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Abstract

Extensive evidence from various astrophysical observations suggests that most of the mat-
ter in the universe is dark matter. However, the nature of dark matter is still unknown
and remains one of the most prominent unanswered questions in physics today. A poten-
tial way to search for dark matter is the indirect dark matter search with neutrinos. It
is based on the hypothesis that dark matter particles self-annihilate into neutrinos. This
would result in a neutrino flux, which could be measured by neutrino detectors at Earth.
In case of no excess signal is observed, a limit on the dark matter self-annihilation cross
section can be set. The future neutrino detectors JUNO and THEIA can search for dark
matter, especially for light dark matter particles with masses ranging from MeV to GeV.
The search for such light dark matter particles has gained in importance in the last years
as it extends the typical WIMP search to the sub-GeV mass range.
In this work, the sensitivities of JUNO and THEIA to measure neutrinos from dark matter
self-annihilation in the Milky Way as an excess over backgrounds are determined in detail
for the first time. The work focuses on direct self-annihilation of light dark matter particles
with masses ranging from 15 MeV to 100 MeV into neutrino-antineutrino pairs. The ex-
pected electron antineutrino signal measured through the inverse β decay (IBD) reaction
and all background contributions occurring in the visible energy region from 10 MeV to 100
MeV are determined for both detectors. To effectively reduce IBD-like background events
of atmospheric neutrinos interacting via neutral current and of fast neutrons in JUNO,
pulse shape discrimination is studied and applied in this work. THEIA would feature the
separate measurement of Cherenkov and scintillation light. As a consequence, selection
cuts on the ratio of measured Cherenkov to scintillation light and on the number of re-
constructed Cherenkov rings are determined in this work, which can suppress atmospheric
neutral current and fast neutron background events in THEIA with high efficiency.
The sensitivities of JUNO and THEIA are determined using a Bayesian analysis and
Markov Chain Monte Carlo sampling for dark matter masses ranging from 15 MeV to 100
MeV. JUNO will achieve the highest sensitivity for indirect dark matter search with neu-
trinos among existing neutrino detectors and will take a leading role in the indirect dark
matter search in the upcoming years. The results of this work show for the first time that
JUNO will improve the best currently existing 90 % C.L. upper limit of neutrino detectors
on the dark matter self-annihilation cross section by a factor of 2 to 9 for 10 years of data
taking. JUNO’s potential to discover an electron antineutrino signal from dark matter
self-annihilation in the Milky Way as an excess over backgrounds will be between 3σ and
5σ for most dark matter masses from 15 MeV to 100 MeV assuming an annihilation cross
section that corresponds to the 90 % C.L. upper limit on the annihilation cross section
of Super-K. This work moreover demonstrates that THEIA, if realized, could achieve a
sensitivity comparable to JUNO.
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Zusammenfassung

Zahlreiche astrophysikalische Beobachtungen weisen darauf hin, dass der größte Teil der
Materie im Universum in Form von Dunkler Materie vorliegt. Die Natur der Dunklen
Materie ist jedoch bis heute unbekannt und stellt eine der bedeutendsten Fragen der Phy-
sik dar. Ein möglicher Ansatz das Rätsel über die Dunkle Materie zu lösen ist die indi-
rekte Suche nach Dunkler Materie mit Neutrinos. Diese basiert auf der Hypothese, dass
Dunkle Materie in Neutrinos annihiliert. Ein daraus resultierender Neutrinofluss könnte
von Neutrinodetektoren auf der Erde gemessen werden. Falls kein Signal beobachtet wird,
kann eine Obergrenze für den Annihilations-Wirkungsquerschnitt der Dunklen Materie
bestimmt werden. Die zukünftigen Neutrinodetektoren JUNO und THEIA können nach
Dunkler Materie, insbesondere nach leichter Dunkler Materie mit einer Masse im Bereich
von MeV bis GeV, suchen. Die Suche nach leichter Dunkler Materie wurde in den letzten
Jahren immer bedeutsamer, da sie die übliche Suche nach WIMPs auf den Massenbereich
zwischen MeV und GeV erweitert.
In dieser Arbeit werden zum ersten Mal die Sensitivitäten von JUNO und THEIA für
die indirekte Suche nach Dunkler Materie bestimmt. Dabei wird nach einem Überschuss
an Neutrinos, welche durch Selbstannihilation von Dunkler Materie in der Milchstraße er-
zeugt werden, gegenüber Untergrundereignissen gesucht. Der Fokus dieser Arbeit liegt auf
der direkten Annihilation von leichter Dunkler Materie mit einer Masse zwischen 15 MeV
und 100 MeV in Neutrino-Antineutrino Paare. Das zu erwartende Signal der Elektron-
Antineutrinos, welche durch den inversen β-Zerfall (IBD) gemessen werden, und alle Un-
tergrundbeiträge, die im sichtbaren Energiebereich von 10 MeV bis 100 MeV auftreten,
werden für beide Detektoren bestimmt. Um Untergrundereignisse schneller Neutronen und
atmosphärischer Neutrinos, die über den neutralen Strom (NC) wechselwirken, sehr effek-
tiv reduzieren zu können, wird im Rahmen dieser Arbeit die Pulsformunterscheidung in
JUNO untersucht und angewendet. THEIA könnte in Zukunft realisiert werden und wür-
de sich dadurch auszeichnen, dass Cherenkov- und Szintillationslicht getrennt voneinander
gemessen werden können. In dieser Arbeit werden Auswahlkriterien auf das Verhältnis
von gemessenem Cherenkov- zu Szintillationslicht und auf die Anzahl der rekonstruierten
Cherenkov Ringe bestimmt, wodurch Untergrundereignisse atmosphärischer NC Wech-
selwirkungen und schneller Neutronen in THEIA mit großer Effizienz reduziert werden
können.
Die Sensitivitäten von JUNO und THEIA werden basierend auf einer bayesschen Ana-
lyse mit Markov Chain Monte Carlo Sampling für Massen der Dunklen Materie von 15
MeV bis 100 MeV bestimmt. JUNO wird die höchste Sensitivität für die indirekte Suche
nach Dunkler Materie mit Neutrinos unter den derzeit existierenden Neutrinodetektoren
erreichen und in den kommenden Jahren eine führende Rolle bei der indirekten Suche
nach Dunkler Materie einnehmen. Die Ergebnisse dieser Arbeit zeigen zum ersten Mal,
dass JUNO die beste derzeit existierende Obergrenze von Neutrinodetektoren auf den
Annihilations-Wirkungsquerschnitt der Dunklen Materie nach einer Laufzeit von 10 Jah-
ren um den Faktor 2 bis 9 verbessern wird. Das Entdeckungspotenzial JUNOs für ein Signal
von Elektron-Antineutrinos aus der Annihilation Dunkler Materie wird für die meisten un-
tersuchten Massen im Bereich zwischen 3σ und 5σ liegen, wenn die 90 % C.L. Obergrenze
des Annihilations-Wirkungsquerschnitts von Super-Kamiokande angenommen wird. Diese
Arbeit zeigt außerdem, dass THEIA, wenn es realisiert wird, eine mit JUNO vergleichbare
Sensitivität erreichen könnte.
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1. Introduction

Several astrophysical and cosmological observations yield evidence for the existence of dark
matter and therefore physics beyond the Standard Model of Particle Physics [1]. Although
dark matter constitutes more than 80 % of the total matter density of the universe, its
nature is still unknown and remains one of the most prominent unsolved puzzles in particle
physics of the last decades [2, 3].
A large variety of experiments aim to detect dark matter based on different assumptions
of the underlying theoretical models and on different detection techniques. One specific
detection technique is the indirect dark matter search. Indirect dark matter search experi-
ments look for an anomalous flux of standard model particles produced in self-annihilation
(or decay) of dark matter particles [1]. In particular, dark matter self-annihilation could
result in a potential flux of neutrinos and antineutrinos that can be measured with neu-
trino detectors at Earth [4]. Therefore, neutrino detectors contribute to the search for
dark matter and could help to solve the puzzle of the dark matter’s nature.

The Jiangmen Underground Neutrino Observatory (JUNO), a large-scale liquid scintillator
detector with a broad neutrino physics program and currently under construction [5], and
the prospective neutrino detector THEIA, which would represent a new kind of detector
type on the basis of a water-based liquid scintillator target [6], provide ideal detectors
to search for neutrinos produced in dark matter self-annihilation of dark matter particles
with masses in the range from few MeV to around 100 MeV.

In this work, the sensitivities of JUNO and THEIA for the indirect dark matter search
with neutrinos are studied for the first time. This is done by determining JUNO’s and
THEIA’s sensitivity to measure a potential flux of neutrinos produced in dark matter self-
annihilation in the Milky Way as an excess over backgrounds.
The thesis is structured as follows: evidence for the existence of dark matter, dark matter
models and corresponding candidates, and techniques to detect dark matter particles, in
particular indirect dark matter search with neutrinos, are presented in chapter 2. Chapter
3 introduces the Jiangmen Underground Neutrino Observatory (JUNO) with its neutrino
physics program and the detector’s design and setup. In the following chapters, the indirect
dark matter search with neutrinos in JUNO studied in this work is presented including the
calculation of the expected electron antineutrino signal from dark matter self-annihilation
in the Milky Way (chapter 4), potential background sources and their corresponding spec-
tra (chapter 5), background reduction by pulse shape discrimination (chapter 6) and the

1



2 1. Introduction

resulting sensitivity of JUNO (chapter 7). The sensitivity for the indirect dark matter
search of the prospective neutrino detector THEIA is determined and discussed in chapter
8. A summary of the thesis and its results is given in chapter 9.



2. Dark Matter

According to current knowledge, only 16 % of the total matter density of the universe is
baryonic matter as described by the Standard Model of Particle Physics [1–3,7]. Thus, the
nature of 84 % of the universe’s matter density is unknown yet which makes the search for
so called dark matter to one of the major topics of astro and particle physics in the last
decades [1–3,7].
This introductory chapter aims to shortly summarize the current state of knowledge about
dark matter physics. The evidence for the existence of dark matter based on several obser-
vations is reported in section 2.1. Section 2.2 introduces a selection of well-motivated dark
matter models and their corresponding dark matter candidates concentrating on particle
dark matter. Different techniques to detect dark matter particles are presented in section
2.3. In section 2.4, the indirect dark matter search approach via neutrinos is discussed
and existing results and predicted sensitivities of neutrino experiments contributing to the
search for dark matter are reviewed.
Extensive information about dark matter can be found in [1–3, 7], on which this chapter
is based.

2.1. Evidence for Dark Matter

Evidence for the existence of large amounts of non-luminous matter in the universe is
deduced from astrophysical and cosmological observations. This evidence for dark matter
(DM) is observed in different astronomic structures ranging from galactic scales through
scales of galaxy clusters to the cosmological scale.

A direct evidence for DM on the galactic scale are measurements of rotation curves of
galaxies [2]. Rotation curves describe the radial velocity of stars and gas in a galaxy as a
function of their distance to the galactic center and were first observed and studied by Vera
Rubin in the 1960s [8]. It was shown, also in many following measurements [9–13], that
the observed radial velocities remain almost constant at large distances from the galactic
center and moreover even beyond the edge of the visible galactic disk [2]. Contrary to this,

it was expected that the radial velocity, given as v(r) =

√
GM(r)

r in Newtonian dynamics

with the integrated mass M(r), should decrease with increasing distance to the center
under the assumption that the mass of a galaxy is distributed like the luminous matter.
So, the observation of a constant radial velocity at larger radii can be explained by a halo
of non-luminous matter with integrated mass M(r) ∝ r at large radii. This ”missing”

3



4 2. Dark Matter

Figure 2.1.: Measured rotation curve of galaxy NGC 3198 (dots with error bars). The
fit (black curve through data points) is based on the combined integrated mass M(r) of
a luminous matter disk and a dark matter halo resulting in constant radial velocities as
function of the radii. Taken from [14].

mass to expound the observation is attributed to dark matter. In figure 2.1, a measured
rotation curve of galaxy NGC 3198 is shown exemplarily. It illustrates that the measured
radial velocities cannot be solely explained by the luminous disk, but by introducing an
additional non-luminous halo. The combined integrated mass of both parts, luminous disk
and non-luminous halo, leads to a constant radial velocity at larger radii, which agrees
with the observations.

