
053 (maximum of 2.850 (2.70) for O3 = 44°). In both cases (NH and IH), the significance
is always better for dcp = 0° and dcp = 180°, which are the two possible values for
preserving the CP-symmetry.

3.1.3 ORCA-specific Inputs

While the energy and sometimes zenith angle-dependent input data (see green and red
boxes in Fig. are determined by different software, param NMH uses parametrisations
that have been fitted on the original simulated data. While the cross section and the
atmospheric flux are given in a list of data and the fit-software interpolates in between, the
effective mass, PID and resolution are given by equations that are shown in this section.
Each of them have certain parameters that are evaluated by fitting the approximation
functions to the software’s data for each of the eight interactions.

The here presented formulas are used for ORCA and have been originally implemented
in paramNMH, using the same data as in the Letter of Intent [2]. The values of the
parameters can be found in table in the appendix. The Super-ORCA implementation
will be shown later in section £.1.1]

The effective mass for ORCA is calculated by the following equation:

NMeff - tanh (M> if Etrue > Emina

OMefFf

(3.16)
0 if Etrue S Emina

Meff(Etrue) = {

where E.;, is the lower energy threshold for the effective mass of a certain interaction,
onmetr describes the slope, and Ny the normalisation, which gives the maximum effective
mass for a neutrino interaction type. The effective masses for ORCA in the typical range
from 2 GeV to 100 GeV can be seen in Fig. [3.5] (a).

The effective mass therefore is zero below a minimum energy, which means that all
neutrinos with an energy below that threshold cannot be detected by the detector because
too few photons hit the PMTs. With increasing energy the effective mass increases with
a steepness defined by the slope oy , until it reaches its maximum value and goes to
saturation at Nyjeg.
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Figure 3.5: Effective mass (a) and PID (b) as function of energy for all interaction types
for ORCA.

The PID, more specifically the probability to classify an event as a track Piac, is
calculated in paramNMH by the following equation in paramNMH, while xq, 1 and x-
are determined for all different interactions:

Ptrack(-Etrue) = Xop+ 1" E&fﬁ (317>

The possibility of classifying an event as a shower is given by Piower = 1 — Pirack-

As it is shown in Fig. (3.5 (b), the classification in the high energy limit is quite ac-

curate, classifying true track events ((1/7—(](3) as tracks, and true shower events mainly
as showers. On the other hand, the detected muons and especially antimuons are mis-
classified in the low energy limit, due to their lack of kinetic energy, while the shower
events are misclassified as track events more often. However, the effective mass in that
energy range is very low, so that effect is limited. The difference between the PID v,-CC
and 7,-CC can be explained by different behaviour of the cross section for neutrinos and
antineutrinos with respect to the Bjorken y. The lepton track and the hadronic shower
can be easily identified for the muon channel, so we can see the the effect of the y better
than in the other channels [2].

The energy resolution is dependent on the true energy Ei... and essentially a smear-
ing of the measured event numbers by a normal distribution. So the number of events
calculated for a particular true energy is distributed into all energy bins available, using
a given mean E and a standard deviation oeso:

— Etrue Etrue 2
E Erue - Erue : -1 1 ) 3.18
(Etrue) t (mo + mq - log GoV + mo (og GeV) ) ( )
Uresol(Etrue) = SS9+ S1- Etrue + 59 - Efrue- (319)

mg, M1, Ma, So, S1 and sg are parameters given for each type of interaction.
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Figure 3.6: (a) relative mean energy in dependency of the true energy for all interaction
types for ORCA. (b) relative standard deviation in dependency of the true energy for all
interaction types for ORCA.

In Fig. [3.6] (a) the relative mean energy E/Fi. is shown for all different interaction
channels. While the events are shifted to higher energies for v, and 7., the events for
all other interactions are mainly shifted to lower energies. Note that this shift is done
after applying the effective mass and the cross section, which is the reason why we have
for example v, events for energies lower than the rest mass of 7. Fig. (b) shows
the relative standard deviation 0yeso1/Firue: While the resolution for electron neutrinos
and antineutrinos is getting better for increasing energy, all other interactions have their
best resolution between 6 and 15 GeV, which is only slightly above the interesting energy
range for NMH determination. %)-CC have the worst resolution, because the energy of an
event is determined by the overall light that has been measured in the detector. Because
(17#)—(3(] are track like events, the generated muon often leaves the detector before loosing
all its kinetic energy. The detector only sees a fraction of the true energy of the muon,
while the rest is leaving the detector with the muon. This effect becomes stronger with
increasing energy.

The energy after the smearing is then called the reconstructed energy FE,..,. Figure
shows here are the energy resolution histograms for neutrinos (antineutrinos are shown in
the appendix, see Fig. [A.1]). These histograms are calculated once and are not changed
by any oscillation parameter. When the energy scale parameters are used, the fit is
interpolating between the bins to extract the energy resolution for the changed energy
(see section . Again, it can be seen that oyeso1/F is minimal at high energies for v,
and 7, and that many events are shifted to lower energies for all other interactions.

The angular resolution is dependent on both true energy Fi.,. and true zenith angle
€0S Oirue- Birue 1s the true zenith angle, the neutrino enters the detector, while 6,q, is the
reconstructed zenith angle. 4 is the angle between the true neutrino direction on the
sphere and the reconstructed one, which is not necessarily parallel to the meridian. To
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Figure 3.7: Energy resolution FEl., in dependency of the true energy for all neutrino
interaction types for ORCA.

calculate 0,eco, we use a normal distribution of cos g around the meam value cos 6, ye.
The standard deviation ., for this normal distribution is calculated using only one
parameter x,.q, different for each type of interaction:

: 10
med Etrue
As it can be seen in Fig. the standard deviation is high for lower energies, which

is not so important because the detector isn’t sensitive at low energies expressed by the
effective detector mass.

Ocos(Brue) = 0.74 - |z

. (3.20)

After the calculation of cosfg, the cosine of the zenith angle after applying the
resolution cos ¢, is calculated by the following equation:

COS Oreco = COS v+ SIN Birye * SIN Ogist + COS Oipye + COS Bgist - (3.21)

« is called the course angle which defines the angle of the shift between the true and
the reconstructed neutrino direction in respect to the meridian. For the calculation, 30
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Figure 3.8: Energy-dependent angular resolution o..s for all interaction types for ORCA.

cosB, =0.24 Eque = 8.26 GeV

true

12 14 01 02 03 04 05 06 07 08 09 1

cos(8,,.)

16 18 2
log(E_ ) [GeV]
true’

Figure 3.9: Angular resolution for v, for ORCA: left: cos e, in dependency of Ei,,e for
€08 Oirue = 0.24; right 08 O,eco in dependency of cos Oyye for Eipye = 8.26 GeV. The z-axis
is giving the ratio of the smearing in a certain bin of cos f,.., depending on the values of
FEirve and cos Opye.

different values of a between 0 and 7 are sufficient. For further information on calculating
€08 Oreco, se€ [23], although we here use a nadir based system instead of a system centred
around the zenith.

Because the angular resolution is depending on the true energy and the true zenith
angle, the angular resolution for one interaction type is saved in a three-dimensional
histogram. Shown in Fig. [3.9 are two slices of the histogram for v,: on the left hand
side, the energy-dependent resolution ratio for cosfi,. = 0.24 is shown, while on the
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right hand side, we can see the zenith angle-dependent resolution ratio for the energy
FEirve = 8.26 GeV. The artefact in the left picture between cos ;.. = 0.2 and 0.3 for low
energies is a result of the low number of 30 for the course angle o for ORCA. However,
the effect has no significant influence, so the low number is sufficient enough and saves
time. For Super-ORCA this number has to be increased to avoid an even stronger effect.

It is clearly visible that cosf,ec, is normally distributed around cos 6., when we
take a look at the left picture. However, if we take a closer look at the distribution for
€08 Oirue = 0.9625, we can the maximum is not in the bin for cos f,e., = 0.9625 but in the
pole bin for cos ..o = 0.9875. This is an effect that occurs due to the usage of spherical
coordinates and will be even stronger for Super-ORCA at lower energies.

3.2 New Set of Systematics

In addition to the parameters originally provided by the software, we have implemented
a set of new parameters. Additional parameters help us to take more systematics into
account and provide a better representation of the reality. Of course, more parameters
will also mean that we have more fit possibilities and therefore a better chance to fit the
wrong hierarchy to the true hierarchy’s pseudo data, which will become noticeable by a
decreasing sensitivity.

All those parameters used will be motivated and their implementation will be described
in this section, as well as the priors we chose for them. For ORCA we have three major
groups of new parameters: many of them have an influence on the energy scale, while a
few effect the PID, and the last group of parameters can be described as flux-depending
parameters.

The parameters for energy scale and flux are implemented as additional factors in the
main calculation, while the PID parameters are implemented directly into the formula of
the probability calculation to classify an event as a track. Because we are using a different
formula for Super-ORCA, the PID parameters only apply to ORCA, while energy scale
and flux parameters work in the same way for both experiments.

3.2.1 Systematics for the Energy Scale

The real detector will probably under- or overestimate the produced luminance by u, e
and hadronic showers. This systematic comes from a wrongly calibrated photon detection
efficiency which is inevitable. To include this systematic, we distinguish between the true
energy of the incoming neutrino F,, and the energy Fgetector that is assigned to the event
by the measurement, due to the luminance and the calibration of the detector.

The new energy Fyetector 18 Only used by steps completely dependent on the detector,
such as the calculation of the effective mass and the smearing of the energy and angular
resolution. All other steps concerning the physics without the detector will use the true
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energy of the neutrino, such as the calculation of the oscillation and the determination of
the flux at a certain energy. The PID will also use FE,.