The first indication for the existence of non-luminous matter was reported even before the
measurements of galactic rotation curves by Zwicky in 1933 after observing a cluster of
galaxies [15]. From measurements of the velocity distribution of galaxies in the Coma clus-
ter, he estimated the mass of the cluster using the virial theorem and claimed a ratio of the
total mass to the luminous mass of around 400. Based on this observation, he postulated
the need of additional non-luminous mass and introduced the term dark matter [15].
Another way to estimate the total mass in galaxy clusters is by the effect of gravitational
lensing. According to Einstein’s theory of general relativity, light from distant objects is
bent when passing gravitational fields. The distortion of the light propagation caused by
the gravitational mass of the cluster can be used to infer its mass [2]. Again, observations
show a discrepancy between the gravitationally interacting mass of the galaxy clusters and
their luminous mass [16–18].
Another evidence for the existence of dark matter at the scale of clusters of galaxies is
the observation of the Bullet cluster, which consists of two galaxy clusters that have col-
lided. Figure 2.2 shows an image of the Bullet cluster composed of different observations:
optical and infrared light of the galaxies (white and orange), X-ray emission of hot in-
tracluster gas (pink) and the total mass distribution obtained from gravitational lensing
(blue). The intracluster gas (pink) contains the majority of the baryonic matter in the
two clusters [19,20]. The bullet-shaped clump on the right represents the intracluster gas
from the smaller cluster, which passed through the hot gas of the other, larger cluster
during the collision [21]. After the collision, most of the gravitational matter in the clus-
ters (blue) obtained by the gravitational lensing effect is invisible and clearly separated
from the baryonic matter (pink). This spatial separation and the measured gravitational
lensing effect confirms the strong evidence of the existence of non-baryonic dark matter
in the universe [22]. The fact that the dark matter clump is undisturbed by the collision
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Figure 2.2.: Composite image of the Bullet cluster (1E 0657-558). Optical and infrared
light from galaxies observed by Magellan and the Hubble Space Telescope are shown in
orange and white. Hot intracluster gas, measured by Chandra via X-rays, is illustrated in
pink. The mass distribution of the two clusters determined by the gravitational lensing
effect is shown in blue. Image credit: [24].

of the clusters further implies a small DM self-interaction cross section [23]. Moreover, a
small interaction cross section between dark matter and the baryonic intracluster gas can
be assumed, since the dark matter mass distribution doesn’t follow the distribution of the
gas.

The most convincing indications for the presence of DM at the cosmological scale are
the observations of the cosmic microwave background (CMB) and the study of structure
formation in the universe, which allows to determine the total amount of DM in the present
universe.
The CMB represents the residual photon radiation released in the early universe around
400,000 years after the Big Bang [25]. At this time, the universe became transparent to
photons since electrons and protons recombined to neutral hydrogen. Due to the expansion
of the universe, the CMB nowadays can be observed as sea of photons with an average
temperature of 2.7 K [25]. Its first observation by Penzias and Wilson dates back to
1964 [26]. The key feature of the CMB are small fluctuations of the temperature in the
order of 10−4 K. Figure 2.3 shows the currently most precise measurement of the CMB’s
fluctuations provided by the Planck satellite [27]. The bulk of cosmological information
is encoded in these small fluctuations, since they represent small density anisotropies in
the early universe. The angular correlations of these deviations can be decomposed into
spherical harmonics and mapped into an angular power spectrum of the CMB, which
depends on the matter density of the universe and its different components [28]. Therefore,
measurements of the power spectrum yield a precise determination of the baryon matter
and dark matter density in the universe (for more details see [25]).
The anisotropies of the CMB caused by density fluctuations can furthermore be considered
as seeds for large scale structure formation in the universe and are used as input for N-body
simulations to investigate the universe’s evolution [2]. Predictions of these simulations are
compared to large scale structure observations of large sky surveys, like e.g. SDSS [29],
and agree notably well with the measurements, if non-relativistic (i.e. cold) dark matter
is assumed. Cold DM clusters earlier than ordinary matter because it only interacts
gravitationally [28]. Hence, baryonic matter follows the dark matter and structures are
formed from smaller to larger scales. These results also rule out a significantly large
contribution of ultra-relativistic hot DM to the total DM density, since its large kinetic
energy would prevent the formation of clusters in the early universe.
The described observations together with other astrophysical measurements lead to the
cosmological standard model (ΛCDM)1. Based on recent Planck data, the ΛCDM model

1For detailed information about the ΛCDM model see [30].
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Figure 2.3.: Sky map of the CMB temperature from 2018 Planck data. The color map
ranges from −300µK (blue) to +300µK (red). Foreground sources as well as solar and
orbital dipoles are subtracted. The CMB map has been masked and inpainted in regions,
where residuals from foreground emission are expected to be substantial. This mask,
mostly around the galactic plane, is delineated by a gray line (for more details see [27]).
Image taken from [32].

predicts an energy composition of the universe of 5.0 % baryonic matter, 26.5 % dark
matter and 68.5 % dark energy at the present day [31].

2.2. Dark Matter Models and Candidates

Today, the existence of dark matter is generally accepted and supported by a variety of
observations2. From these observations several properties can be attributed to dark mat-
ter, however the nature of this unseen matter is still unclear. In the following, additional
particles not present in the SM that can explain the nature of DM are presented.
Dark matter is non-baryonic, gravitationally interacting matter with vanishing electromag-
netic interaction [1]. Moreover, the self-interaction of DM is very small and its lifetime
must be long compared to cosmological time scales [34]. From the standpoint of structure
formation, DM must have negligible, non-relativistic velocities (it must be cold). However,
a weak interaction between dark and baryonic matter is possible and the spin, i.e. if DM
is fermionic or bosonic, is not yet determined [1].
Since there is no SM particle that fulfills the properties of DM and explains the observa-
tions presented in section 2.1 completely by its own, the search for unknown DM particles
extend the current knowledge about particle physics beyond the SM. Many different mod-
els and theories have arisen in the past and are claiming possible DM candidates. These
models partially differ, because the constraints on DM characteristics mostly come from
gravitational observations and therefore don’t provide much information about the parti-
cles’ nature [7]. So, many different DM candidates are proposed in an extremely broad
mass range from masses of around 10−15 eV to more than a few solar masses (for an ex-
haustive summary and more details about several DM models and candidates, see [1,2,7]).
This and the following sections focus on weakly interacting massive particles (WIMPs) as
DM candidates as well as so-called light DM with masses from MeV to GeV.
WIMPs are one of the most popular DM candidates and describe non-baryonic parti-
cles participating in the weak interaction and gravitation (no strong and electromagnetic

2There are also alternative theories that can describe some of the observations above without requiring
the existence of additional non-luminous matter by modifying Newton’s law of gravity at large scales
[33]. Nevertheless, these Modified Newtonian Dynamics (MOND) can neither predict the observed
anisotropic power spectrum of the CMB nor explain the observations of colliding clusters [1, 22].
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interaction) [7]. Their appeal arises mainly from the fact that a particle with an annihi-
lation cross section comparable to that of the weak interaction naturally reproduces the
DM relic density [28]. Thermally produced DM particles like WIMPs are expected to
self-annihilate into SM products, if no symmetry forbids this. At some point in the early
universe, the expansion rate of the universe became larger than the thermally-averaged
self-annihilation cross section, which prevents further annihilation into SM particles [4].
This so-called freeze-out of the DM particles defines the observed relic DM abundance
today. WIMPs with masses from 2 GeV to around 10 TeV predict this relic abundance of
DM regardless of the final annihilation channel for a thermally-averaged self-annihilation
cross section of 〈σ v〉 ' 3 × 10−26 cm3s−1 [4]. The WIMP’s lower mass bound of 2 GeV
is due to the Lee-Weinberg limit [35], as WIMPs with a smaller mass than 2 GeV would
result in a lower self-annihilation cross section3. Therefore, the thermal freeze-out would
have occurred earlier in time, which would have yielded in a larger relic DM density than
observed nowadays. Another reason for the popularity of WIMPs as DM particles is the
existence of well-motivated WIMP candidates in theoretical extensions of the SM. Models
like e.g. supersymmetry (SUSY) [2, 37] naturally contain possible WIMP candidates as
side products of the theory [38].
In contrast to the general WIMP scenario with large DM masses, light DM describes DM
particles with masses below 1 GeV, more precisely in the MeV to GeV range. Due to the
Lee-Weinberg limit, fermionic DM with standard weak interaction and masses less than
few GeV would result in a larger relic DM density in the universe than observed and is
therefore ruled out [2, 35]. Nevertheless, light DM particles with no significant or drasti-
cally reduced direct coupling to the Z boson do not appear excluded [39–41]. If scalar DM
particles interact with ordinary matter through the exchange of new fermions or a new
light gauge boson, the annihilation cross section would depend on the two low masses of
the DM candidate and the exchange particle or, moreover, could be largely independent
of the dark matter mass at all [39]. This would evade the Lee-Weinberg limit to lower DM
masses and still produce the correct observed relic DM density [39].
The coupling of scalar DM particles with masses from MeV to GeV either to a new
light neutral fermion with negligible coupling to the Z boson or to a new light gauge
boson increases the DM self-annihilation cross section and satisfies cosmological con-
straints [39, 41, 42]. Hence, light DM serves as valid DM candidate with masses from
approximately 1 MeV to around 1 GeV. Especially the 1 MeV to 100 MeV DM mass
range appeared as interesting region for dark matter search in the last years [7] and is
investigated within this thesis.

2.3. Dark Matter Detection Techniques

The search for these, yet still hypothetical, dark matter particles is a very diverse and
challenging field in astro and particle physics. Focusing on WIMPs and light DM particles
as introduced above, the search for dark matter can be separated into three different
detection methods: direct detection, dark matter production at colliders and indirect
detection. The concept and recent results of each technique is briefly presented in this
section. A review of additional dark matter search methods, like e.g. axion searches, can
be found in [1].

2.3.1. Direct Dark Matter Search

Direct dark matter detection generally describes the observation of elastic or inelastic
scattering of DM particles from the galactic halo with atomic nuclei or electrons in the

3The annihilation cross section for non-relativistic particles weakly interacting with ordinary matter is in

the order of σnon−rel.anni. ∼ m2
DM

M4
Z

with WIMP mass mDM and mass of the Z boson MZ as mediator [36].



8 2. Dark Matter

target material of detectors operated on Earth. Most of these experiments aim to measure
the recoil energy of the target nuclei scattering off WIMPs with masses in the order of
GeV to TeV because the recoil energy of the atomic nuclei in this case is large due to their
similar masses4 [43]. Typical nuclear recoil energies for WIMPs are predicted to range
from 0 keV to around 100 keV [43].
The expected event rate R in a detector depends on the DM mass mDM , its scattering
cross section σscat with the target material and, since the Earth is traversing the galactic
DM halo, also on the local DM density ρ0 and the velocity of DM. Furthermore, both,
the event rate and the recoil energy, depends on the number of targets N and the mass
mN of the target type itself [1]. The rate is

R ≈ N ρ0

mDM
〈σscat v〉 , (2.1)

where 〈σscat v〉 is the scattering cross section averaged over the relative DM velocity with
respect to the detector [2].
The exact expression for the cross section depends on the nature of the coupling. In di-
rect detection experiments one generally distinguishes between spin-independent (SI) and
spin-dependent (SD) interactions. For both interactions, coherent scattering can be as-
sumed because the wavelength of the DM particle is usually large compared to the size of
the nucleus. For SD interactions only target nuclei with non-vanishing nuclear spin can
contribute [28].
The observation of very small recoil energies together with low event rates is very chal-
lenging. Various experiments aim to measure DM scattering in their detectors, mainly
in the form of ionization, scintillation or lattice vibration of the target material. Most
currently operated detectors simultaneously measure two types of these signals to distin-
guish between electron and nuclear recoils and to reject backgrounds due to the coincident
measurement of the two signal types. Backgrounds are due to radioactivity of detector
components and cosmic muons and their secondaries. The cosmic muon background and
muon-induced secondary particles are mainly suppressed by going deep underground and
equipping the detector with an active muon veto. Internal radiation is reduced by sur-
rounding the target material with dedicated shielding structures and excessive screening
of the incorporated materials. An irreducible background occurs from neutrinos, e.g. of
the Sun or atmosphere, interacting through elastic neutrino-electron scattering or coherent
elastic neutrino-nucleus scattering (CEνNS) with the detector material [1].
The most sensitive experiments are either based on noble liquid, solid-state cryogenic or
superheated liquid detectors and are introduced in the following. It must be mentioned
here that none of the detectors measured DM signals, apart of some anomalies that can
be excluded by other DM experiments, with required significance of 5σ so far. Hence, the
experiments only can set upper limits on the DM-nucleon scattering cross section. The
currently best limits on the SI and SD DM-nucleon scattering cross section from direct
detection experiments are shown in figure 2.4 and figure 2.5, respectively.
Noble liquid experiments are either using liquid xenon or liquid argon as DM target mate-
rial and consist of time projection chambers measuring recoil energies from scintillation and
ionization. Detectors based on liquid xenon, like XENON100/XENON1T at LNGS [45],
LUX at SURF [46] and PandaX-II at CJPL [47], measure the SI as well as the SD scat-
tering cross section and provide the best constraints on DM-nucleon interaction for a wide

4WIMP-electron scattering experiments become important for very light WIMPs of few MeV masses,
since they will not transfer sufficient momentum to the target nucleus to generate a detectable nuclear
recoil signal. Results for the DM-electron scattering are determined e.g. by the XENON collaboration
or the DarkSide-50 experiment setting limits on the DM-e− cross section of ∼ 10−30 cm2 to ∼ 10−38 cm2

for DM masses from 1 MeV to 1 GeV. For detailed information and results see [43,44].
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range of DM masses. The liquid argon experiment DarkSide-50 [48], located at LNGS,
provides the best sensitivity of SI scattering for DM masses from 2 to 5 GeV.
Solid-state cryogenic experiments are optimized for low-mass DM searches down to masses
of around 0.2 GeV by using the bolometric method together with charge or light signals,
respectively [1]. They give the most stringent limits on the SI DM-nucleon scattering cross
section below a mass of around 2 GeV. The most sensitive experiments are CDMSlite at
Soudan utilizing germanium targets [49] and CRESST at LNGS deploying CaWO4 as tar-
get [50].
Measurements of the spin-dependent scattering cross section require target nuclei with un-
even total angular momentum. Fluorine, especially 19F, is part of the target material using
superheated liquids in bubble chamber experiments like PICASSO [51] and its follow-up
experiment PICO-60 [52], both located at SNOLAB.