The two formulas used to calculate Egetector f0r the NC and the CC interactions are
given here:

NC: Edetector = El/ * €Escale * [1 + €EseNC

+ <®up * €Escctup + 6down : eEscctdown) + COS ezenith]a
(3.22)

CC: Edetector = EV * €Escale * [1 + @1/,3 . @(e,,u),T * €Escnu + @e,u * €Escemu T 67 * €Esctau

+ (®up : 8Escctup + @down : 6Escctdown) + COS Hzenith]-

(3.23)

The first parameter egg.a1e is an overall scaling factor between the neutrino energy and
FEaetector and does not depend on any other input, like flavour, chirality or the zenith angle.
Whether we look at NC interaction or a CC interaction of v, or v, this factor will apply
to all in the same way.

In contrast to the first parameter with a standard value of 1, all other factors are
implemented as skews and therefore their standard value is 0. In the NC interaction we
introduce egsnc as a factor that takes the difference between NC and CC into account.
Due to the implementation in the NC case only, the CC interactions are set as being
normal and the NC interaction is shifted compared to that normal value. The main
reason for using that parameter is again the possible different light generation between
the two types of interaction.

parameter | true value | prior interpretation

EEscale 1 3% | overall norm

€EseNC 0 5% | ratio between NC and CC

€Esenu 0 3% | ratio between v and 7

€Escemu 0 3 % | ratio between electron and muon flavour

€Esctau 0 5% | ratio of tau flavour to all other interactions

EEscctup 0 3% | dependency on cos 8,epnitn for upgoing neutrinos
CEscetdown 0 3% | dependency on cos 8,epniin for downgoing neutrinos

Table 3.2: Energy scale parameter with their priors and their interpretation.

In the CC case we have three other skews to add more systematics. First, egsenu
describes the different different detector responses to the energy due to the chirality:
here, ©,5 equals 1 for neutrinos and —1 for antineutrinos. Because of the uncertainties

in the tau-family, we only take V. and (V_H) into account, using O, » equals 1 for electron
and muon flavour, and 0 for tau flavour.
To describe the energy changes depending on the difference of the main flavour types
(— (—
e and p, we use the new parameter egscemu, Where ©, , equals 1 for v., —1 for v, and 0
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for (JT). With those we deal with another skew called eggctan, Which is activated only for

¥, due to the factor ©,, which equals 1 for &, and 0 for everything else.

Furthermore, we have two more parameters dealing with a zenith angle dependency
8 enith, Or rather on the cosine of that angle. The prefactor ©,, equals 1 for up-going @

and 0 for down-going (7, while the factor O4own behaves the other way around. With
that, egscctup applies only to up-going, €gscctdown Only to down-going neutrinos. Note that
the skew defined by those parameters is always zero for cos 0,e,¢n = 0, so for horizontal
incoming neutrinos.

Because of the construction of the detector is still in progress, we do not know the
exact systematic uncertainties. Therefore we had to do some estimations for the priors
that could be applied to the parameters (see table [3.2)).

Standard, NH

Standard, IH

a[3 years]
o3 years]

>
o

Energy scale freely fitted, NH Energy scale freely fitted, IH

=== Energy scale fitted with prior, NH === Energy scale fitted with priors, IH

i i
e
—
25 N et 25
F N oaree® R E ........................................ ——
0 ez a a6 w0 a0 ez a ae a8 w0
6,1 6,5
(a) NMH = NH (b) NMH = IH

Figure 3.10: Influence of the energy scale parameter: red is the standard fit (see Fig. [3.4);
the solid /dashed blue line is the fit including all new energy scale parameters without /with
their priors.

Note that epgenu and eggcemu are implemented as differences, so when for example
efsenu = 0.01, Egetector Will be increased by 1% for neutrinos and decreased by 1% for
antineutrinos. The priors given in table are the priors on the ratio between v and v
or the ratio between electron and muon flavour.

In Fig. [3.10] we can see the effect of the new energy scale parameters compared to
the standard fit from Fig. using the original parameters without their priors applied
in paramNMH. The general form of the curve is preserved, but as expected, the statistic
significance decreases due to the fact that we have more parameters for the fit that can
be adjusted by the minimization. Depending on the mixing angle 6.3, the sensitivity
loss due to the new parameters is very different for normal hierarchy assumed to be true
(a): for small values of o3 the loss in sensitivity is very small, but for higher 6,3 the
sensitivity decreases by more than 1o. The minimum statistical significance is equal to
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2.10 for O3 = 42°, the maximum is equal to 3.30 for A3 = 50°. For the inverted hierarchy
assumed to be true, it is the other way around: the statistic significance decreases for small
values of o3 by 0.60 and by 0.150 for f53 = 50°. The minimum statistical significance is
equal to 2.00 for Ay3 = 40° and 48°, the maximum is equal to 2.250 for 03 = 50°.

Of course, constraining the parameters with their uncertainties by using priors de-
creases the sensitivity loss in both cases. However, the uncertainties for the energy scale
are just educated guesses and are not based on determined values. Therefore, with more
smaller uncertainties and stronger priors coming with that, the sensitivity loss could be
limited even more. For NH and 6,3 = 50°, the sensitivity loss is decreased by 0.50 while it
is smaller for smaller f55. For IH, the sensitivity loss is decreased by 0.20 for 653 between
40° and 47°.

There is no single new parameter that dominates the others, though egs.nc, €Esenn and
EEsctan S€em to have the largest impact. Example values for the fits can be seen in the
appendix for NH, 653 = 49° in table and for TH, 693 = 44° in table [A.3]

3.2.2 Systematics for the Particle 1D

For ORCA we use the parametrisation shown in eq. (3.17)) for the PID. The new param-
eters for PID are now implemented in this formula by the following way:

Ptrack = Xp - (1 + @1/,? * Pnuanu0 + @track,shower : ptrsh0>
+T - (1 + @V,P * Pnuanul 1 @track,shower : ptrshl) : E,j_m (324)

O, again equals 1 for neutrinos and -1 for antineutrinos, so ppyanuo and Ppyanu1 are defined
as a skew for the chirality for o and 1, respectively. O ack shower €quals 1 for v, and 7, and
-1 for all other interactions. Therefore, the parameters pisno and pieny mimic a different
behaviour between real track events and real shower events for xy and x, respectively.

There is no need for assigning similar parameters to x5 as well, because they would be
strongly correlated to the new parameters of x;. Note that the energy used to calculate
Pirack 1s always E, and not Fgetector-

Like for the energy scale parameter, we do not know the uncertainties before the
detector has been built and further studies have determined the PID, so we have assumed
two sets of priors. Those priors are assigned to all four new parameters similarly:

priors = 2.5 %
priors = 5 %
By definition, all parameters are set to 0 if not used.
In Fig. the effect of the new PID parameters is shown, again compared to
the standard paramNMH parameters without priors from Fig. |3.4, The sensitivity loss

without using the PID priors is similar to that of using the energy scale parameters
without priors (see solid blue line in Fig. [3.10]) for both hierarchies. For NH the loss in
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Figure 3.11: Influence of PID parameters on the sensitivity: red is the standard fit (see
Fig. ; the solid orange line is the fit including all new PID parameters without their
priors; dotted and dashed lines are fitted with prior = 2.5% and prior = 5% for the PID
parameters, respectively.

statistical significance is equal to 0.150 for #53 = 41° and roughly 1.30 for 653 = 50°. For
IH the loss in statistical significance is relatively constant for 3 = 40° to 46° with 0.50
and minimal (0.20) for 63 = 50°.

By applying the priors to the fit, the sensitivity loss for NH decreases significantly.
Like those for the energy scale, the applied priors are estimated and not taken from some
determined values. For further analysis, the 5% prior will be used. For IH assumed
to be true, however, the priors show smaller effects than for NH by far. For NH, the
statistical significance loss is equal to 0.150 for a3 = 40° and 0.40 (0.150) for o3 = 50°
and prior=5% (2.5%). For NH, the statistical significance loss is equal to 0.4c (0.3¢) for
03 = 40° and prior=5% (2.5%), and 0.1c for fa3 = 50° and both prior sets.

The dominating parameter is the energy-dependent skew for v/, called pyyanu1- This
parameter is running away by almost 25 % for 653 = 49° (NH) in the fit without priors
(solid orange line in Fig. [3.11] (a)). This effect can be seen in Fig. While the
probability of classifying an electron neutrino CC event as a track event is increased, the
probability for electron antineutrinos is decreased by nearly the same amount (a). For
muon neutrinos and antineutrinos it is the other way around (b). Although the changes
in PID are not so large, the sensitivity loss is high. Example values for the fits can be
seen in the appendix for NH, 53 = 49° in table [A.4] and for TH, 6y3 = 44° in table

3.2.3 Systematics for the Flux

The flux parameters are applied directly to the unoscillated flux ®¢ /p(E) as skews, where
« is the flavour of the (anti-)neutrino. Because we are interested in flux uncertainties
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Figure 3.12: Change of PID due to the four PID parameter values determined by the fit
for 03 = 49° (NH) for the fit without priors (yellow), with Prior 1 (blue), Prior 2 (red)
and the default values (black). The solid lines are used for neutrinos and the dashed lines
are used for antineutrinos. The binning here is the same as used in the fit. (a) for electron
flavour and (b) for muon flavour.

of the incoming flux before oscillation, we are only looking at electron and muon (anti-
Jneutrinos. These parameters are added in addition to fuunupar Which describes the overall
skew between neutrinos and antineutrinos in the original version of paramNMH (see
section . Note that these parameters do not preserve the total flux.