2.3.2. Dark Matter Search at the Large Hadron Collider

Various searches for a broad range of DM models, including different DM candidates,
interactions, couplings, mediators and DM masses, are investigated mainly by the AT-
LAS and CMS collaboration at the LHC at CERN. For such searches it is assumed that
DM particles are produced in pp collisions and leave the detector unimpeded leading to a
significant amount of missing energy and momentum [1]. Therefore, precise observations
of different types of signals, e.g. measurements of imbalance in the transverse momentum
in an event due to the presence of DM particles, the determination of a bump in the
di-jet or di-lepton invariant mass distributions or measurements of an excess of events in
the di-jet angular distribution produced by a dark matter mediator, are performed (for
detailed reviews and information see [63], [64] and [65]).
Up to now, no signal from DM production have been observed at the LHC, but limits on
the DM production cross section, the DM-nucleon scattering cross section and the coupling
between DM and SM particles have been set [54, 61, 66]. These results strongly depend
on the assumed model and underlying mechanism that couples DM and SM particles [54].
Hence, and due to the fact that many different models and couplings are investigated, the
interpretation of these results and the comparison to observations of direct and indirect DM
experiments is difficult. On the other hand, DM production experiments are independent
of cosmological assumptions. As an example for the sensitivity of the ATLAS experi-
ment [54,61], the currently best limits on the SI (SD) DM-nucleon scattering cross section
for a simplified DM model assuming vector (axial-vector) coupling to a spin-1 mediator Z ′

are shown in figure 2.4 and 2.5, respectively (in both cases a coupling of the mediator to
quarks of gq = 0.25, coupling of the mediator to DM of gDM = 1 and, that the mediator has
no couplings other than gq and gDM , is assumed). To be able to compare the ATLAS limits
with limits from direct detection experiments, the resulting SI and SD DM-nucleon scatter-

ing cross section of ATLAS are defined as σSI ' 6.9·10−43 cm2
(gqgDM

0.25

)2 ( 1 TeV
Mmed

)4 (µnDM
1 GeV

)2
and σSD ' 2.4 ·10−42 cm2

(gqgDM
0.25

)2 ( 1 TeV
Mmed

)4 (µnDM
1 GeV

)2
with the DM-nucleon reduced mass

µnDM = MnmDM
Mn+mDM

(for details see [67]).
Data of the LHC is also used to study the DM-neutrino interaction using a simplified
model, where DM particles only interact with the SM through a neutrino and a new me-
diator [68]. In this simplified model, minimal DM-neutrino interaction is assumed, which
can be parametrized by a single coupling constant. The DM particles, as well as the
mediators, are assumed to be fermionic or scalar, respectively. In [68], the bounds on the
DM-neutrino coupling are derived from mono-lepton results [69] and invisible Z width
measurements [70] provided by the ATLAS experiment. These bounds are translated to
a limit on the thermally-averaged DM self-annihilation cross section 〈σ v〉 (times the rel-
ative velocity of the annihilating particles) into neutrinos (DM + DM → ν + ν̄) for DM
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Figure 2.4.: Current experimentally allowed parameter space for the spin-independent
DM-nucleon scattering cross section as function of the DM mass. Results from direct
DM detection experiments (solid lines), DM production at colliders (dotted line) and
indirect DM search with neutrinos (dashed lines) are displayed. Recent upper limits of
XENON1T (from 2018 [45] and 2019 [53]), LUX [46], PandaX-II [47], DarkSide-50 [48],
CDMSlite [49] and CRESST-III [50], together with the current limit of ATLAS [54] (details
in section 2.3.2) are shown. Moreover, upper limits of the neutrino experiments Super-
Kamiokande [55] and ANTARES [56] for the annihilation channel DM + DM → τ+τ−

are presented. The space above the upper limits is excluded at 90 % confidence level
(for ATLAS at 95 % C.L.). The orange region represents the irreducible background
from coherent elastic neutrino-nucleus scattering (CEνNS) and limits the parameter space
for direct detection experiments from below (see [50] for mDM < 1 GeV and [57] for
mDM > 1 GeV).
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Figure 2.5.: Current experimentally allowed parameter space for the spin-dependent DM-
nucleon scattering cross section as function of the DM mass. Results from direct DM
detection experiments (solid lines), DM production at colliders (dotted line) and indirect
DM search with neutrinos (dashed lines) are displayed. Recent upper limits of XENON1T
[58], LUX [59], PandaX-II [60], PICASSO [51] and PICO-60 [52], together with the current
limit of ATLAS [61] (details in section 2.3.2) are shown. Also upper limits from the
neutrino experiments Super-Kamiokande [55] and IceCube [62] for the annihilation channel
DM +DM → τ+τ− are presented. The space above the upper limits is excluded at 90 %
confidence level for all experiments.
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Figure 2.6.: Current experimental limits on the DM annihilation cross section 〈σA v〉 in
the DM mass region from 1 MeV to 1 GeV. Results from DM production at colliders
(dotted lines), indirect DM searches with photons and cosmic rays (dashed lines) and
indirect DM detection with neutrino detectors (solid lines) are displayed. The limits of the
ATLAS experiment from [68] assuming fermionic DM and the simplified model described
in section 2.3.2 are shown exemplarily for mediator masses of mφ = 0.1 GeV (black dotted)
and mφ = 100 GeV (blue dotted). Limits of X-ray measurements of INTEGRAL from [71]
(red dashed) and low energy gamma ray detection of COMPTEL from [72] (black dashed)
for the annihilation channel DM +DM → e+ + e− are plotted. The bound of Voyager-1
on the DM annihilation channel DM + DM → e+ + e− from [73] by measuring cosmic
positrons is displayed as blue dashed line. Furthermore, current limits of neutrino detectors
for the annihilation channel DM +DM → ν + ν̄ are shown (see section 2.4): KamLAND
from [74] (cyan solid) and Super-K from [75] (red solid), [4] (magenta solid) and [68]
(orange line). All limits are given at 90 % confidence level. The gray line represents
the natural scale 〈σA v〉natural ≈ 3 · 10−26 cm3/s of the DM annihilation cross section
required to explain the observed relic DM abundance from thermal freeze-out [76]. Limits
projecting into the gray region below this natural scale exclude a velocity-independent
thermal annihilation cross section for the observed channel and made assumptions.

masses from 1 MeV to 100 GeV and different mediator masses [68]. The limits on the
DM annihilation cross section of this specific simplified model from collider results can be
compared to constraints of model-independent indirect DM searches, which is displayed
in figure 2.6. Under the assumptions of this simplified model and of large mediator masses
of few hundreds of GeV, a velocity-independent thermal DM annihilation cross section
could be ruled out by ATLAS for DM masses below around 100 MeV (see figure 2.6).

2.3.3. Indirect Dark Matter Search

Indirect searches for dark matter are based on the detection of an anomalous flux of
photons, neutrinos or cosmic-rays produced in self-annihilation or decay of DM particles
gravitationally accumulated in cosmological objects like e.g. galaxy clusters, galaxies or
the Sun [77]. Expressions for the production rate and the expected flux of these particles
can be separated into two different parts: a particle physics factor and an astrophysical
factor. The particle physics factor mainly contains the DM mass, the annihilation cross
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section (or DM lifetime for decay searches), the number of final-state particles originating
from one annihilation (or decay) and the expected energy spectrum of these final products.
In contrast to that, the astrophysical factor only depends on the observed region of interest
and how the DM particles are distributed inside of it [1, 78]. Detailed information about
these two parts is given in section 2.4 and chapter 4.
Experiments searching for the final products of DM annihilation or decay are separated
into three groups depending on the particle type they are measuring: photons, charged
cosmic rays and neutrinos. This section focuses on indirect DM detection with photons
and charged cosmic rays, whereas DM annihilation into neutrinos is explicitly discussed
in section 2.4.
Dark matter annihilation or decay to nearly any final state produces photons, especially
gamma rays and X-rays in case of DM masses from MeV to few TeV [1], which implies
that a sizable fraction of the final annihilation or decay products ends up as photons. Fur-
thermore, photons travel to the observer without deflection allowing to map the sources of
the signals and carry important spectral information that can be used to characterize the
dark matter particle in the case of a detection [78]. Target regions to observe gamma and
X-ray emission from DM annihilation or decay are for example the galactic center of the
Milky Way or dwarf satellite galaxies [1]. Experiments contributing to the indirect DM
search via gamma and X-ray observations are either satellites, since the Earth’s atmo-
sphere is opaque to gammas and X-rays, or ground-based imaging atmospheric Cherenkov
telescopes detecting Cherenkov light produced by particle showers and induced by high
energetic gamma rays in the atmosphere [78]. Up to now, none of the various gamma
and X-ray telescopes has obtained a significant detection in their search for dark mat-
ter signals investigating various annihilation and decay channels and observing plenty of
sources [77, 79]. For DM masses above ∼ GeV, the most encouraging limits on the an-
nihilation cross section and DM lifetime are provided from gamma ray measurements by
the Cherenkov telescopes H.E.S.S. [80,81] and MAGIC [82,83] and by the space telescope
Fermi-LAT [83,84]. For lower DM masses in the range of few MeV to few GeV, satellites
like the X-ray telescope INTEGRAL [71] and the COMPTEL telescope [85], which mea-
sures low energetic gamma rays, are sensitive to constrain the annihilation cross section
and DM lifetime. The current limits on the DM self-annihilation cross section for the
annihilation channel DM + DM → e+ + e− from INTEGRAL [71] and COMPTEL [72]
are shown in figure 2.6 for sub-GeV DM masses as an example.
Another prime target for indirect DM searches is cosmic radiation contained of stable
charged particles that are produced either directly in DM annihilation/decay processes or
through decays of annihilation/decay products [1]. The reconstruction of the source and
primary energy of cosmic rays is challenging, since these charged particles are bent by mag-
netic fields and lose energy through inverse Compton scattering and synchrotron radiation
during propagation. However, due to the measurements of relatively rare particle types
like positrons, antiprotons and antinuclei, the signal to noise ratio can be maximized [78].
This allows cosmic ray detectors like space-based instruments such as PAMELA [86] and
AMS-02 [87] and balloon-borne experiments such as ATIC [88] to put constraints on the
DM annihilation cross section and the DM lifetime. Moreover, also gamma ray detectors
like Fermi-LAT, H.E.S.S. and MAGIC, and the ultra-high-energy cosmic ray Pierre Auger
observatory [89,90] contribute to indirect DM searches with charged cosmic rays [78]. The
currently best limit on the DM annihilation cross section of cosmic ray detectors for sub-
GeV DM masses obtains the LECP experiment on the spacecraft Voyager-1 [91, 92] by
measuring cosmic positrons. Its limit on the annihilation channel DM +DM → e+ + e−

is displayed in figure 2.6 exemplarily.
In summary, it can be stated that the described indirect DM search experiments give
strong bounds on the dark matter self-annihilation into photons and positrons. Figure 2.6
shows that the current limits of INTEGRAL, COMPTEL and Voyager-1 are even below
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the natural scale 〈σA v〉natural ≈ 3 · 10−26 cm3/s of the DM annihilation cross section,
which describes the value of the annihilation cross section required to explain the observed
relic DM abundance by thermal freeze-out [76]. Therefore a velocity independent thermal
DM self-annihilation into photons and positrons can be excluded5 at 90 % C.L. for DM
masses from 1 MeV to 1 GeV.

2.4. Indirect Dark Matter Search with Neutrinos

The observation of neutrinos or antineutrinos from DM annihilation or decay completes
the list of indirect DM searches and have become a very active field of investigation. In
this section, recent results of neutrino experiments according to dark matter annihilation
are reviewed. For details about the decay of DM particles into neutrinos, see e.g. [93–95].
Neutrinos can be produced either directly from DM self-annihilation or by the decay of
heavy states such as muons, quarks or weak bosons originating from DM annihilation.
Since neutrinos are neutral and only weakly interacting with SM particles, they are not
deflected by magnetic fields and can leave also optically dense environments without signif-
icant interaction [4] (more information about neutrinos and their characteristics is given in
chapter 3). Moreover, in contrast to photons or charged particles, the small ν-SM interac-
tion cross section makes neutrinos the least detectable particles in the SM and constraints
on the DM annihilation cross section into neutrinos allow to set a conservative bound on
the total DM annihilation cross section into SM particles [96]. Until now, no neutrino
signal from DM self-annihilation has been observed in neutrino experiments [1].
In the following, DM self-annihilation into neutrinos for typical WIMP masses between
1 GeV and few TeV and corresponding experiments are described. Afterwards neutrinos
produced in DM annihilation of light DM particles in the mass range from 1 MeV to
1 GeV and experiments aiming to measure these neutrinos are reviewed in detail, since it
is directly correlated to the work developed within this thesis.

2.4.1. Dark Matter with Mass above 1 GeV

WIMP annihilation searches with neutrinos as final products focus on three different ob-
jects: the Milky Way, the Sun and the Earth.
To study WIMP annihilation in the Milky Way, neutrino experiments search for an ex-
cess in the observed neutrino flux either from the entire Milky Way or only from the
galaxy’s core above the expected background. With precise measurements of the neutrino
flux and sophisticated analysis methods to extract a possible signal from the background,
constraints on the DM self-annihilation cross section are determined by several neutrino
experiments. The most stringent bounds for WIMP masses above few GeV are set by the
Cherenkov experiments ANTARES in the Mediterranean Sea measuring νµ/ν̄µ [97], Ice-
Cube at South Pole observing ν/ν̄ interactions in the ice [98] and the Super-Kamiokande
experiment detecting νµ/ν̄µ in a 50 kton water Cherenkov detector [99]. Dark matter an-
nihilation channels into bb̄, W+W−, τ+τ−, µ+µ− and directly into νν̄ as well as different
DM density profiles have been assumed in these experiments resulting in upper limits of
the DM annihilation cross section into neutrinos of ∼ 10−25 cm3/s to ∼ 10−23 cm3/s for
WIMP masses from 4 GeV to 100 TeV (for details see [99,100]).
Dark matter can be captured in celestial objects in significant amounts, which makes the
Sun another possible source of neutrinos from DM self-annihilation [1]. The Sun travels
through the DM halo of the Milky Way and, after losing energy by scattering off nuclei

5DM annihilation depending on its velocity, as well as DM self-annihilation into other SM particles like
e.g. neutrinos, is not ruled out yet.
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in the Sun, the DM particles’ velocity can be too small to escape the gravitational po-
tential of the Sun. So, DM can be trapped inside the Sun6. Due to the gravitational
pull of the Sun and further scattering off its nuclei, DM particles sink to the Sun’s core
and accumulate there [103]. This whole process can be express in the solar DM capture
rate Cc that is proportional to the SI and SD DM-nucleon scattering cross section [104].
Captured WIMPs could then pair-annihilate in the Sun’s core into ordinary matter and
produce neutrinos as final products that can leave the Sun and be detected by neutrino
experiments on Earth [55]. Under the assumption that the solar DM capture rate Cc
and the DM annihilation rate ΓA in the Sun, which is proportional to the annihilation
cross section [104], are in equilibrium7, neutrino detectors can set constraints on the DM-
nucleon scattering cross section by measuring the neutrino flux from the Sun, which can
be compared to results from direct DM detection experiments [1]. The neutrino exper-
iments ANTARES [56], IceCube [62] and Super-K [55] have measured the neutrino flux
from the Sun and compared it to the expected neutrino energy spectrum of several DM
annihilation channels like DM +DM → bb̄, W+W−, τ+τ−. These neutrino energy spec-
tra are simulated taking into account the interaction of neutrinos in the solar plasma as
well as neutrino oscillations inside the Sun and on their way from the Sun to the detector.
For each annihilation channel, a branching ratio of 100 % is assumed [56]. The currently
best limits on the spin-independent DM-nucleon scattering cross section from neutrino
experiments due to dark matter annihilation into neutrinos in the Sun are provided by
Super-K and ANTARES and shown in figure 2.4, whereas the most stringent limits on the
spin-dependent scattering cross section come from Super-K and IceCube and are displayed
in figure 2.5.
ANTARES [105] and IceCube [106] also investigated dark matter self-annihilation inside
the Earth’s core. DM can also be accumulated in the gravitational field of the Earth
through DM-SM interactions and produce neutrinos via self-annihilation. By measuring
the flux of up-going neutrinos, these experiments set upper limits on the spin-independent
DM-nucleon scattering cross section of σSIscat ≈ 10−41 cm2 for WIMP masses from 10 GeV
to 10 TeV (for more information, see [105–107]). Nevertheless, the most constraining limits
in this mass range from direct DM detection experiments shown in figure 2.4 are around
four orders of magnitudes better.

2.4.2. Dark Matter with Mass below 1 GeV

Since the subject of this thesis is the determination of the sensitivity of the future neutrino
experiments JUNO and THEIA to detect neutrinos from DM self-annihilation for DM
masses below 1 GeV, neutrino experiments contributing to the search in this mass region
and their current results are reviewed here. Moreover, also the expected sensitivity of the
proposed Hyper-Kamiokande experiment is discussed.
The most auspicious region to search for neutrinos from pair-annihilation of light DM
particles with masses between 1 MeV and 1 GeV is our galaxy, for which reason this
section focuses on the Milky Way. The Sun is ruled out as feasible source, since DM

6Since the scattering cross section between DM and solar nuclei is very small (. 10−41 cm2), DM
particles interact only occasionally and can thermally evaporate from the Sun before being captured.
This evaporation effect has a strong impact on WIMPs with masses below ∼ 4 GeV and therefore rules
out WIMP capture in the Sun for these masses. In contrast, evaporation of WIMPs with masses above
4 GeV in the Sun is negligible (see [101,102])

7The time derivative of the number of WIMPs N in the Sun is given as Ṅ = Cc − CeN − CaN2 with
the capture rate Cc, the evaporation rate Ce and the annihilation rate ΓA = 1/2CaN

2 [104]. In
equilibrium of capture and annihilation rate, and neglecting the evaporation rate (for mDM & 4 GeV),
the annihilation rate is given as ΓA = 1/2CaN

2 = Cc/2 and proportional to the scattering cross
section [103].
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particles with mDM . 4 GeV are not captured sufficiently due to the evaporation effect
[101, 102]. Furthermore, the expected neutrino flux from self-annihilation of light DM
inside the Earth is negligible. Inside the Earth, significant DM capture only occurs by
scattering of DM particles off the most abundant elements 16O, 24Mg, 24Si, 56Fe and their
isotopes. Therefore, DM capture and corresponding self-annihilation inside the Earth for
mDM � m16O ≈ 14.9 GeV is unlikely [107].
The expected neutrino (or antineutrino) flux per flavor on Earth originating from DM
self-annihilation in the Milky Way can be divided into one part defined by the underlying
particle physics and one astrophysical part and is given as [96]

dφν
dEν

=

[
〈σA v〉
m2
DM

1

κ1 κ2

dNν

dEν

]
·
[
R0ρ

2
0 Javg

]
(2.2)

The particle physics part describes the annihilation process and depends on the thermally
averaged DM self-annihilation cross section 〈σA v〉, the DM mass mDM , the number of
neutrinos (or antineutrinos) of one flavor produced in one annihilation (described by the
factors κ1 and κ2) and the expected neutrino energy spectrum dNν/dEν according to the
assumed annihilation channel. The most studied annihilation channel in this context is
the direct annihilation of dark matter particles into neutrinos DM +DM → ν + ν̄, which
represents the most invisible channel in terms of particle detection8. Assuming direct
annihilation into neutrinos, the expected neutrino energy spectrum is monoenergetic with
Eν = mDM ; dNν/dEν = δ(Eν −mDM ). Moreover, annihilation with equal branching ratios
into the three neutrino flavors (νe : νµ : ντ = 1 : 1 : 1) is assumed in the following, which is
considered in equation 2.2 by setting κ2 = 3. Even in case of annihilation predominantly
into one neutrino flavor, neutrino oscillation between the production point and the detector
would generate the two other flavors with comparable intensity9, which guarantees a flux
of neutrinos in all flavors [96]. The factor κ1 is defined by the DM particle type: κ1 = 2
for Majorana DM (DM is its own antiparticle) and κ1 = 4 for Dirac DM (DM is not its
own antiparticle) [4, 68].
The astrophysical part is characterized by the dark matter distribution in the observed
region, i.e. in the Milky Way. R0 is defined as distance from the solar system to the
galactic center and ρ0 describes the local DM density (i.e. the DM density at R0). The
dimensionless angular-averaged J-factor Javg is defined as integral over the squared DM
density ρ in the halo along the line of sight l averaged over the Milky Way halo and
describes the angular-averaged DM intensity over the whole Milky Way [75,96]:

Javg =
1

2R0 ρ2
0

∫ +1

−1

∫ lmax

0
ρ2(r) dl d(cosψ) (2.3)

with r =
√
R2

0 − 2lR0 cosψ + l2, the angle ψ between the galactic center and the line

of sight, and the upper limit of the integration lmax =
√
R2
halo − sin2 ψR2

0 + R0 cosψ,

which depends on the size of the halo Rhalo. Javg remains approximately unchanged for
Rhalo & 30 kpc [4], as the contribution at large scales is negligible. Here, a value of
Rhalo = 40 kpc is assumed.
The angular-averaged J-factor Javg strongly depends on the DM density profile in the

8Every other annihilation channel produces photons, electrons or positrons as final products, either di-
rectly or through decay of heavier particles, which will always be easier to detect (unless annihilation
occurs in optical thick environments) [4].

9Pure annihilation into electron neutrinos would result in a flavor composition at the detector of νe : νµ :
ντ ≈ 1.65 : 0.75 : 0.6, pure annihilation into muon neutrino would give a composition of νe : νµ : ντ ≈
0.75 : 1.08 : 1.14 and pure annihilation into tau neutrinos would yield νe : νµ : ντ ≈ 0.57 : 1.14 : 1.29 [4].
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Milky Way. There are many different DM profile models parameterizing the galactic DM
halo, which tend to agree at large radii, but can differ significantly in the inner region.
Therefore, the largest uncertainty in the neutrino flux from DM annihilation of equation 2.2
comes from the lack of knowledge of the DM density profile. To quantify this uncertainty,
several DM halo profiles and their effects on the neutrino flux have been investigated.
Details about the most prominent models and their resulting angular-averaged J-factors
are given in section 4.1. Most experiments assume a halo average value of Javg = 5 as the
canonical value for better comparison [108].
In the following, current results of the neutrino experiments KamLAND and Super-
Kamiokande and the predicted sensitivity of Hyper-Kamiokande for measuring neutrinos
from DM self-annihilation in the Milky Way as an excess over backgrounds are presented.
A verbose review of DM annihilation into neutrinos in the Milky Way over a DM mass
range from MeV to ZeV for a great number of neutrino experiments can be found in [4].

KamLAND [74, 109] is a liquid scintillator neutrino detector in Japan. Its target vol-
ume contains 1 kt of ultra-pure liquid scintillator and is surrounded by a buffer volume
to shield the scintillator from external radiation. The scintillation light is detected by
about 1880 photomultiplier tubes resulting in a total photocathode coverage of 34 %. In
addition to the buffer volume, a 3.2 kt water Cherenkov detector shields the inner detector
from cosmic muons acting as an active muon veto. The whole detector itself is located
underground at 2700 m.w.e., which reduces the cosmic muon flux by almost five orders
of magnitudes. The main detection channel in KamLAND is the inverse β decay (IBD:
ν̄e + p → e+ + n), which allows an efficient background suppression due to the spatial
and temporal coincidence of the prompt energy deposition of the positron and the delayed
neutron capture signal on hydrogen (for details about the IBD, see section 3.2). The emit-
ted scintillation light in the liquid scintillator detector is nearly isotropic, which does not
allow to reconstruct the antineutrino source direction properly [74]. However, KamLAND
has a very low energy threshold of 0.7 MeV with an energy resolution of 6.4 %/

√
E[MeV]

and a vertex reconstruction resolution of ∼ 12 cm/
√
E[MeV] [109].