(I):}r;ew(E> = ,C;/U(E> : [1 + fFluxctl : ’COS ezenith| + fFluxct2 : COS2 ezonith + fFluxernu : @e,u

E fnunubarE
+ @%m : fnunubar + fnunubarct : |COS ezenith‘ + (Fy) -1 ] . (325)
0

Because the atmospheric neutrino flux differs significantly for different values of cos 8,eniin,
the first two parameters fruxet1 and fruxetz focus on the overall flux (equally for each
flavour and chirality). The next parameter frpxemu is focusing on the difference between

the incoming electron flavour and muon flavour flux, where O, is 1 for (176), and —1 for
Vi

Like fhunubar, the other parameters are focusing on the difference between neutrino
and antineutrino flux. For this, ©)3™ is 1 for neutrinos and —2 for antineutrions. While
Sounubar 18 the overall parameter for this skew, fiunubarct takes the zenith angle into account,
and fhunubark 18 dependent on the neutrino energy E,. Ej is again the centerpoint for the
seesaw-like dependency and equals the centerpoint of the seesaw used for the spectral

index (see section [3.1.2)).

In addition we have two more parameters, which are not applied directly to the un-
oscillated, incoming flux, but on the calculated events per energy and zenith angle. Both
are used to describe a difference between events classified as track or shower, one depend-
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parameter | prior source interpretation
Friuctt 2% | Fig. 9 of [24] | dependency on cos ,enitn
Sriuxct2 2% | Fig. 9 of [24] | dependency on cos? ,enin
FFluxemu 1% | Fig. 7of [24] | ratio between electron and muon flavour

fraunubar 3% | Fig. 8b of [24] | overall skew for ratio between v and v
Srounubaret 3% | Fig. 8b of [24] | cos O,enitn depending skew for ratio between v and
v

frunubarE 0.7 | Fig. 7 of [24] | energy depending skew for ratio between v and 7
(power law)

fTeShet 0.5 % | Fig. 8b of [24] | cos O,enitn depending skew for ratio between track
and shower

frisue 0.5 | Fig. 7 of [24] | energy depending skew for ratio between track
and shower (power law)

Table 3.3: Flux parameters with their priors and their interpretation.

ing on the cos Oyenith (frrsnet), the other on the neutrino energy E, (frsng). Since they
act as changing the norm, they can be seen as a flux parameter, but are also dependent
on the PID and other factors:

M?f;k(EV? Cos ezenith) = ,utrack<Ez/, COsS ezenith)7 (326)
E, JTeshe
Mggnger(El/? Cos ezenith) = :uShOWer(EVu COS ezenith> ’ fTrShct + €08 Oyenith + (F) .
0
(3.27)

Ltrack (Fyy €OS Oenitn ) is the number of reconstructed track events for a certain energy and
zenith angle, while fighower(Ey, COS Oenitn) describes the number of reconstructed showers.
Both values are calculated by the steps following Fig. (3.1}

The priors for the flux parameters are taken from Figures 7, 8 and 9 from [24] and
can be found in table 3.3 Figure 7 in [24] also explains the powerlaw implementation of
the two energy-dependent flux skews frounubare and frishe.

Fig. [3.13| shows the influence of the new flux parameters. While energy scale and PID
parameters have an effect mainly for higher values of 53, assuming NH to be true, the
flux parameters also decrease the sensitivity for lower values of the mixing angle. The
statistical significance loss is equal to 0.50 for #53 = 40° and 1.3cfor 63 = 50°. For IH,
we can see a relatively constant sensitivity loss for all values the mixing angle 693: 0.550
for 923 = 40° and 0.4cfor 923 = 50°.

Because the priors are taken from the Barr paper in 2006 [24], an analysis of sys-
tematic uncertainties in atmospheric neutrino flux, the effect of the priors concerning
the sensitivity loss are more accurate than for the other two classes of new parameters.
Nevertheless, the fit using the priors is in the same range as with the other parameters
before, suggesting an equally important influence by all new parameter classes, though
this depends on the final systematic uncertainties of the other parameter sets.
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Figure 3.13: Influence of the flux parameter on the sensitivity: red is the standard fit
(see Fig. [3.4)); the solid/dashed green line is the fit including all new flux parameters
without /with their priors.

For NH, the statistical significance loss with uncertainties is equal to 0.3¢ for #,35 = 40°
and 0.550for 63 = 50°. For IH, we again see a relatively constant significance loss: 0.30
for 923 = 40° and 0.25cfor 923 = 50°.

The dominating parameters in the fits without priors are fruxemu for low values of
o3 for NH and high 63 for TH, so the skew between the incoming flux between electron
and muon flavour, and funuparet for high values of 093 for NH and low 653 for TH, so the
zenith angle-dependent skew for neutrinos and antineutrinos. However, both parameters
are restricted very well and are suppressed by their priors. Additionally, fiunuback 1S high
in the fits with priors for NH. Example values for the fits can be found in the appendix for
NH in table and for IH in table[A.7] Because the parameter values are very different
for different values of a3, values are given for #y3 = 41° and A3 = 49°.

3.2.4 Combination of new Systematics

In the end, we want to know the effect of all new parameters joined together. For this
we activate all new parameters to be fitted with their priors. All original parameters are
also used with their priors (already implemented in paramNMH ), except for AM? and
023 which are freely fitted. We used only up-going neutrinos here, o €gscctdown 1S basically
fixed to 0. For the PID, the prior set = 5 % is used.

In Fig. the fits from before with their priors are shown for comparison. For NH,
the flux parameters dominate the sensitivity loss for lower values of 63, while flux and
energy parameters are equally important for higher values of the mixing angle. It is also
important to take the PID parameters into account, especially because the uncertainties
are not well known here, so the loss in sensitivity due to the PID systematics might be
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Figure 3.14: Combination of energy scale, PID and flux parameter: red is the standard
fit (see Fig. ; the dashed blue line is the fit including all new energy scale parameters
with their priors; the dashed green line is the fit including all new flux parameters with
their priors; the dashed orange line is the fit including all new PID parameters with
priors = 0.05; the black line is the fit using all parameters including their priors, except
for AM? and 6,3 which are freely fitted.

even higher. Additionally, we have the black line, which is the result of the fit using all
systematics combined as it is explained above. The statistical significance loss with all
systematics (black) compared to the standard fit (red) is equal to 0.350 for 53 = 40° and
1.20 for 63 = 50°. The minimal significance is reached at 2.1¢ for 693 = 42° and the
maximum is at 3.40 for 643 = 50°.

For TH, the flux parameters dominate for higher values of 053. In difference to NH,
here the PID parameters are equally important to the energy scale parameters for all
values of the mixing angle. The statistical significance loss with all systematics (black)
compared to the standard fit (red) is equal to 0.550 for fa3 = 40° and 0.30 for 53 = 50°.
The minimal significance is reached at 1.950 for 53 = 48° and the maximum is at 2.20
for Oo5 = 43° and 44°.

To improve the sensitivity again, we now take down-going neutrinos into account, see
Fig. . In order to do that, we double the numbers of cos8,..itn bins, and increase
the range from 1 to —1, so we do not work with one hemisphere but with the whole
sphere now. We can use the down-going neutrinos as some kind of reference, because
their flux is approximately the same as for up-going neutrinos, mirrored at the horizon.
The main difference is that we assume the flux arriving at the detector is the unoscillated
flux generated in the atmosphere, because the propagating length is very short and no
matter effects occur. With that, both the down-going events for normal and inverted
hierarchy are absolutely the same, because we do not apply oscillation, so we can use
those as reference. For simplicity, param NMH does not take down-going muons into
account, so every calculated event that is coming from above is the product of a neutrino
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Figure 3.15: Combination of energy scale, PID and flux parameters: red is the standard
fit (see Fig. ; the solid black line is the fit using all parameters including their priors
except for AM? and 6,3 which are freely fitted; the dashed black line additionally uses
down-going neutrinos as reference. Normal hierarchy is assumed to be true.

interaction. This does not apply to real data, where we have to use an effective muon veto,
to distinguish between atmospheric muons and muons generated by neutrinos interacting
in the detector volume [I§].

In Fig. we can see the influence of the down going neutrinos for NH: the fit is
done by using the same systematics as before (solid black line), with the exception that we
now have to use €gscetdown, Which describes the up/horizontal skew of the energy scale for
down-going neutrinos as counterpart to egscetup. As we would expect, the reference data
given by the event rates of down-going neutrinos increases the sensitivity significantly, so
the loss in sensitivity due to more parameters is not so high when we include down-going
neutrinos in the sensitivity study. The statistical significance loss with all systematics
including down going neutrinos (dashed black) compared to the standard fit (red) is
equal to 0.1 for fy3 = 40° and 0.650 for #,3 = 50°. The minimal significance is reached
at 2.20 for 093 = 42° and the maximum is at 3.850 for f53 = 50°.

3.2.5 Sensitivity on the Atmospheric Oscillation Parameters

Another important measurement of ORCA will be the 90 % confidence level contour
for the great squared mass difference AM? and the mixing angle 6,3, which define the
atmospheric oscillation parameters. This can be done since version 3.0 of paramNMH,
however, due to the minimization problems by using energy scale parameters, we had to
use another strategy: We calculated the sensitivity for several different values of AM? and
623 to be rejected to a true value (here we used a3 = 45° and AM? = 2.44-1073 eV) and
then interpolated between these grid points to get the 90 % confidence level. Comparison
with the contour method provided by ROOT (which is used in the original version 3.0 of
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Figure 3.16: Comparison of the new method to calculate the 90 %-contour (red curve) with
the original version in paramNMH (blue data points). Used are the original param NMH
parameters fitted without priors for NH. True values (red cross) is marked by the values
O3 = 45° and AM? =2.44-1073 eV.

paramNMH ) shows that the results for the standard fit are in agreement with each other,

see Fig. [3.16]
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Figure 3.17: Contour fit: 90 % contour for fixed fitted 08¢ and AMZ,. True values (red
cross) is marked by the values 63 = 45° and AM? = 2.44 - 1073 eV. The colours are
expressing the same configuration as in Fig. [3.14] Solid and dashed lines define freely
fitted or fitted with priors, respectively. The red curve is the fit using standard parameters
without priors, while the black curve is using all parameters fitted with their priors.