In [74], constraints on the DM annihilation cross section of the KamLAND experiment
are presented for DM masses from 7.5 MeV to 30 MeV. Direct annihilation of Majo-
rana DM particles into neutrinos in the entire Milky Way with equal annihilation into
all flavors is assumed. Moreover, an angular-averaged J-factor of Javg = 5, R0 = 8.5 kpc
and ρ0 = 0.3 GeV/cm3 is used to predict the electron antineutrino flux from DM self-
annihilation as given in equation 2.2. KamLAND uses measurements of the ν̄e flux
via the IBD detection channel of 2343 live-days (6.42 years) with a fiducial volume of
0.7 kt for prompt positron energies between 7.5 MeV and 30 MeV and observes 25 IBD
events in this energy range10. Estimated background components and their number of
events N for prompt energies between 7.5 MeV and 30 MeV are: random coincidences
with N = 0.22 ± 0.01, reactor antineutrinos with N = 2.2 ± 0.7, cosmogenic isotopes
with N = 4.0 ± 0.3, fast neutrons with N = 3.2 ± 3.2 and atmospheric neutrinos with
N = 17.3 ± 5.4. The total number of background events is estimated to 26.9 ± 5.7. The
data is analyzed using an unbinned maximum likelihood fit to the event spectrum to search
for an excess from a monoenergetic ν̄e flux over the estimated background spectra. The
resulting upper limit for a monoenergetic ν̄e flux from DM annihilation is then translated
into a 90 % C.L. upper limit for the DM annihilation cross section, which is displayed as
”KamLAND (6.42 yr)” in figure 2.6. The limit on 〈σA v〉 varies weakly over the DM mass
according to the limited statistics [74].

10The observed energy region between 7.5 MeV and 30 MeV is limited by the reactor antineutrino back-
ground present below 7.5 MeV and the presence of atmospheric neutrino background events above
30 MeV.
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The currently most stringent constraints on the DM annihilation cross section of neutrino
detectors for DM masses up to 1 GeV are provided by the Super-Kamiokande experi-
ment. The Super-Kamiokande detector is a cylindrical water Cherenkov detector with a
total mass of 50 kt located in Japan approximately 2700 m.w.e. underground [110]. It
is divided into an inner and outer detector. The outer detector contains 18 kt ultra-pure
water, surrounds the inner one and is optically separated from it. The main purpose of the
outer detector is to act as active Cherenkov veto. The inner detector serves as neutrino
target containing 32 kt ultra-pure water and is instrumented with about 11,150 PMTs to
detect the emitted Cherenkov light, which results in a photocathode coverage of 40 %.
The fiducial volume of the Super-K detector is 22.5 kt. Neutrino interactions are detected
via Cherenkov light produced by charged particles inside the fiducial volume. A charged
particle traversing a dielectric medium with refractive index n > 1, like e.g. water, radiates
Cherenkov light, if its velocity v is larger than the phase velocity of light in the medium
(v > c/n). The emission is due to an asymmetric polarization of the medium in front and
at the rear of the particle track and known as Cherenkov effect [111]. The size, shape and
orientation of the detected Cherenkov light pattern is used to identify the particle’s type,
measure its energy and obtain the directional information of the incoming neutrino [110].
In contrast to liquid scintillator detectors, the Super-K detector can reconstruct the direc-
tion of the incoming neutrino with an angular resolution of around 25° at 10 MeV [112].
However, the energy resolution of Super-K with 14.2 % at 10 MeV [113] is worse compared
to scintillator detectors, since the photon light yield of Cherenkov detectors, i.e. the num-
ber of photons produced per deposited energy, is around two orders of magnitudes smaller
than in liquid scintillator detectors [114]. Another disadvantage of Cherenkov detectors
is the large energy threshold in comparison to LS detectors (for Super-K approximately
Ethr. ≈ 4.5 MeV [110]), which does not allow to measure the 2.2 MeV γ’s released in
the delayed neutron capture on hydrogen in the inverse β decay reaction channel. Never-
theless, Super-K is an excellent detector to search for neutrinos from DM self-annihilation.

In the DM mass range from 10 MeV to 130 MeV, data of the Super-Kamiokande detector
originally measured to search for the diffuse supernova neutrino background (DSNB) is
analyzed to set upper limits on the DM self-annihilation cross section (details about the
DSNB are given in section 3.1.6 and 5.2).
In [75], data of three Super-K phases (SK-I, SK-II, SK-III), which corresponds to 2853
days (∼ 7.82 years) of data taking, for positron energies from 18 MeV to 88 MeV11 and
a fiducial volume of 22.5 kt is analyzed using the specific energy resolution, thresholds
and efficiencies of each phase. Self-annihilation of Majorana DM particles in the entire
Milky Way directly into neutrinos with equal flavor composition is assumed similar to
the limit of KamLAND discussed above. Moreover, an angular-averaged DM intensity of
Javg = 5, a local DM density of ρ0 = 0.3 GeV/cm3 and a distance between solar system
and galactic center of R0 = 8.5 kpc is presumed. Neutrino interactions of electron antineu-
trinos with free protons, i.e. inverse β decay, and interactions of νe and ν̄e with bound
nucleons of the oxygen nuclei (νe + 16O→ e− + 16F and ν̄e + 16O→ e+ + 16N) are inves-
tigated. The two main backgrounds for the search of a monoenergetic neutrino flux from
DM annihilation in the Super-K detector are atmospheric electron (anti-)neutrinos and
Michel positrons/electrons from the decay at rest of invisible muons. If the kinetic energy
of muons produced by atmospheric muon neutrinos in the detector is below the energy
threshold of muons for emitting Cherenkov radiation (Eµ,thr. = 54 MeV), the muons are
invisible for the detector. These invisible muons are slowed down and subsequently decay
by emitting Michel electrons/positrons, which cannot be distinguished from the e−/e+

11The maximum observed positron energy Ee,max = 88 MeV corresponds to a maximum neutrino energy
of around 130 MeV. Therefore, the corresponding DM mass region is also limited to mDM = 130 MeV.
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signal. Therefore, invisible muons from atmospheric νµ and ν̄µ constitute the dominant
background in water Cherenkov detectors. The background from invisible muons could
be significantly suppressed by a factor of 5 [115], if the delayed neutron capture signal on
hydrogen from the inverse β decay reaction emitting a 2.2 MeV γ could be tagged. This is
not possible in pure water Cherenkov detectors like Super-K because of its energy thresh-
old of 4.5 MeV. However, by adding a small amount of gadolinium into the water, neutrons
could be captured by gadolinium releasing a total energy of around 8 MeV, which is above
the threshold. This would allow to tag neutron capture signals, reduce the background
from invisible muons and improve the limit on the annihilation cross section [115]. In
summer 2020, the Super-K collaboration started to dissolve Gd sulfate into the Super-K
water tank [116], but no sensitivity studies for indirect DM search with Super-K plus Gd
have been published until now. Not included into the analysis in [75] is the DSNB and
the subleading backgrounds from neutral current elastic events and low-energy muons and
pions misidentified as positrons and electrons, since the results are not significantly affect
by these. It should be noted here, that no directional information, neither for the signal
nor for the background events, is used. The upper limit of the DM event rate is then
converted into a 90 % C.L. upper limit on the DM annihilation cross section derived for
a constant velocity-independent annihilation cross section (details about the analysis and
the used χ2 fit can be found in [96] and [75]). The resulting upper limit on 〈σA v〉 for DM
masses from around 10 MeV to 130 MeV is shown as ”Super-K (7.82 yr)” in figure 2.6.
In [4], the upper limit of Super-K from [75] described above was updated for the DM mass
region from 10 MeV to 30 MeV by considering additional data from the latest Super-K
phase SK-IV (2778 days of data taking). The analysis of low energy data of 5631 live-days
(∼ 15.43 years) from SK-I to SK-IV leads to an upper limit on the relic supernova ν̄e flux
published in [117]. In [117], the upper limit of the number of signal events is calculated in
a model-independent way based on background estimations and was derived by the Rolke
method [118] implemented in the ROOT toolkit [119]. The upper limit of the number
of events in each bin was translated into an upper limit of the ν̄e flux in [117] and is
then converted into an 90 % C.L. upper limit on the DM annihilation cross section in [4].
Besides the larger dataset, also directional information of the background events is used
in the analysis of [4]. The upper limit on 〈σA v〉 in the DM mass range from 10 MeV
to 30 MeV is improved by a factor of 1.5 on average12 compared to the previous limit of
Super-K and is displayed as ”Super-K (15.43 yr)” in figure 2.6. In contrast to [75], the
limit in [4] is determined assuming Javg = 4.56, ρ0 = 0.4 GeV/cm3 and R0 = 8.127 kpc
(all other assumptions are the same). Therefore, the limit displayed in figure 2.6 is scaled
according to the ”usual” values of Javg = 5.0, ρ0 = 0.3 GeV/cm3 and R0 = 8.5 kpc for
better comparison.

Also, measurements of the Super-K detector of the atmospheric neutrino flux, both νe+ ν̄e
and νµ + ν̄µ, in the neutrino energy range from 100 MeV to 100 GeV are reinterpreted
by [4] and [68] to derive the bound on the DM annihilation cross section for DM masses
from around 200 MeV to 100 GeV. In both references [4] and [68], the atmospheric flux
measurements for data of SK-I to SK-III with parts of the data of SK-IV (in total around
5000 days or ∼ 13.70 years of livetime) published by the Super-Kamiokande collaboration
in [120] are analyzed. Here, only the more stringent constraint on the DM annihilation
cross section of [68] shall be discussed. In the cited work, a monoenergetic νe+ ν̄e neutrino
flux from DM self-annihilation directly into neutrinos with equal branching ratios per
flavor in the whole Milky Way is assumed. With this assumed flux and the atmospheric

12Considering only the larger statistics, an improvement by a factor of 15.43 yr/7.82 yr ≈ 2 is expected.
However, the limit obtained in [4] is weaker, since additional background contributions of reactor
antineutrinos, spallation products, atmospheric neutral current events and accidental coincidences are
considered (for details see [4] and [117]).
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flux measurements of Super-K (∼ 13.70 years of runtime and 22.5 kt fiducial volume), a
bound on the annihilation cross section is determined using the least square fitting method
by comparing the observed and predicted atmospheric neutrino flux. The underlying χ2

function is defined by the predicted and observed atmospheric electron neutrino flux and
the neutrino flux from DM annihilation. In figure 2.6, the 90 % C.L. upper limit on the
DM annihilation cross section for DM masses from 200 MeV to 1 GeV of [68] is shown as
”Super-K (13.70 yr)”. The limit presented in figure 2.6 is again scaled to be comparable
with the other limits provided by neutrino detectors13, since the annihilation of Dirac DM
particles (i.e. κ1 = 4 in equation 2.2), Javg = 3.34 and ρ0 = 0.471 GeV/cm3 is assumed
in [68].

To finalize the section about indirect DM search with neutrinos from DM self-annihilation
in the Milky Way, the prospective sensitivity of the future Hyper-Kamiokande experiment
investigated in detail in [121] is summarized here14. The construction of the Hyper-
Kamiokande experiment began in 2020 and start of data taking is predicted to be in
2025 [122]. The design of the Hyper-K water Cherenkov detector will be very similar
to the well established Super-K detector, but on a larger scale. In the first phase the
detector will consist of one water tank with a total volume of 258 kt, corresponding to a
fiducial volume of 187 kt, and be located underground at a depth of around 650 m (∼ 1750
m.w.e.) [122]. The detector will be instrumented with around 40,000 20-inch PMTs pro-
viding a photo-sensitive coverage of 40 % to measure the Cherenkov light released in
neutrino interactions. The energy resolution is expected to be 12.7 % for deposited en-
ergy of 10 MeV. An extensive description about the design and the physics potential of
Hyper-K can be found in [122]. Especially due to its large fiducial volume, Hyper-K should
essentially improve the existing limits on the annihilation cross section of Super-K for DM
masses below 1 GeV.
In [121], the sensitivity of Hyper-K is estimated by using a dedicated detector simulation
framework, which is in principle a scaled-up version of the Super-K detector simulation.
A monoenergetic neutrino flux produced from direct annihilation of light Majorana DM
particles in the Milky Way with R0 = 8.5 kpc and ρ0 = 0.3 GeV/cm3 is assumed similar
to the previously discussed studies. Moreover, also an all-sky analysis, i.e. taking into
account the entire Milky Way as source for DM annihilation, with an angular-averaged
J-factor based on the NFW model (details in section 4.1) and similar to the canonical
value of Javg = 5 is performed. The study in [121] concentrates on quasielastic neu-
trino interactions of νe and ν̄e on free protons and bound nucleons (ν̄e + p → e+ + n,
νe+ 16O→ e−+ 16F, ν̄e+ 16O→ e+ + 16N), since these are the dominant neutrino interac-
tion modes for neutrino energies below 1 GeV. In addition to the expected neutrino signal
from DM annihilation, also possible background events are generated with the Hyper-
K detector simulation. The dominant background for neutrino energies above around
50 MeV is due to atmospheric neutrinos, whereas muon-induced spallation products act
as main background below 16 MeV and prohibit the search in this low energy region. For
energies from 16 MeV to around 50 MeV, Michel electrons and positrons from invisible
muons and the DSNB cause background events, which are considered in the simulations.
A 90 % C.L. upper limit on the DM annihilation cross section of the Hyper-K detector is
predicted in [121] for a fiducial volume of 187 kt and after 20 years of data taking. This
limit (estimated for 20 years of data taking with Hyper-K) would improve the currently

13In [68], the limit of 〈σA v〉 is determined from the flux defined by equation 2.2 using κ1 = 4, Javg = 3.34
and ρ0 = 0.471 GeV/cm3 in contrast to the other discussed neutrino experiments, where κ1 = 2,
Javg = 5.0 and ρ0 = 0.3 GeV/cm3 is assumed. Furthermore, the total νe+ν̄e flux and not only the ν̄e flux
is used to constrain the annihilation cross section. Therefore, to be able to compare the limits correctly,
the limit of [68] is scaled in the following way: 〈σA v〉scaled = 2/4 · 3.34/5.0 · 0.4712/0.32 · 2/1 · 〈σA v〉.

14A very basic sensitivity study about Hyper-Kamiokande was previously published in [115].
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most stringent limits of Super-K (shown in figure 2.6 and presented above) in the whole
DM mass range from 17 MeV to 1 GeV by a factor of 3 to 24 mainly due to the larger
exposure.
Furthermore, also the sensitivity of Hyper-K after adding gadolinium at a level of 0.1 %
into the water is discussed in [121]. As already mentioned above, this would allow to tag
the neutron capture of inverse β decay reactions due to gadolinium’s large neutron capture
efficiency and the released neutron capture energy of around 8 MeV, which surpasses the
energy threshold Ethr. ∼ 4.5 MeV of water Cherenkov detectors. The possibility of neu-
tron tagging in the IBD channel would reduce the background of invisible muons by 70 %
and further improves Hyper-K’s estimated limit on the annihilation cross section below
70 MeV by factor of around 2 [121].

To further extend and improve the existing and proposed limits on the DM annihilation
cross section of neutrino experiments presented in this section, the sensitivity to measure
neutrinos from DM self-annihilation in the Milky Way as an excess over backgrounds with
two future neutrino experiments, JUNO and THEIA, is investigated within this thesis.
Chapters 3 to 7 introduce the JUNO experiment and study JUNO’s sensitivity for indirect
DM search with neutrinos. THEIA’s sensitivity is determined in chapter 8.



3. The Jiangmen Underground Neutrino
Observatory

The Jiangmen Underground Neutrino Observatory (JUNO) is a multi-purpose neutrino
experiment with a large and versatile physics program. The collaboration consists of 670
members from 77 institutes in 18 countries. The observatory is sited in South China in
the Jiangmen prefecture and currently under construction. It is planned to be fully setup
to start data taking by mid of 2023. The location at medium-baseline to two powerful
nuclear power plants (NPPs) opens JUNO the opportunity to answer one of today’s most
important open questions of neutrino physics, the neutrino mass ordering. Moreover,
JUNO also provides great physics potential for almost all fields of neutrino physics, which is
described in section 3.1. In section 3.2, possible neutrino interaction channels in JUNO are
discussed. The instrument to achieve the physics goals is the JUNO detector, a 20 kt liquid
scintillator detector, which is introduced in section 3.3. JUNO’s offline simulation and
analysis framework is presented in section 3.4. This chapter is mostly based on [5,123,124],
where also more detailed information can be found.

3.1. JUNO’s Neutrino Physics Program

JUNO will explore a broad field of neutrino physics in the upcoming years. This section
introduces general information about neutrinos and covers the extensive neutrino physics
program of JUNO. Section 3.1.1 summarizes neutrino physics in general from its funda-
mental characteristics through the principle of neutrino oscillations to the currently open
questions in neutrino physics. In the subsequent sections 3.1.2 to 3.1.8, different neutrino
sources are introduced in general terms and, furthermore, JUNO’s potential and ability to
measure neutrinos from these different sources are presented.

3.1.1. Neutrino Physics in General

Since 1930, when Pauli postulated the neutrino as hypothetical particle to explain the con-
tinuous energy spectrum of the β-decay without breaking the law of energy and momentum
conservation [125], physicists are aiming to measure neutrinos and their properties. Cowan
and Reines succeeded in the first measurement of neutrinos, more precisely of electron an-
tineutrinos, 26 years later, in 1956 [126].
In the Standard Model of Particle Physics (SM), neutrinos are massless elementary Dirac
fermions without electric charge and only interacting via the weak interaction [1, 127].

21
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They are produced and observed in three different flavors (electron neutrino νe, muon
neutrino νµ and tau neutrino ντ , with their antiparticles ν̄e, ν̄µ and ν̄τ ) associated to
the corresponding charged lepton. Neutrinos (antineutrinos) occur only in left-handed
(right-handed) chirality because of the violation of parity symmetry in the weak interac-
tion [128–130]. The fact that neutrinos are only weakly interacting results in very small
interaction cross sections of neutrinos with matter [131] and therefore makes it challenging
to investigate and determine their properties.
Neutrinos can originate from various sources, which can be divided into two groups: nat-
ural neutrino sources (like e.g. the Earth, the Sun, the atmosphere and supernovae) and
artificial neutrino sources (like NPPs and particle accelerators).

Neutrino Oscillations in General

The need to extend the neutrino model described in the SM first came up after the mea-
surements of Davis et al. [132]. They observed a significant deficit in the flux of electron
neutrinos from the Sun compared to predictions of the solar standard model (SSM). The
measured electron neutrino flux covered only around one third of the expected flux of
the SSM. This lack of νe’s could neither be explained by statistical or systematical effects
from the detector setup [133] nor with modifications of the SSM [134] and was further
confirmed by subsequent solar neutrino experiments as Gallex/GNO and SAGE [135–137].
This deficit, also denoted as solar neutrino problem, could be solved and explained by a
periodic change from one neutrino flavor to another [5], the neutrino oscillation. Neutrino
oscillation requires the mixing of lepton flavors and finite neutrino masses, which results in
violating the individual lepton flavor conservation and the existence of at least one massive
neutrino (i.e. non-vanishing neutrino mass differences). Thus, neutrino oscillation gives
evidence to neutrino physics beyond the SM [5].
The formalism to describe neutrino flavor mixture can be introduced corresponding to the
Cabbibo-Kobayashi-Maskawa (CKM) formalism of flavor mixing in the quark sector [1].
The terms for neutrino flavor mixing are on the one hand non-vanishing neutrino mass
differences and on the other hand, that neutrino flavor eigenstates of the weak interac-
tion differ from neutrino mass eigenstates. The flavor eigenstates couple to W± bosons
in the weak interaction, whereas the mass eigenstates diagonalize the Hamiltonian of the
free neutrino and therefore describe its evolution in time and propagation in space [1].
Both eigenstates form a complete and orthonormal basis of neutrino states within the SM
and are related to each other by the unitary Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix U [5]:

|να〉 =
∑
k

Uαk |νk〉 and |νk〉 =
∑
k

U∗αk |να〉 (3.1)

with the mass eigenstates |νk〉 (k = 1, 2, 3, ...) and the flavor eigenstates |να〉 (α =
1, 2, 3, ...).
In standard three-neutrino theory, where the mixing of all three neutrino flavors (νe, νµ,
ντ ) and mass eigenstates (ν1, ν2, ν3) of the SM is considered, the PMNS matrix U re-
duces to a 3 × 3 unitary matrix and can be parametrized with three mixing angles θij
(ij = 12, 13, 23) and one CP violating phase δ:
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U =

 Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3


=

 1 0 0
0 c23 s23

0 −s23 c23

 c13 0 s13e
−iδ

0 1 0
−s13e

iδ 0 c13

 c12 s12 0
−s12 c12 0

0 0 1

 , (3.2)

where sij ≡ sin θij and cij ≡ cos θij are defined [5].
The spatial propagation and temporal evolution of neutrinos in their mass eigenstates |νk〉
can be described with the standard Hamiltonian. This results in

|νk(x, t)〉 = ei(pkx−Ekt) |νk(x = 0, t = 0)〉 (3.3)

assuming a relativistic neutrino with momentum p and energy E at position x after time
t. If a neutrino was generated via the weak interaction in the flavor eigenstate |να〉,
this neutrino can be detected in a weak interaction process in the flavor eigenstate |νβ〉
after traveling a distance L. The transition probability that a neutrino produced as να is
detected as νβ is:

Pνα→νβ = |〈νβ | να(E,L)〉|2 =

∣∣∣∣∑
k

U∗αkUβke
−im

2
kL

2E

∣∣∣∣2. (3.4)

Introducing the squared mass difference ∆m2
kj = m2

k − m2
j , this can be written more

conveniently as:

Pνα→νβ (E,L) = δαβ − 4
∑
k>j

Re
(
U∗αkUβkUαjU

∗
βj

)
sin2

(
∆m2

kj L

4E

)

+ 2
∑
k>j

Im
(
U∗αkUβkUαjU

∗
βj

)
sin

(
∆m2

kj L

2E

)
. (3.5)

The survival probability of electron antineutrinos in the three flavor vacuum oscillation
model is given as an example in equation 3.6. This ν̄e survival probability opens the
possibility to determine the neutrino mass ordering, which is described in section 3.1.2 in
more detail.

Pν̄e→ν̄e = 1− sin2(2θ12)c4
13 sin2

(
∆m2

21L

4E

)
− sin2(2θ13)

[
c2

12 sin2

(
∆m2

31L

4E

)
+ s2

12 sin2

(
∆m2

32L

4E

)]
(3.6)

The flavor oscillation of neutrinos is a well established model and its existence was finally
proven by the Sudbury Neutrino Observatory (SNO) [138,139] and the Super-Kamiokande
experiment [140, 141]. Nowadays, neutrino oscillation has been observed in various other
experiments and for nearly all kinds of flavor transitions, see e.g. KamLAND [109],
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Table 3.1.: Three flavor oscillation parameters from fit to global data as of July 2020 for
normal (NO) and inverted (IO) neutrino mass ordering. The results are obtained with
the inclusion of the tabulated χ2 data on atmospheric neutrinos provided by the Super-
Kamiokande collaboration [149]. Note that ∆m2

3l defines the large mass difference with
∆m2

3l = ∆m2
31 > 0 for NO and ∆m2

3l = ∆m2
32 < 0 for IO. Data taken from [150].

Normal ordering (best fit) Inverted ordering (∆χ2 = 7.1)

best fit ±3σ best fit ±3σ

sin2 θ12 0.304+0.039
−0.035 0.304+0.039

−0.035

θ12 in ◦ 33.44+2.42
−2.17 33.45+2.42

−2.18

sin2 θ23 0.573+0.043
−0.158 0.575+0.042

−0.156

θ23 in ◦ 49.2+2.5
−9.1 49.3+2.5

−9.0

sin2 θ13 0.02219+0.00191
−0.00187 0.02238+0.00190

−0.00186

θ13 in ◦ 8.57+0.36
−0.37 8.60+0.36

−0.36

δCP in ◦ 197+172
−77 282+70

−89

∆m2
21 in 10−5 eV2 7.42+0.62

−0.60 7.42+0.62
−0.60

∆m2
3l in 10−3 eV2 +2.517+0.081

−0.082 −2.498+0.084
−0.083

T2K [142], NOvA [143], MINOS [144], Double Chooz [145], DayaBay [146], RENO [147]
and OPERA [148].
The current best fit values of all oscillation parameters (i.e. the three mixing angles, two
squared mass differences and the CP violating phase) can be determined by using a com-
plete set of available experimental data. The best fit values of this global fit are shown in
table 3.1. The sign of ∆m2

3l determines the still unknown neutrino mass ordering, which
will be discussed in section 3.1.2. Moreover, the octant of θ23 and the CP violating phase
δCP are unidentified until now as illustrated in table 3.1.