In Fig. [3.17] we can see the influence on the contour: For NH, the maximal values of
the 90 % contour for the original paramNMH parameters fitted without priors (red) are
08t = 41.5° and 08¢ = 49°, and AM2 = 2.375-1073 eV and AMZ, =2.51-107% eV. If we
add the energy scale systematics (blue), the maximal values get larger by almost 100 %
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for AMZ, (2.32-1073 eV, 2.56 - 1073 eV) and only slightly larger for 08¢ (41.1°, 49.5°). If
we add the PID systematics (orange), we can see we have almost no influence on AMZ
but the maximal values are increased for §8¢ (40.3°, 49.4°). If we add the flux systematics
(green), the maximal values for AMZ just increase slightly (2.37-1073 eV, 2.465-1073 eV),
but the maximal values for 5 are increased by a higher amount (39.5°, 49.4°). If we apply
the priors to the fits (dashed), the maximal values do not increase that much, as we can
expect it. If we apply all parameters with their priors (black), we get increasing maximal
values for AMZ, due to the energy scale parameters (2.325-1072 eV, 2.555- 1073 eV) and
increasing maximal values for 08¢ mainly due to flux and PID systematics (40.75°, 49.5°).
The effect for TH is similar.

While the energy scale parameters mainly influence the squared mass difference, the
flux and PID parameters mainly affect the mixing angle. This is not surprising, because
both energy scale and AM? are affecting the energy for the minimum of the oscillation
probability P, _,,, and are therefore degenerated in the first order. On the other hand,
flux and 63 are both changing the depth of the minimum of the oscillation probability
P, v, and therefore affecting the track/shower ratio, just like the PID obviously does.

3.3 Beam Experiment

Instead of using the atmospheric flux, one can use an artificial neutrino beam, produced
in a particle accelerator that is sent directly towards the detector. We have tested two
different beams, one coming from Protvino in Russia [25] (using the beam settings from
[26]), aiming for a detector at the ORCA site, and the other one coming from J-PARC in
Japan [27] [2§], using a hypothetical detector built in the sea between Japan and Korea.
The hypothetical detector is assumed to be 1.5° off-axis from the J-PARC beam, whose
data we only used for Super-ORCA. This is mainly done to determine the CP-violating
phase dcp, assuming the NMH is already determined. Here we assume NH to be true.

Both beams are essentially a v, beam with contamination of v., 7, and 7, using
positive horn polarity. Like in the atmospheric flux, tau neutrinos and antineutrinos are
only produced by neutrino oscillation in a sufficient number.

While the atmospheric flux is depending on the neutrino energy and the zenith angle,
the beam’s angle is of course fixed, since it comes only from one direction to the detector.
Therefore, cos 0,enitn is taking one value which is not important for the flux itself, but for
the path through Earth and therefore for the oscillation probability. Additionally, angular
resolution is of no use here, because the beam’s flux is higher by many magnitudes than
the atmospheric flux, so we can roughly assume that all neutrino events produced in the
detector are coming from the beam’s source, so the value of cos8,enin is quite clear and
does not need any smearing. All other calculations like effective mass, PID and energy
resolution stay the same as for the atmospheric neutrino flux.
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Figure 3.18: Unoscillated flux of Protvino (a) [25] and J-PARC beam with 1.5° off-axis
angle (b) [27] [28].

Due to the high flux, a sensitivity of 30 or even more for NMH and dcp can be
achieved faster than with using the atmospheric flux. However, the neutrinos propagate
only through a small fraction of the Earth’s outer mantle and never through the core,
so the matter effect is not that high for all events. This can be compensated by low
uncertainties of the flux and the purity of the artificial beam, which means that one

channel is favoured by the flux (in Fig. it is v,).
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Figure 3.19: Expected event numbers for ORCA after three years of data taking using
the Protvino neutrino beam (positive horn polarity), assuming NH to be true for four
different test-values of dcp.

In Fig. the number of events after three years are shown without (a) and with
(b) applying the detector’s resolution. As it can be seen, the muon flavour dominates,
however, the sensitivity for determination of dcp comes from the electron flavour in an
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energy interval between 2 and 8 GeV. Here, the smearing towards lower energies can be
seen very well, as it is described in section [3.1.3] especially for 7-CC and NC interactions.
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Figure 3.20: (a) Sensitivity to determine the NMH with ORCA using the Protvino beam
after one year of data taking as a function of fy3. (b) Sensitivity to exclude dcp with
ORCA using the Protvino beam after three years of data taking as a function of 0Zp¢ for

NH, o3 = 42° is fixed.

Fig. [3.20] shows the sensitivity to determine the neutrino mass hierarchy after one
year, and the sensitivity to determine dcp after three years of data taking using the
Protvino beam as part of the project “Protvino to ORCA” (P20). We fitted all original
paramNMH -parameters with their priors. With the beam, determining the NMH would
reach the 50 within one year for almost all values of 053 and dcp (a). Interestingly, the
dependency on the mixing angle differs from the sensitivity curves determined with the
atmospheric flux (see Fig. , as well as we find a stronger dependency on the CP-
violating phase.

In Fig. [3.20| (b) we can see the sensitivity of rejecting a wrong d&i% for an assumed
ddpe. For 60¢p¢ = 0 and 7, 1o is reached after three years for £20° from the true value,
while for 085 = 7/2 and 3/27 the 1o precision is much more broadened and asymmetric
with +30°/ — 45° around the true value. 653 = 42° is fixed.

For §gp¢ = 0 and 7, we additionally find a local minimum in the fit, for example for
oime = 0 at o = 0.75m. This is due to the fact that in Fig. the electron neutrino
curves for dcp = 90° and dcp = 270° are the best to be distinguished, so every value
has some other value to be degenerated in first order when it comes to muon neutrino
event numbers (see section [4.1). Therefore, it is much more complicated for the fit to
distinguish between those d&t values. This is also the reason, why the maximum for the
red and blue curves are much higher than for the other values, because their true values

for dcp create an extremely low or high number of muon neutrinos.
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Chapter 4

Sensitivity Studies for Super-ORCA

While ORCA’s main purpose is the determination of the neutrino mass hierarchy in an
energy range of the 2 GeV to 15 GeV, Super-ORCA focuses on the measurement of the
value of the CP-violating phase dcp in the energy interval between 1 GeV and 6 GeV.
Therefore, a denser arrangement of the detector’s instrumentation is needed, causing an
increase of the effective mass for lower energies. In addition, the accuracy of PID, the
energy and angular resolution are to be improved. For Super-ORCA, the vertical spacing
between the DOMs is assumed to be ten times denser than for ORCA.

For Super-ORCA the same software paramNMH is used as a basis and configured to
be used for a much denser detector. Therefore, we have to change the subroutines of the
calculation of the effective mass, the PID and the detector resolution. All other aspects
of neutrino flux and oscillation stay the same as before. However, the minimum energy to
be considered is decreasing from 2 GeV for ORCA to 0.1 GeV for Super-ORCA. Because
we had a binning of 20 for each energy magnitude for ORCA, the total number of energy
bins for Super-ORCA is increased by one magnitude to 60 bins, while the zenith angle
bins are still set to 40. The seesaw centerpoint Ej for the spectral index is set to 1 GeV
for Super-ORCA.

4.1 Performance changes for Super-ORCA

Because this is a new project, we changed the oscillation parameters slightly, according
to the values in the PDG [29] from 2018, which are newer than those values used in
the Letter of Intent [2] for ORCA. We used the old values there to compare our results
to previously made results. The standard parameters for Super-ORCA can be seen in
table 1.1 We checked the changes in NMH sensitivity due to that small difference in the
oscillation values, and they are not significant, as expected.

Instead of having different effective masses, PIDs, and resolutions for all eight types
of interactions, (I/:) are treated like (171\;0. All parameters used in the following section to
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parameter true value prior treatment
623 (O) 42 no Fitted
013 (°) 8.8 0.26 Fixed
012 (°) 33.7 N/A Fixed
AM? (1073 V) 2.43 no Fitted
Am? (1075 eV) 7.54 N/A Fixed
(5cp (o) 0 no Fitted
Overall flux factor 1 0.1 Fitted
NC scaling 1 0.1 Fitted
v/v skew 0 0.03 Fitted
p/e skew 0 0.1 Fitted
Energy slope (spectral index) 0 0.05 Fitted

Table 4.1: New standard parameters used for Super-ORCA.

calculate the effective mass, PID and the resolution are shown in table in the appendix
[30].

4.1.1 Super-ORCA-specific Inputs

The formula describing the effective mass has not changed much for Super-ORCA, but
the parameters Nyer, Fmin and oneg for the different interaction types have changed.
Especially the threshold energy had been decreased due to the denser detector instru-
mentation. Note that due to the determination of the new parameters, Nyg is no longer
in units of a mass, but of efficiency of an overall maximum effective mass M3** = 4 Mton
for all types of interactions, so that our formula for the effective mass now reads:

Etrue - Emin)

O Meff

Meﬁ‘<Etrue) = MenflfaX'NMeﬂ . tanh( (41)

The major change with respect to ORCA is the shift to lower energies in the effective
mass (see Fig. (a)): While ORCA is not sensitive for energies below 2 GeV, Super-
ORCA has full capacity at that energy and even nearly maximal effective mass at 1 GeV.
The slope of the effective mass is much steeper as for ORCA, so maximum capacity is
reached very fast. Note that Super-ORCA is not sensitive for energies below 300 MeV,
which is technically described by the effective mass, so all strange effects of PID and other
inputs for low energies can be neglected.

The formula for the PID has changed completely, so we are now using the following
approach to calculate the probability of classifying an event as track:

T i)
Prack Erue = Xo+ + s
' ( ' ) (Etrue - :C3) (Etrue - .%'3)2
Note that many of those parameters x;, « = 0,...,3 can be zero for some of the interac-
tion types due to their different shapes (see table [A.8]). For example, the probability of

(4.2)
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Figure 4.1: Energy-dependent effective mass (a) and PID (b) for all interaction types for
Super-ORCA. The dashed line at 4 Mton for the effective mass describes the upper limit

. (—) . — )
set for the effective mass. 1, are behaving the same way as vnc .

classifying a (J; as a track are not depending on the energy, since all values except x( are
set to zero. Because the formula has changed, the new PID parameters cannot be used
for Super-ORCA, while the flux and effective mass systematics can be used here, too.

The increase of classifying V. as a track for lower energies is eye-catching and could be
seen as alarming because they all should be classified as showers. However, as we stated
above, Super-ORCA is not sensitive for energies below 300 MeV, so this region can be
ignored.

Both the mean value and the standard deviation are calculated by a different equation
for Super-ORCA (see Fig. |4.2):

= Etrue e
E(Etrue) - Etrue |l mo +mq - ) (43)

mo

Uresol(Etrue) = Etrue : + S3 - Et?ue) . (44)

( e 2
50

\Y Etrue Etrue
However, the resolution is assumed to be the same for all true energies below Fi... =
0.4 GeV. Additionally, the standard deviation 0,5 must stay in the interval [0; 0.4 Egyel,
so if it expires a limit at one side, it is set to this limit.

In Fig. 4.2/ (a) it can be seen that NC- and tau-CC-events are extremely shifted to
lower energies for high energy events, while all events in the lower energy sector are shifted
to higher values for all interaction types. The reason for this behaviour is a selection effect:
Super-ORCA can not detect neutrinos in that energy region very well. The only events,
the detector can measure, are those with a high luminosity, so these events are going
to be treated as events with much higher energy than FEi.... However, because Super-
ORCA is not so sensitive in that energy region, these shifts are not so important because
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of the suppressing due to the effective mass. In Fig. (b) we can see the contrary
behaviour of the energy resolution: While electron and muon (anti-)neutrinos are rather
sharp distributed for high energies, NC and tau-CC events, which have a very different
E compared to v, -CC and Z)—CC events, have a high uncertainty. For low energies it is
the other way around. The sensitivity for both the NMH and dcp is coming from electron
and muon (anti-)neutrinos, the resolution of which is quite good for the important energy
interval (low energies are again neglectable due to the effective mass).
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The angular resolution for Super-ORCA does not depend on one single parameter like
it has been for ORCA, but a set of parameters called d;, i = 1,...,6:

d d d
O e B T T T B (4.5)

true

O cos (Etrue) =

dy is an upper threshold for o.., important for the low energy range. The exact
position of the limit is not so important due to the cut-off by the effective mass. In Fig.
[4.3] we see that the angular resolution gets better with higher energies, similar to those of
ORCA. Again, NC-events have the worst resolution, which mainly creates an unwanted
background, because they are not depending on neutrino oscillations and therefore hold
no information of the CP-violating phase.

N
T
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Figure 4.4: Energy resolution ..., in dependency of the true energy for all neutrino inter-
action types for Super-ORCA. All bins below 0.4 GeV have the same resolution calculated
for 0.4 GeV.
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Figure 4.5: Angular resolution for v, for Super-ORCA: left: cos 6o as a function of Fi e
for cos Bue = 0.86; right cos b0 as a function of cosbiye for Eiyne = 1.68 GeV. The
z-axis is giving the ratio of the smearing in a certain bin of cos ..., depending on the
values of Ei e and cos Oy ye.

Fig. shows for Super-ORCA the energy resolution for all four kinds of neutrino
interactions (antineutrinos are shown in the appendix, see Fig. ??). In comparison with
the ORCA detector, we can see that the resolutions are much sharper for Super-ORCA,
at least for v.-CC and (VTL)—CC interactions. The ¥,-CC channel by definition has the
same resolution as the NC interactions. As stated above, the resolution is constant for all
energy bins below 0.4 GeV, because the formula to calculate the resolution would deliver
non-physical results. Due to the cut off of the effective mass, this energy range is not so
important.

Fig. [4.5] shows the angular resolution of v,-CC in dependency of the true energy
Eirwe and the cosine of the true zenith angle cosf,... Again we can see that the energy-
dependent resolution is much better than for ORCA. Note that the energy of Fi. =
1.68 GeV is below the minimum energy at which ORCA is still sensitive, so the depen-
dency on the zenith angle looks much broader than in Fig. [3.9

Here again we can see the effect close to the pole: the maximum of the smearing
€08 Oeco 1s shifted to the pole for high values of cos 6;,... The strange effect slightly above
the line cosOirye = €08 0reco comes from the large step size used for the course angle «,
which has already been increased by a factor of 10 for Super-ORCA compared to ORCA.
Without that increase the effect would be much stronger, and we have derived that the
factor of 10 is sufficient for the fit. A higher binning would not influence the fit result,
just the time consumption to build the resolution histograms.
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4.1.2 Fast Oscillation in the low Energy Limit

The fact that Super-ORCA is sensitive at much lower energies than ORCA holds a problem
with the simplified implementation concerning the oscillations. While there is no problem
with the oscillation in the high energy limit, the oscillation in the low energy limit, mainly
below 10 GeV and even more below 1 GeV is very fast, as it can be seen in Fig. ﬁ (narrow
lines). The different colours show different values of dcp which differ the most for energies
between 0.4 and 6 GeV, where most sensitivity of Super-ORCA comes from.

_76CP:O

- Ocp =12 T
Ocp = TC

— Op =32 T

log(E ) [GeV]

Figure 4.6: Oscillation probabilities P,,,,, for four different values of dcp, NH, fh3 =
42° and cosO,eniin = 0.8. The narrow lines in the back represent the true oscillation
probabilities (here we use a finer binning of a factor of 100), while the broad lines are the
average values used by the fit. The fit itself uses a finer binning of a factor of 10, which
is sufficient.

The energy binning of 20 bins per magnitude is too rough for that energy range,
so the oscillation probability would just be a random number depending on the energy
in the center of the bin. Because a finer binning would slow down the fit by a factor
similar to the finer binning, we still use 60 energy bins for the event histograms, from
0.1 to 100 GeV. However, depending on the energy of the center of the bin, the value
for the transition probability for v, to v, can differ between 0.2 and 0.5 for 0.4 GeV and
dcp = 0 for example, just due to a small shift in energy. Therefore, we have to use a
finer binning for oscillation probability, and then calculate the average value for event
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rate of the histogram’s bin. The averaged oscillation probabilities can be seen in Fig.
represented by the broad lines.

While we use a finer binning in Fig. of a factor 100 for each used bin value (one
broad value point) to demonstrate it here, we use only a factor of 10 for the finer binning
in the fit. This factor is low enough to reduce the time of the fit and high enough that a
finer binning does not make any difference anymore, so 10 is sufficient.

We get the same problem for the binning depending on the zenith angle concerning
oscillation for lower energies as well. Here we found that a finer binning of a factor of 5
is sufficient, without increasing calculation time too much.

We can already see that dcp = 0 and 7 are causing different oscillation probabilities
and therefore we expect a high sensitivity when we compare those two dcp values with each
other. As we see later, the highest and lowest probability P,,_,,, (and therefore similar
extremes for all other oscillation probabilities) we get for dcp =~ 0.157 and dcp =~ 1.1,
respectively. As a result of this, all other dcp values possess a complementary dcp value
with a similar oscillation probability, roughly mirrored on the other side of the extreme
points. We will see the effect of this degeneration in the results below.

4.2 Results with Atmospheric Neutrinos

Super-ORCA is designed for determining the CP-violating phase dcp and is capable to
determine the NMH as well. Recent analyses of global data favour normal hierarchy (NH)
over IH and a value of §cp &~ 27 = 270°, i.e. maximal CP violation [31]. We will therefore
focus on these values to be true in the following.

4.2.1 Sensitivity on NMH

At first we want to take a look on the performance of Super-ORCA concerning the de-
termination of the NMH. Shown in Fig. is the sensitivity to determine NMH for
different values of 853 for NH and IH assumed to be true and for two different values of
dcp = 0° and 180° preserving the CP-symmetry after three years of data taking. The
general dependency of the fit on 653 hasn’t changed compared to the results for ORCA
(see Fig. , though the measurements are much more significant.

For NH assumed to be true, the significance has a minimum of 40 (3.20) between
Os3 = 42° and 43° for dcp = 0° (0cp = 180°) and then increases with increasing 63
up to 7.350 (6.30) for 63 = 50°. The IH fits have a minimum of 4.40 (3.40) around
o3 = 48° for dcp = 0° (dcp = 180°), but do not increase that much for smaller values of
03 (maximum of 5o (40) for fag = 44°). Therefore the sensitivity increases for fo3 = 50°
to 5.20 (4.20). For IH, the sensitivity of dcp = 0° is always about 1o above the results for
dcp = 180°, which is a larger difference than for ORCA (0.20). For NH, the sensitivity
of dcp = 0° is mostly better than that for dcp = 180°, except for smaller values of 3.
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Figure 4.7: Sensitivity to determine NMH as a function of 63 with Super-ORCA for
assuming NH (red) or IH (blue) to be the true hierarchy after three years of data taking.
docp = 0° for solid lines and dcp = 180° for dashed lines. The parameters from table
have been used without their priors.

With that, Super-ORCA is about 1.50 better than ORCA (see Fig. . To achieve the
same significance as Super-ORCA after three years of data taking, ORCA would have to
measure roughly eight years.