Open Questions in Neutrino Physics

The fact that neutrinos are massive particles1, which is proven by the existence of neutrino
oscillations, raised further questions on their properties and the underlying model. In the
following, the main open questions in neutrino physics are presented exemplarily [5]:

� Neutrino mass ordering: The neutrino mass ordering, i.e. the sign of the large
mass difference, is not yet determined. Several experiments aim to identify the mass
ordering in the near future, e.g. JUNO [5], NOvA [151], DUNE [152, 153], Hyper-
Kamiokande [122] or IceCube-PINGU [154]. JUNO’s sensitivity to the mass ordering
determination is discussed in section 3.1.2 in detail.

� Absolute neutrino mass: The neutrino mass can either be investigated in direct neu-
trino mass measurements with β-endpoint spectroscopy, like e.g. in KATRIN [155]
and ECHo [156], or with neutrino-less double β (0νββ) decay experiments, since
the effective neutrino mass 〈mββ〉 =

∣∣∑
i U

2
eimνi

∣∣ is correlated with the lifetime
of the 0νββ decay. Corresponding experiments are e.g. GERDA [157], LEG-
END [158] and KamLAND-Zen [159]. The currently best limit on the electron
antineutrino mass from direct mass measurements is mν̄e < 1.1 eV (90 % C.L.)
provided by KATRIN [155]. The limit from 0νββ experiments on the effective mass

1At least two of the three neutrino mass eigenstate have finite mass.
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is 〈mββ〉 ≤ 0.061 − 0.165 eV (90 % C.L.) obtained by KamLAND-Zen [159] only
valid, if neutrinos are Majorana particles2. Moreover also model-dependent upper
limits on the sum of neutrino mass eigenstates can be derived from analyses of the
cosmic microwave background (CMB) and structure formation in the universe. The
most robust constraints are given by the Planck collaboration with

∑
mν < 0.12 eV

(95 % C.L.) [160].

� Dirac or Majorana particle: The neutrino’s particle character can be either Dirac or
Majorana. By definition, a Majorana particle is its own antiparticle [161]. A massive
Majorana neutrino would lead to lepton number violation as a direct consequence [5].
At present the only experimentally feasible way to probe the Majorana nature of
neutrinos is the observation of 0νββ decays, as it is done e.g. in GERDA [157] or
its follow-up experiment LEGEND. Until now, no evidence for neutrinos being of
Majorana character has been established.

� CP violation: Violation of the CP symmetry, the symmetry of physical behavior of
particles and antiparticles, was already observed in the quark sector and is assumed
to be also present in the neutrino sector, which would partially explain the observed
particle-antiparticle imbalance in the universe [5]. Several existing and up-coming
experiments like NOvA, DUNE, Hyper-K and T2K aim to measure the CP-violating
phase δ in the neutrino sector.

� Sterile neutrinos: One fundamental question in neutrino physics and cosmology is
whether there exist extra species of neutrinos, which do not directly participate
in the standard weak interactions [5]. These sterile neutrinos cannot be detected
directly, but would either slightly modify the oscillation pattern of the three flavor
oscillation or violate the unitarity of the 3× 3 PMNS mixing matrix. High precision
measurements of the mixing parameters with e.g. JUNO , DUNE and Hyper-K could
prove the unitarity of the PMNS matrix and the existence of sterile neutrinos in the
future.

3.1.2. Reactor Neutrinos in General and in JUNO

Reactor neutrinos are electron antineutrinos emitted from subsequent β-decays of instable
fission fragments produced in nuclear fission processes in NPPs [5]. They represent the
largest amount of artificially produced neutrinos on Earth. This section first introduces
reactor neutrinos in general and then concentrates on the expected reactor neutrino spec-
trum in JUNO and JUNO’s potential to determine the neutrino mass ordering and to
quantify neutrino oscillation parameters precisely by measuring the reactor spectrum.
This section will focus on reactor neutrinos from pressurized water reactors (PWR), since
all NPPs close to the JUNO detector site are PWRs. In these reactors, the fission of
the four fuel isotopes 235U, 238U, 239Pu and 241Pu constitute more than 99.7 % of the
thermal power and reactor electron antineutrinos [5]. Reactor neutrino fluxes per fission
of each isotope φf,i can be determined either by the inversion of the measured β-spectra
of the four isotopes [162, 163] or by the summation of β-decay branches of the fission
products [164,165]. The reactor electron antineutrino flux is given by

dφreactorν̄e (Eν̄e)

dEν̄e
= WthRf

3∑
i=0

Fi
dφf,i(Eν̄e)

dEν̄e
(3.7)

2The upper limit of 〈mββ〉 of KamLAND-Zen is obtained under the assumption that the 0νββ decay
mechanism is dominated by exchange of a pure-Majorana Standard model neutrino and includes the
uncertainties in Uei and the neutrino mass splitting. Moreover, it can be translated to a 90 % C.L.
upper limit of mlightest < (0.18− 0.48) meV [159].
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with the total thermal power Wth, the fission rate Rf (i.e. the number of fission per re-
leased thermal energy) and the fission fraction Fi of each fission isotope, which can be
estimated with core simulations and thermal power measurements [5].
The reactor neutrino flux and its corresponding spectrum at a certain detector site de-
pends on the distance of the detector to the specific NPP due to neutrino oscillations.
This spatial dependency allows the observation of different oscillation parameter spaces.
Short baseline experiments with distances between detector and reactor core of around
1 km and an additional detector close to the reactor as reference, like DayaBay [146], Dou-
ble Chooz [145] and RENO [147], are sensitive to the mixing angle θ13. Moreover these
short baseline experiments provide the most precise measurements of the reactor neutrino
flux. In particular, DayaBay measured the reactor ν̄e-flux with a total uncertainty of
1.5 % [166]. Medium baseline experiments like JUNO enable precision measurements of
θ12, ∆m2

21 and |∆m2
ee| = | cos2 θ12∆m2

31+sin2 θ12∆m2
32| and furthermore the determination

of the neutrino mass ordering.

Reactor Neutrino Spectrum in JUNO

The JUNO detector is located around 53 km away from two NPPs, the Taishan NPP and
Yangjiang NPP. At the beginning of JUNO’s data taking in 2023, the combined thermal
power will be 26.6 GW, while a combined thermal power of 35.8 GW is expected as soon
as all reactor cores are running (for more details see [5]).
The expected reactor neutrino spectrum dNreactor

dEν̄e
∝ σIBD φreactorν̄e Pν̄e→ν̄e in JUNO, mea-

sured via the inverse β decay (IBD) interaction channel with the IBD interaction cross sec-
tion σIBD (details in section 3.2), can be derived from the reactor neutrino flux φreactorν̄e of
equation 3.7 by considering the three flavor oscillations Pν̄e→ν̄e introduced in section 3.1.1.
After defining the phase φ as [5]

sinφ =
cos2 θ12 sin (2 sin θ12∆21)− sin2 θ12 sin

(
2 cos2 θ12∆21

)√
1− sin2(2θ12) sin2 ∆21

(3.8)

and with ∆ij =
∆m2

ijL

4E , the survival probability of electron antineutrinos of equation 3.6 is
given by

Pν̄e→ν̄e = 1− sin2(2θ12) cos4 θ13 sin2 ∆21

− 1

2
sin2(2θ13)

[
1−

√
1− sin2(2θ12) sin2 ∆21 · cos (2|∆ee| ± φ)

]
, (3.9)

where the ± sign depends on the neutrino mass ordering, i.e. ”+” for normal mass ordering
and ”-” for inverted mass ordering.

The resulting electron antineutrino spectrum of JUNO is shown in figure 3.1. The mixing
angles θ12 and θ13 fix the oscillation amplitudes, while the oscillation frequency is set by
the squared mass differences ∆m2

21 and ∆m2
32.

Neutrino Mass Ordering Determination with JUNO

The ordering of the neutrino masses is one of the main open questions of neutrino oscillation
and neutrino physics. As already mentioned in previous sections and shown in table 3.1,
the sign of the large squared mass difference is unknown. Since the mass ordering of the
small squared mass difference ∆m2

21 = m2
2 −m2

1 > 0 was ascertained by matter-induced
oscillation for solar neutrinos [37], two possibilities remain for the arrangement of mass
eigenstate m3:
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Figure 3.1.: Expected reactor electron antineutrino spectrum, dNreactor

dEν̄e
∝

σIBD φreactorν̄e Pν̄e→ν̄e , for the location of JUNO at baseline of L = 53 km. The ex-
pected reactor spectrum without neutrino oscillations is shown as solid gray line, whereas
the spectrum taking account of the reduction due to the solar oscillation term (first
part of equation 3.9) is shown as dashed gray line. Moreover the spectrum with full
three flavor oscillation is illustrated for normal (blue) and inverted (red) neutrino mass
ordering. Around 83 IBD events from reactor electron antineutrinos per day are expected
in JUNO [5]. Image provided by JUNO collaboration.

1. m3 is heavier than m1 and m2 (m1 < m2 < m3), called normal neutrino mass
ordering (NO), or

2. m3 is lighter than m1 and m2 (m3 < m1 < m2), called inverted neutrino mass
ordering (IO).

Both cases are sketched in figure 3.2.

The model-independent determination of the mass ordering is the main goal of JUNO and
can be derived from high precision measurements of JUNO’s reactor neutrino spectrum
shown in figure 3.1. The small differences in the spectrum originate from the ± sign of
phase φ in equation 3.9 and are represented by a phase-shift in the fast oscillation pattern.
The observed reactor spectrum can be fitted to the expectations of neutrino oscillation
patterns of equation 3.9 and a frequency analysis of the spectrum can determine the sign
of phase φ [5]. This results in a preferred sign of φ, where a positive phase corresponds to
normal mass ordering and a negative phase to inverted mass ordering, respectively [123].
Considering uncertainties depending on the detector performance, the background distri-
bution and the reactor neutrino flux, and taking into account the spatial distribution of
the reactor cores (see [5]), a median sensitivity of JUNO to determine the mass ordering
of ∼ 3σ is expected after six years of data taking [5]. This sensitivity can be further
improved by combining atmospheric and reactor neutrino measurements in JUNO, which
will shortly be discussed in section 3.1.7.
The determination of the neutrino mass ordering has profound impacts on our understand-
ing of the neutrino physics, neutrino astronomy and neutrino cosmology [5]. It helps to
define the goals of 0νββ search experiments and is a crucial information to understand the
origin of neutrino mass generation and for measuring the CP violating phase in the lepton
sector. Moreover it is also a key parameter of neutrino astronomy and neutrino cosmology,
e.g. to probe the neutrino mass scale with cosmological constraints or to investigate the
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Figure 3.2.: Illustration of the arrangement of neutrino mass eigenstates in normal and
inverted mass ordering. Mass eigenstate m1 is by definition the one with highest νe con-
tribution. The flavor content of each mass eigenstate is indicated color-coded. Taken
from [5].

supernova nucleosynthesis further.

Precision Measurements of Neutrinos with JUNO

The study of neutrino oscillation parameters with high precision is possible in JUNO,
since it will simultaneously measure neutrino oscillation driven by the solar, ∆m2

solar ≡
∆m2

21, and atmospheric, ∆m2
atm ≡ |∆m2

32| ≈ |∆m2
31|, squared mass differences in one

reactor neutrino spectrum from one source [123]. JUNO aims to measure the oscillation
parameters sin2 θ12, ∆m2

21 and |∆m2
ee| with uncertainties of less than 1 % after a detector

runtime of ten years [5]. With these high precision measurements better constraints on
the unitarity of the PMNS matrix can be provided, which will help to clarify the existence
of additional neutrino flavors.

3.1.3. Solar Neutrinos in General and in JUNO

Solar neutrinos are created in the Sun’s core in thermonuclear fusion processes. The
main fusion process in the Sun is the proton-proton reaction chain (pp-chain) initiated by
proton-proton fusion. The neutrinos are labeled depending on their production reaction
as pp-, pep-, hep-, 7Be- and 8B-neutrinos. The second process is the catalytic carbon-
nitrogen-oxygen cycle (CNO-cycle), which only contributes less than around 1 % to the
solar luminosity [167]. Solar neutrinos are electron neutrinos with an average energy of
〈Eνe〉 ≈ 0.53 MeV (up to around 19 MeV) [168]. All neutrinos of the pp-chain, except of
hep-neutrinos, were measured by several solar neutrino experiments like e.g. Borexino [167,
169] and SNO [138, 139]. In 2020, the Borexino collaboration first reported experimental
evidence for neutrinos produced in the CNO-cycle in the Sun [170].
JUNO will also contribute to the investigation of solar neutrinos due to its instrumentation
and high energy resolution (see section 3.3) by measuring 7Be- and 8B-neutrinos [5, 171].
The expected signal spectrum of 8B-neutrinos together with the background spectra in
JUNO after 10 years of data taking is shown in figure 3.3.