4.2.2 Distribution of the relative )cp differences

The main purpose of Super-ORCA is the determination of dcp, so we want to take a
look at the distributions of the relative dcp differences we can achieve with Super-ORCA.
Therefore we calculate the event rates for v, and (y;) of an ideal detector (no resolution
applied, constant 4 Mton effective mass) for dcp = 0 and dcp = %71’ as a function of the
true energy E, and the true zenith angle 0,cnitn. To compare the histograms with the
event rates u, we use the same equation as we did for the x? fit (eq. ), calculating
x; for each bin j:
‘?CP:%”_ dcp=0

U
Xp =~ - (4.6)

[ Sep=
MjCPO

The binning is the same used for the histograms used in the fit later: 60 energy bins
and 40 zenith angle bins. If we use a finer binning we could see more structures, however,
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Figure 4.8: Distribution of the relative dcp differences for v.-CC (a) and (I/_/L)—CC (b) for
an ideal detector, before applying the detector resolution and using a constant effective
mass of 4 Mton,as a function of the true energy F, and the true zenith angle 0, after
one year of data taking. The binning is the same as for the event histograms. The z-axis

gives /X3 according to eq. (4.6).

we would blur those structures anyway by applying the detector resolution later. The
result of those calculation can be seen in Fig (a) uses only V.-CC to calculate the
difference in the binwise statistical significance, (b) only (I/_N)—CC.

As we can see, the main sensitivity comes from the interval between 0.2 and 6 GeV,
though the true detector cannot use the events below 0.3 GeV due to the small effective
mass. The main problem can be seen by comparing the two plots: The effect by the
electron flavour and the muon flavour, which hold the main sensitivity in dcp, are opposing
to each other. This means we have to effectively separate %.-CC from (V_,Z-CC events, so
that two flavours do not cancel each other out in the fit. This requires a good knowledge
of the PID, so the effect of 7,-CC and Z)—CC can be distinguished by track and shower
classification.

Now we have to take into account that we do not have an ideal detector: We apply
the effective mass and resolution introduced above. As a result, we get a cut off for low
energies and the structures of Fig. get smeared out. As we can see in Fig. we have
the highest sensitivity coming from the region between 0.5 and 2 GeV for both electron
and muon flavour, which is mainly independent from the reconstructed angle.
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Figure 4.9: Distribution of the relative dcp differences for v,-CC (a) and v,-CC (b) for
a detector with applying the resolution in dependence of the reconstructed energy Freco
and the zenith angle 0,..,.The binning is the same as for the event histograms. The dcp
effect remains after the smearing.

When we compare the distributions of the relative dcp with those derived for Super-
PINGU by Razzaque and Smirnov [32], we get very similar structures in the results for
an ideal detector. However, when we look at the smeared out distribution of the relative
dcp differences, we can see that Super-PINGU, using a PINGU resolution reduced by a

factor of 1/4/3, has a much higher relative difference per bin (| X;-nax| = 0.92 for (1/_,;—CC)

than Super-ORCA does (‘X;“ax‘ = (.17 for Z)—CC). So we expect a higher sensitivity for
Super-PINGU than for Super-ORCA.

4.2.3 Jcp-Sensitivity Studies using y?-Asimov-Fits

To calculate the sensitivity for Super-ORCA to determine dcp, we again use eq. (3.9),
this time with g™ choosing one CP-violating phase to be true §&p° and fit the event
rates V™" using the oscillation parameter 6i%. 585 goes from 0° to 360° in steps of 10°,
so we have 36 fit points per curve. The resulting sensitivity in units of o gives us the
statistical significance of refuting §ft,, assuming J%5° to be true.

If it is not stated otherwise, we are using the standard parameters of param NMH fitted
without their priors (see table , the normal hierarchy and 6,3 = 42° after five years of
data taking for Super-ORCA measurements with atmospheric neutrinos.
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Figure 4.10: Sensitivity to exclude certain values of dcp with Super-ORCA after five years
of data taking as a function of 63 (a) for different values of 685 and as a function of
e and 088 (b) for NH, 6y = 42°. In (b) the colour gives the Slgnlﬁcance, while the red

(blue) crosses give the 1o (30) precision for each 0gpe.

At first we are interested in the sensitivity for four different values of 0gp¢ = 0°, 90°,
180° and 270°, distributed equally spaced over 360°, see Fig. |4.10] (a). 6856 is easy to
see from the fits, because the fit reaches 0 when §5, = 684, Like we have seen above by
looking at the oscillations for different values of dcp, we can see the degenerate values of
the CP-violating phase by looking at the local minimum for the red and the blue curve.

Interestingly, while the black and the yellow curve have a higher maximum than the
others, the red and the blue curve reach the 1o much faster at values of 6&p® £ 0.15m,
while the other fits reach 1o at values of 0¢85 — 0.2 and 0&p° +0.2757. 60 % of dcp values
are disfavoured with more than 20 for (5‘3“‘6 =0 and T, Whlle it is even 70 % for 7 and %w.
Reason for the difference is again the behaviour of the oscillation probability for different

values of dcp (see Fig. [1.6).

Shown in Fig. (b) are the significances (colour) as a function of §%5° and Jf,
The red (blue) crosses give the 1o (30) precision for each 0gp°. It can be seen that the
maximum significance for many values of 0&5° are p081t10ned at 1.1m or 0.1m, which are
the extreme values for dcp concerning the oscﬂlation probabilities, as we have mentioned
above (see Fig. [4.6). For 6&p° around those extreme values, we can refute about 50 %
of 8%, with more than 30, Whlle we can't reject about 25 % with even lo. For 6&g° far
from the extreme values, for example §&p° = 0.67 or 1.6m, we can refute about 88 % of
68, with more than 1o, however, we have very few percentage of 65 we can refute with
more than 30. We can see the same effect in Fig. (a) for the blue and the red line,
which hardly reach 3o after five years of data taking.

The results in sensitivity are comparable with the results determined by ORCA using
the Protvino beam after three years of data taking (see section , although the local
minima of the fits occur here for other values of 0¢p°. The main reason for that is that
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Super-ORCA gains information from lower energies than ORCA, and therefore a differ-
ent shape of the dcp-differences. However, note that Super-ORCA is using atmospheric
neutrinos here, while P20 uses the Protvino beam, and therefore flux with much lower
uncertainties and purity. This shows the high capability of Super-ORCA, which will even
improve when we assume a beam from Protvino to Super-ORCA (P2SO) later.
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Figure 4.11: Sensitivity to exclude certain values of dcp with Super-ORCA and Super-
PINGU [32] for 6&5e = 270°. Shown are the total statistical significance after one year

of data taking (orange), as well as the significance from v,-CC (blue) and Z)-CC (red)
events as a function of Jf,.

When we compare the results with the studies made for Super-PINGU [32], we see
the same effects concerning the maximums and the minimums of the fit curves. For
example, the maximum of the black curve is not at 7, because the smearing suppresses
the sensitivity stronger for §f% < 7 than for §ff, > 7, so the maximum is shifted towards
1.17. For details concerning these shifts, see the theoretical part of [32]. However, the
sensitivity of Super-PINGU seems to be better than for Super-ORCA (see Fig. 4.11)) [32].
Note that the sensitivity for Super-PINGU is given after one year of data taking only, so
to compare it with our results from Super-ORCA, we have to multiply the Super-PINGU
results by v/5 (five years), which we have done in m (a).

When we split up the sensitivity for &g = %7? into track and shower only (see Fig.

, which can be done easily due to the calculation in eq. , we get similar results
as derived in [32]: While the major part of the sensitivity comes from v, (blue), which
are mainly classified as showers, the degeneration effect comes from (VTZ (red), which are
mainly classified as tracks. Same can be seen for Super-PINGU in Fig. 4.11|(b). However,

the sensitivity after one year of data taking is significantly higher for Super-PINGU than
for Super-ORCA.
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Figure 4.12: Sensitivity to exclude certain values of dcp with Super-ORCA after five
years of data taking as a function of 3%, for different values of 5 and NMH (a) and for
different systematics (b), which are given in table [£.2]

parameter true value prior fit
a3 (°) 42 no eee
613 (o) 8.8 fixed
912 (O) 33.7 fixed
AM? (1073 eV) 2.43 no eee
Am? (1075 eV) 7.54 fixed
mass ordering NH fixed
Overall flux factor 1 no eee
NC scaling 1 no oo
v/v skew 0 1no
p/e skew 0 no
Energy slope (spectral index) 0 no
up/horizontal skew o cos 0 (friuxct1) 0 no °
up/horizontal skew o< cos? 0 ( frruxet2) 0 no .
energy scale overall (eggcale) 1 0.03 °
Escale v/v skew (egsenu) 0 0.03 °
Escale (ve + 7)/ (v, + 7y) skew (€gscemu) 0 0.03 °
Escale (Ve + Uey)/(Vr + Ur) skew (€msctan) 0 0.05 °
Escale CC/NC skew (egsenc) 0 0.05 °
Escale up/horizontal skew (egscctup) 0 0.03 °

Table 4.2: Parameters and priors used by the fits in Fig [4.12| (b). The colours in the
last column describe which fit used which parameters: e low uncertainties only using 63,
AM? and the overall norm; e standard uncertainties; ® more uncertainties.

In Fig. 4.12[(a) we can see the influence of different values of 655 as well as the change

of the neutrino mass hierarchy to IH. As we can see, the sensitivity is minimal around a
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value of A5 = 45°, while 055 = 42° clearly gives us a higher sensitivity. Over all, the
dependency on a3 is not as high as for the measuring of the NMH.

The sensitivity for the inverted hierarchy is always below the sensitivity for the normal
hierarchy the normal hierarchy using the same 6&5¢ and 655, Additionally, we can see
that the oscillation probabilities for different values of dcp seem to shift compared to
each other, because the local minimum for 6&5° = 37 is not as distinctive as for NH
anymore. For 6¢p® = 0 the maximum of the fits is shifted to 1.27. Summarized, the

inverted hierarchy needs more exposure time to reach a comparable significance than NH.

In Fig. (b) we can see the influence of different magnitudes of systematics,
described in table The additional parameters introduced for ORCA decrease the
sensitivity by 0.5 to 1o in the maximum (difference between e and e). The difference in
sensitivity between the standard fit (e) and the low uncertainties fit (o), which only fits
oscillation parameters, is much higher. Interestingly, the sensitivity for the complementary
value of dcp, where we find the degenerate state of the oscillations, is only coming from
the oscillation parameters fa3, AM? and the overall norm, because all curves meet at the
local minimum. Indeed, the other fit parameters are close to their true value for the fits
near the local minima.

4.3 Beam Experiment

Like P20 for ORCA, we can use the Protvino beam for measurements with Super-ORCA,
calling it “Protvino to Super-ORCA” (P2S0O). Knowing that ORCA can get a sensitivity
for measuring dcp comparable to Super-ORCA using atmospheric neutrinos, we expect a
high sensitivity for P2SO.

First, we take another look at the expected event numbers at the detector site, assum-
ing Super-ORCA to be built next to ORCA, see Fig. [4.13] As we can see, the event rates
for Super-ORCA are much higher for low energies as for ORCA due to the effective mass
(see Fig. [3.19). Additionally, in the left plot (a), we can see the second maximum in the
energy range below 2 GeV, which we could not see in the event numbers for ORCA due
to the lower effective mass for ORCA below 2 GeV. Here we have the problem of a high
background of NC-events, which appear in a similar amount as the electron neutrinos,
which are responsible for the majority of the dcp sensitivity.

When we apply the detector resolution (b), we can see that the distinctive peaks are
smeared out, so we cannot distinguish them anymore. However, the information is still
accessible to us, as we will see later in the results of the fits. The NC-events are shifted
to lower energies, just like the tau neutrino events that use the same resolution.

As we can see here again, the main sensitivity comes from V. in the energy range
between 1 and 6 GeV and a bit from (1/7 in the energy range between 2 and 4 GeV.
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Figure 4.13: Expected event numbers for Super-ORCA after three years of data taking
using the Protvino neutrino beam (positive horn polarity), assuming NH to be true for
four different values of dcp. (a) With and (b) without resolution; in both plots the effective
detector mass is applied.
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Figure 4.14: Sensitivity to exclude certain values of dcp with Super-ORCA after three
years of data taking as a function of 6i%: (a) using the Protvino beam (solid lines)
compared to the sensitivity using the atmospheric flux (dashed lines); (b) using the J-
PARC beam, which sensitivity is much less than those of the Protvino beam. Normal
hierarchy and 63 is assumed.

Due to the second peak in the low energy range below 2 GeV, the general form of
the fit curves in Fig. [4.14] (solid lines) resemble more the forms of the Super-ORCA fits
using the atmospheric flux (dashed lines), than those of P20. The sensitivity increases
very much comparing P2SO with the normal sensitivity using the atmospheric flux. 70 %

of dcp values are disfavoured with more than 3o for 6&5¢ = 0 and 7, while we can reject
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Figure 4.15: Sensitivity to exclude certain values of dcp with P2SO after three (a) and
ten (b) years of data taking as a function of 625° and &% for NH, fy3 = 42°. The colour
gives the significance, while the red (orange, blue) crosses give the 1o (30, 5o) precision

true
for each 0¢p°.

even 80 % for 7 and %71’ with a sensitivity of 3o. In all cases, we have more than 50 %
of dcp to be excluded with more than 50 after only three years of data taking, while we
hardly reach 40 using the atmospheric flux.

Additionally, we used another beam generated by the Hyper-Kamiokande collabora-
tion using J-PARC, with a detector site in the Pacific ocean between Japan and Korea,
Fig. 4.14| (b). As we can see in Fig. [3.18 (b), this beam has a flux with a high but sharp
peak between 0.2 and 1.5 GeV and then drops rapidly with energy. As we have seen, our
main sensitivity comes from the energy range between 1 and 6 GeV, but the high energy
region of that interval is suppressed by the flux. Additionally, the detector site is not
directly in the path of the J-PARC beam, but has an off-axis angle of 1.5°. Therefore the
sensitivity after three years of data taking is much less than for the Protvino beam.

In Fig. we can see the dependency of the statistical significance (colour) to reject
a certain i, value assuming 625° to be true as a function of §ff, and 625° after three
(a) and ten years (b) of data taking. The red (orange, blue) crosses give the lo (30,
50) precision for each §&p°. Compared to (b), the maxima have shifted a little bit
towards 0 and 7 and the sensitivity has increased by a factor of 2 thanks to the beam.
After ten years of data taking, we can refute 95 % (85 — 90 %, 73 — 80 %) of 68, with a
lo (30, 50) precision (see also Fig. [4.17] (a)).

If we compare the significance for CP conservation rejection after 10 years of data
taking for P2SO and Hyper-Kamiokande using the J-PARC beam and DUNE in Fig.
4.16|, we can see that we are competitive with the other two detectors. Though, Hyper-
Kamiokande can reject CP-violation with a significance of 30 for 70 % — 78 % (depending
on detector configuration) of di% values [33], and DUNE can reject 70 % [34], while we
can reject 65 % of 68, values. The different detector types of Hyper-Kamiokande are
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Figure 4.16: Significance for CP conservation rejection as a function of 63, after ten years
of data taking and NH: (a) P2SO; (b) J-PARC beam for Hyper-Kamiokande using one or
two detectors in Japan with an off-axis angle of 2.5° (JDx1 and JDx2), or one detector
in Japan (JD) and one in Korea (KD) with an off-axis angle of 2.5°, 2.0° or 1.5° [33]; (c)
DUNE for different energy scale uncertainties [34].

always using the J-PARC beam with one or two detectors in Japan with an off-axis angle
of 2.5° (JDx1 and JDx2), or one detector in Japan with an off-axis angle of 2.5° and one
in Korea with an off-axis angle of 2.5° (JD+KD at 2.5°), 2.0° (JD4+KD at 2.5°) or 2.0°
(JD+KD at 1.5°) [33).

Fig. 4.17 shows the fraction of dcp values that can be rejected with a precision of
lo, 30 and 5o for P2SO and 1o for different Hyper-Kamiokande configurations after ten
years of data taking. The 1o precision for P2SO and Hyper-Kamiokande is comparable
to each other, with both detectors rejecting 95 % of 5%, on average. However, the result
is complementary, because Hyper-Kamiokande is more sensitive around 0 and 7, while
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Figure 4.17: 1o precision of the dcp measurement as a function of the true &g value after

10 years of data taking for (a) P2SO (red) and (b) Hyper-Kamiokande [33]. Additionally,
the blue and the green lines in (a) show the 30 and 50 precisions for P2SO.

P2SO has the best sensitivity around /2 and 37/2. The reason for this difference in
sensitivity comes from the second oscillation maximum below 2 GeV, Super-ORCA is
able to measure, and the different baselines of the beams.
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Figure 4.18: Sensitivity to exclude certain values of dcp with P2SO after three years of
data taking as a function of 68, for four different values of §&5°. Solid lines are using the
normal energy resolution, dashed lines are using an energy resolution equal to 1 % using

NuTag.

To improve the sensitivity even more, we have to reduce the smearing due to energy
resolution. In order to do so, we have to track the primary particles like pions any muons
directly after the Protvino accelerator. This is done by the silicon pixle detector NuTag,
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which measures the properties of the primary particles and therefore we the properties of
each v in the beam (neutrino tagging), especially their energy Ei.. With this knowledge,
we can reduce the energy resolution to or even below 1 % of the true energy [35].

Shown in Fig. [4.1§]is the result of this reduction of the energy smearing. The sensitiv-
ity of P2S0 is again improved significantly, the local minima vanish due to the achievable
resolution power, so the second oscillation maximum is usable. Only after three years
of data taking, we can reject 95 % (85 %, 75 %) of dcp with a precision of 1o (30, 50).
After ten years of data taking we could reject 97.5 % (92 %, 87 %) of dcp with a precision
of 1o (30, 50). These precisions differ slightly for different values of §&p°, but they do
show the potential of P2SO using NuTag. If we want to compare the result with those of
Super-PINGU (see Fig. 4.11| (b)), we have to multiply the results with 1//3 ~ 0.577 to
get the sensitivity after one year of data taking. Super-PINGU would have to measure
at least two years until they reach the same P2S0 sensitivity using the NuTag energy
resolution upgrade.
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Figure 4.19: Unoscillated flux of a Protvino beam from 2017 [36] with positive horn (a)
and negative horn polarity (b), favouring the neutrinos or antineutrinos, respectively.

Finally, we want to test the influence of the horn polarity of the beam: If we use
positive horn polarity, as we did until now, we get a v, beam with a little contamination
of v, v. and 7,. If we use negative horn polarity, we mainly get a ©, beam with a higher
contamination of the other neutrino flavours. We are interested which horn polarity works
better for determining the CP-violating phase.

Because positive horn polarity generates a neutrino beam, we expect a higher sensi-
tivity for normal hierarchy, while it is the other way around for negative horn polarity,
where we expect a higher sensitivity for inverted hierarchy. To test this we use a slightly
different setup of the Protvino beam from 2017 [36], because we do not have data of the
Protvino beam we have used before [26] for negative horn polarity.
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Figure 4.20: Sensitivity to exclude certain values of dcp with P2SO after three years of
data taking as a function of i}, using the Protvino beam from 2017 [36] for two different
values of 0¢p. Solid lines are used for NH, dashed lines for TH. Black and dark blue lines

are used for positive horn polarity, grey and light blue lines for negative horn polarity.

As we can see in Fig. these expectations are fulfilled. However, we see that the
sensitivity for the positive horn polarity assuming NH is much better than the results for
the negative horn polarity, while the difference is not so high if we assume IH to be true.
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CHAPTER 4. SENSITIVITY STUDIES FOR SUPER-ORCA
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Chapter 5

Conclusion and Outlook

Due to the measurement of neutrino oscillation in matter, the unknown sign of the large
squared mass difference, which defines the neutrino mass hierarchy (NMH), and the CP-
violating phase dcp can be determined. The ORCA detector build by the KM3NeT
collaboration, which is under construction at the moment, will be able to measure the
NMH. A hypothetical, ten times denser detector called Super-ORCA is planned to de-
termine dcp. It is still unknown whether nor where it will be built, but the preliminary
sensitivities derived in this thesis are a strong encouragement to build it.

To calculate the sensitivity of a detector, the performance is parametrized and the
reconstructed events used to determine the oscillation parameters are calculated based
on this parametrisation. For this a software called param NMH is used, which was devel-
oped for ORCA. In this thesis, the parametrization was extended by adding uncertainties
concerning the energy scale, the particle identification and flux.

The additional uncertainties are reducing the statistical significance to determine the
neutrino mass hierarchy with ORCA to a minimum of 2¢ after three years, depending on
the oscillation parameter #3. However, the uncertainties for new particle identification
and energy scale parameters are educated guesses but are not based on any dedicated
studies of the particle identification and the energy scale. Those uncertainties must be
ascertained and implemented into the calculation and, if needed, the parameters have to
be adapted.

Additionally, param NMH was adopted for Super-ORCA, which is capable of measuring
dcp. The sensitivity on the mass hierarchy is of course improved compared to ORCA
significantly, so Super-ORCA could deliver the same results after only three years of data
taking, ORCA could provide after eight years. Though, while the input parameters for
ORCA are well established, the sensitivities for Super-ORCA are based on idealised and
simplified detector response estimates and do not make use of the full KM3NeT detector
simulation chain.

The use of a beam experiment with both detectors increases the sensitivity, so that
Super-ORCA is comparable to other neutrino detectors like Hyper-Kamiokande, DUNE
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or Super-PINGU. The 1o precision of dcp after ten years of data taking rejects 95 % of
dcp and is complementary to the expected sensitivity for Hyper-Kamiokande.

When ORCA starts taking data, the uncertainties on the additional parameter will be
better known, so that the parametrization can be improved. With a better understanding
of the ORCA detector and more detailed work on the performance of Super-ORCA, the
parametrization for the denser detector will be more accurate as well. The possibility of
using a better energy resolution for beam experiments using neutrino tagging (NuTag),
would open the way to the third generation of neutrino detectors, increasing the sensitivity
of the measurement significantly, so that Super-PINGU would have to take data for two
years to reach the same significance than P2SO with NuTag in one year. The 1o precision
of refuting dcp after 10 years of data taking will include 97.5 % of dcp, while Hyper-
Kamiokande can refute 95 %.
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Tables and Figures

H

Ve Ve ‘ I 17# ‘ V- Uy ‘ UNC DNC
Nutest [Mton] 6.01 6.01 502 481 [ 577 566 | 510  4.83
Epin [GeV] 1.84 1.74 | 185 1.80 | 325  3.09 | 358 397
Onert [GeV] 6.13 516 | 476 384 | 122 129 | 229 358
o 0.047  0.011 | 1.350 0.903 | 0.141 0.163 | 0.081  0.061
r; [GeV 2] 0.59 042 | -1.05 -453 | 1.81  1.04 | 089  0.51
Ty 1.17 070 | 016 183 | 1.82  1.57 | 148  0.88
mo 1.670  1.573 | 1.694 1.453 | 1.745 1.750 | 1.663 1.641
m -1.097  -0.812 | -1.285 -0.595 | -1.664 -1.617 | -1.520 -1.500
Mo 0.418  0.290 | 0.399 0.033 | 0.608 0.599 | 0.477 0.431
50 0.35 045 | 051 073 | 035 037 | 042  0.65
51 [GeV™] 0.238  0.206 | 0.187 0.120 | 0.179 0.185 | 0.149 0.114
sy [GeV 2] -0.0014 -0.0009 | 0.0051 0.0075 | 0.0014 0.0015 | 0.0028 0.0034
Tmea [GeVY?] || 10.0 8.0 13.0 8.0 140 125 | 145 155

Table A.1: Parameters for ORCA detector response (effective mass, PID, resolution), see

section B.1.3]

standard

Energy scale  Energy scale

€Escale

€EscNC

€Escnu
€Escemu
€Esctau

€Escctup

(el olNoNoll S

without priors  with priors
1.005 0.999
-0.056 -0.024
-0.018 -0.00025
0.010 0.0046
-0.074 -0.043
0.030 0.022

Table A.2: Energy scale parameter values for NH, 653 = 49°, ORCA.



74 APPENDIX A. TABLES AND FIGURES

standard Energy scgle Engrgy §cale
without priors  with priors
€Escale 1 0.990 0.998
€EscNC 0 0.015 0.0044
€Escnu 0 0.024 0.0049
€Escemnu 0 -0.0061 -0.0013
EEsctau 0 0.037 0.019
€Escctup 0 -0.018 -0.014

Table A.3: Energy scale parameter values for IH, #53 = 44°, ORCA.

PID without  PID with PID with
standard priors priors = 5% priors = 2.5%
Pruanu0 0 0.024 -0.022 -0.0095
Pnuanul 0 0.24 0.053 0.016
Dtrsho 0 0.077 0.037 0.013
Prtrsh1 0 0.016 0.0063 0.0043

Table A.4: PID parameter values for NH, 693 = 49°, ORCA.

PID without PID with PID with
standard priors priors = 5% priors = 2.5%
Pruanu0 0 -0.0009 0.0076 0.006
Pruanul 0 -0.076 -0.0076 -0.0042
DPtrsho 0 -0.020 0.0023 0.0065
Dtrshl 0 -0.031 -0.022 -0.013

Table A.5: PID parameter values for ITH, 6,35 = 44°, ORCA.

Flux without Flux with Flux without Flux with
standard priors, fo3 = 41°  priors, #o3 = 41° priors, 093 = 49° priors, fa3 = 49°
JFluxet1 0 0.011 0.0046 -0.011 0.01
fPluxet2 0 0.011 0.0064 0.00052 0.0069
fPluxemu 0 0.052 0 0.00052 -0.0012
Jounubar 0 -0.021 -0.011 0.019 -0.0062
Sounubarct 0 -0.015 -0.00012 -0.028 0.00068
founubarkE 0 0.015 0.014 -0.036 -0.044
JTrShet 0 0.029 0.00049 0.05 0.0026
J1eshE 0 -0.008 0.005 0.0013 -0.0037

Table A.6: Flux parameter values for NH, ORCA.
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Flux without Flux with Flux without Flux with
standard priors, fhy = 41°  priors, fo3 = 41°  priors, 93 = 49°  priors, fhy = 49°
Srluxet1 0 0.0018 -0.006 -0.0061 -0.0049
Srluxet2 0 0.0036 -0.0048 -0.0046 -0.0053
fPluxemu 0 0.008 0.0007 -0.023 0.00023
Srunubar 0 -0.0034 -0.0061 0.023 0.018
faunubarct 0 -0.025 -0.00089 0.0042 -0.00029
Sounubark 0 0.0068 0.0067 -0.018 -0.017
frshet 0 -0.017 -0.0012 -0.022 -0.00069
fresue 0 0 0.0045 0.002 -0.0032
Table A.7: Flux parameter values for IH, ORCA.
H Ve Ve \ Yy Uy \ UNC  UNC
Nuteft 062 0.80 [ 0.62 080 | 021 0.21
Eoi [GeV] || 032 034 | 052 056 | 029 0.30
ome [GeV] || 046 040 | 045  0.34 | 0.80 0.66
o 0.02 0.02 | 094 097 | 010 0.10
1 [GeV] 0 0 0 0 |-0.06 -0.06
Ty [GeV?] 0.03  0.01 0 0 0 0
5 [GeV] 0 0 0 0 0.02  0.02
mo 098 1.05 | 097 105 | 037 0.26
m 141 114 | 1.86  1.58 | 0.37 0.49
mg [GeV] 0.33 033 | 040 039 | 1.00 1.00
ms 297  -275 | -3.00 -3.00 |-1.42 -1.23
S0 0.13 011 | 013 011 | 0.15 0.15
sy [GeVY? || 012 012 | 011 0.1 0 0
S5 [GeV] 0 0 0 0 0 0
s3 [GeV*] 0 0 0 0 0.01 0.004
Sy 0 0 0 0 1.80  2.10
dy 0.0005 0.0005 | 0.0005 0.0005 | 0.01 0.01
dy [GeVY/? 0 0 0  0.0001| 0.34 0.34
dy [GeV] 0.005 013 | 018  0.10 0 0
ds [GeV?] 0  0.0003| 0 0 0 0
dy 0.5 0.3 0.4 03 | 06 06
ds [GeV®] || 0.26 0 0 0 0 0
de -1.18 0 0 0 0 0

Table A.8: Parameters for Super-ORCA detector response (effective mass, PID, resolu-
tion), see section . We assumed the 7,-CC parameters to be identical to the with

— )
UNC parameters.
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Figure A.1: Energy resolution F,.., in dependency of the true energy for all antineutrino
interaction types for ORCA.
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Figure A.2: Energy resolution E.., in dependency of the true energy for all antineu-
trino interaction types for Super-ORCA. All bins below 0.4 GeV have the same resolution
calculated for 0.4 GeV.
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