3.1.4. Geo-Neutrinos in General and in JUNO

Geo-neutrinos originate from decays of radionuclides naturally occurring in the Earth
and can give information about the chemical composition of the Earth’s core, mantle
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Figure 3.3.: Left: Expected signal spectrum of 8B-neutrinos and the corresponding back-
ground spectra in JUNO after ten years of data taking, with all selection cuts and muon
veto methods applied. The energy dependent fiducial volumes to reduce the external
radioactivity background account for the discontinuities at 3 MeV and 5 MeV. Details
in [171]. Right: Expected energy spectra of geo-neutrinos, reactor antineutrinos, and other
non-antineutrino backgrounds in JUNO for one year of data-taking. The total spectrum,
i.e. geo-neutrino signal and backgrounds, is indicated as solid blue line. Geo-neutrinos
from 232Th are marked as red area, geo-neutrinos from 238U as pink hatched area. Details
in [177].

and crust. Geo-neutrinos are electron antineutrinos with energies up to 3.27 MeV [172]
mainly produced in β-decay chains of 238U, 232Th and 40K 3. These isotopes account
for more than 99 % of the present-day radiogenic heat generated inside the Earth [5].
KamLAND [173, 174] and Borexino [175, 176] have measured geo-neutrinos from β-decay
of 238U and 232Th up to now.
Due to its size, its low energy threshold and great energy resolution, the detection of an
unprecedented number of geo-neutrinos is possible with JUNO, which gives the opportunity
to explore the origin and thermal evolution of the Earth further [177]. In figure 3.3, the
expected geo-neutrino spectrum in JUNO simulated for one year of data taking and the
corresponding background spectra are shown.

3.1.5. Supernova Burst Neutrinos in General and in JUNO

99 % of a supernova’s energy is carried away by a burst of neutrinos and antineutrinos
of all flavors in a time interval of about 10 seconds. Due to this high expected neutrino
flux, neutrino detectors can represent one main part of multi messenger astronomy in case
of a galactic supernova [5]. Moreover, neutrino observatories can act as an early warning
alert for supernovae to be used to direct other telescopes to the part of the sky, where the
supernovae explosion occurred [178].
In case a galactic supernova appears during JUNO’s operation time, JUNO will provide
high statistics of supernova neutrinos of all flavors as a large scale neutrino detector. As-
suming a core-collapse supernova with typical supernova parameters at a typical galactic
distance of around 10 kpc, JUNO will measure approximately 5000 neutrino events from
the inverse β decay channel, around 2000 events from all-flavor elastic neutrino-proton
scattering and circa 300 neutrino-electron scattering events [5]. Therefore JUNO could
help to clarify open questions about supernovae like the neutrino-driven explosion mech-
anism and nucleosynthesis.

3Geo-neutrinos from the β-decay of 40K cannot be detected in liquid scintillator detectors via IBD reac-
tions, since their energy is below the IBD threshold.
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3.1.6. Diffuse Supernova Neutrino Background in General and in JUNO

The integrated neutrino flux from all past core-collapse supernovae in the visible universe
forms the diffuse supernova neutrino background (DSNB), containing information about
the cosmic star formation rate, the average core-collapse supernova neutrino spectrum
and the rate of failed supernovae [5, 179]. Until now, the DSNB was not measured by
present neutrino experiments, but upper limits on the diffuse supernova ν̄e-flux are set.
The currently best limit is provided by Super-Kamiokande setting an upper limit of (2.8−
3.0) cm−2s−1 on the ν̄e-flux at 90 % C.L. for Eν̄e ≥ 17.3 MeV [180].
JUNO could be one of the first experiments to measure the DSNB successfully with a
signal prediction of 5.5 events per year because of measurements of electron antineutrinos
via the inverse β decay and effective background reduction [179]. A DSNB detection
significance of 4σ after 10 years of data taking is expected for JUNO [179]. Detailed
information about the DSNB in JUNO is given in section 5.2.

3.1.7. Atmospheric Neutrinos in General and in JUNO

Atmospheric neutrinos are produced in the atmosphere of the Earth as a result of cosmic
ray interactions and weak decays of secondary mesons, in particular pions and kaons
[5]. These atmospheric neutrinos can have energies from MeV to the PeV scale [181].
For energies below around 1 GeV, their production is dominated by the following decay
channels [5]:

π+ → µ+ + νµ, µ+ → e+ + ν̄µ + νe (3.10)

π− → µ− + ν̄µ, µ− → e− + νµ + ν̄e (3.11)

The flux ratio (φνµ+φν̄µ)/(φνe+φν̄e) is around two at ∼ 1 GeV and increases as the energy
increases, since more muons are likely to reach the Earth’s surface without decaying [182].
The atmospheric neutrino flux at Earth, which depends on the location on Earth accord-
ing to the geomagnetic field, contains all three neutrino and antineutrino flavors because
of neutrino oscillation [181]. The existence of changes of neutrino flavor eigenstates was
first discovered by measuring atmospheric neutrinos in Super-K [140]. The leading at-
mospheric neutrino oscillation parameters θ23 and |∆m2

31| have been measured by several
experiments like e.g. Super-K [183], IceCube [184] and MINOS [185]. Moreover, future
atmospheric neutrino detectors as e.g. Hyper-K [122], INO [186], IceCube-PINGU [154]
and KM3NeT/ORCA [187] will be sensitive to sub-dominant three-flavor oscillation effects
like the neutrino mass ordering, the octant of θ23 and CP violation [188].
JUNO will have great potential to measure the low energetic atmospheric neutrino spec-
trum from 100 MeV to 10 GeV and will be one of the few liquid scintillator detectors
contributing to atmospheric neutrino measurements [182]. Moreover, for upward atmo-
spheric neutrinos, the oscillation probabilities Pνµ→νµ and Pνe→νµ differ for NO and IO
due to the MSW matter effect [5]. JUNO can reach a conservative NMO sensitivity of
0.9σ (and an optimistic sensitivity of 1.8σ) for 10 years of data taking by measuring atmo-
spheric neutrinos, which is complementary to the NMO sensitivity from the JUNO reactor
neutrino results discussed in section 3.1.2 and will further improve JUNO sensitivity to
determine the NMO (for more details about the analysis see [189]).

3.1.8. Neutrinos from Dark Matter Annihilation in General and in JUNO

Neutrino detectors can contribute to indirect DM searches as already discussed in detail in
section 2.4. JUNO’s sensitivity to measure neutrinos produced in WIMP self-annihilation
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Charged Current Neutral Current

QE RES DIS

Figure 3.4.: Feynman diagrams of typical charged and neutral current neutrino interac-
tions: quasielastic (QE) scattering (the IBD channel is shown here), resonant neutrino
scattering (RES) and deep inelastic scattering (DIS) of CC interactions, and NC interac-
tions in general.

in the Sun for DM masses from 4 GeV to 20 GeV is investigated in [5] and [190] similar to
studies of Super-Kamiokande described in section 2.4. In [190], three annihilation channel
(DM +DM → νν̄, τ+τ−, bb̄) are studied and JUNO’s ability to measure the νe/ν̄e signal
spectra of these channels is simulated. This is translated into a 90 % C.L. upper limit on
the spin-independent and spin-dependent DM-nucleon scattering cross section (σSIscat and
σSDscat) taking into account selection efficiencies and atmospheric neutrino background from
charged and neutral current interactions. Additionally, in [5], a similar study is performed
for JUNO according to an expected νµ/ν̄µ signal, which results in nearly identical limits.
The predicted upper limits of JUNO after an assumed runtime of 10 years and for the
annihilation channel into τ+τ− are σSIscat ≈ (0.4−2.0) ·10−41 cm2 and σSDscat ≈ 3 ·10−40 cm2

in the DM mass range from 4 GeV to 20 GeV. They are a factor of 1.5 to 3.5 less stringent
than the limits obtained by Super-K for 10.7 years of data discussed in section 2.4 and
shown in figure 2.4 and 2.5.
Beyond that, JUNO’s sensitivity to measure neutrinos from annihilation of light DM par-
ticles with masses from 10 MeV to 100 MeV is investigated within this thesis for the first
time.

3.2. Neutrino Interactions in JUNO

The fact that neutrinos only interact with matter via weak processes entails two impor-
tant characteristics. On the one hand neutrinos are perfectly suited to study the weak
interaction theory precisely, but on the other hand interaction cross sections of neutrinos
with matter are small compared to electromagnetic and strong interactions.
Neutrino reactions with matter can be separated into two groups depending on the ex-
changed gauge boson. The exchange of a neutral Z boson is called neutral current (NC)
interaction, where the neutrino’s flavor is unaffected and no charge is exchanged. In con-
trast to that, the exchange of a charged W± boson describes the charged current (CC)
interaction, transforming neutrinos to leptons of the same family and vice versa. Depend-
ing on the neutrino’s energy it can be further distinguished between elastic/quasielastic
scattering, resonant neutrino scattering and deep inelastic scattering [131]. In figure 3.4,
Feynman diagrams for typical CC and NC neutrino interactions are shown exemplarily.

The target material in liquid scintillator (LS) detectors like JUNO consists of organic
molecules for the most part. Therefore, neutrino interactions on free protons, 12C nuclei
and electrons arise. The dominant neutrino cross sections on these target particles are
presented in figure 3.5 for energies of the incoming neutrinos up to 100 MeV.
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Figure 3.5.: Cross sections of different neutrino interaction channels for energies up to
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and ν̄e + 12C → e+ + 12B (dashed)) are displayed in blue. NC interaction cross sections
on 12C for neutrinos (solid) and antineutrinos (dashed) are posed in green (νx represents
all three neutrinos flavors νe, νµ, ντ ). The cross section for elastic scattering of electron
neutrinos on electrons, νe + e− → νe + e−, is shown in orange and contains both, CC and
NC, interactions. Figure based on [191].

The main neutrino detection channel in JUNO below few hundred MeV is the inverse β

decay (IBD), the charged current quasielastic reaction of an electron antineutrino on a free
proton creating a positron and a neutron:

ν̄e + p→ e+ + n. (3.12)

The major part of the ν̄e’s kinetic energy Eν is directly transferred to the positron, except
of the positron’s rest mass me, the proton-neutron mass difference ∆ = Mn −Mp and a
small recoil energy carried away by the neutron [123]. Hence, the IBD energy threshold is

Ethr.,IBD =
(Mn+me)2−M2

p

2Mp
' 1.8 MeV [192]. The positron deposits its kinetic energy Ee,kin

in the liquid scintillator volume within a few nanoseconds and finally annihilates with an
electron into two gammas with 511 keV each [5]. This fast energy deposition defines the
prompt IBD signal with a visible energy of Evis ' Ee,kin + 2me. In contrast to that, the
neutron scatters off atoms in the LS medium and thermalizes until it is captured by hy-
drogen of the LS emitting a 2.2 MeV gamma or by carbon 4. This neutron capture process
is delayed in time by τ ≈ 220µs compared to the prompt signal and therefore labeled as
delayed IBD signal [5]. The temporal and spatial coincidence between the prompt and
delayed signal results in a clear detection signature of IBD events. This allows a very
effective discrimination and suppression of background events and, together with the com-
parably large interaction cross section (see figure 3.5), makes the IBD reaction the main
antineutrino detection channel of liquid scintillator detectors like JUNO.
Besides the IBD reaction of electron antineutrinos, also muon and tau antineutrinos in-
teract via CC-QE scattering on free protons of the target material: ν̄µ + p→ µ+ + n and
ν̄τ + p→ τ+ + n. However, due to the large masses of the corresponding charged leptons
(mµ ' 105.65 MeV, mτ ' 1.78 GeV [1]) and the resulting large energy threshold, these
reactions only occur for high energetic antineutrinos (more details in section 5.3.2).

4Neutron capture on 12C also occurs by releasing a 4.9 MeV gamma and can be measured, but is strongly
suppressed, since the neutron capture cross section on 12C is around 100 times smaller than on hydrogen
[193,194].
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Another reaction channel is the CC interaction of neutrinos and antineutrinos of all flavors
on 12C nuclei: νx + 12C→ x− + 12N and ν̄x + 12C→ x+ + 12B (x = e, µ, τ). The residual
isotopes 12N and 12B can be in ground or excited state depending on the interaction pro-
cess (QE, RES or DIS; for more details see section 5.3.2). In figure 3.5, the CC interaction
cross sections of electron neutrinos and antineutrinos on 12C are shown as example.
In addition to CC interactions, also NC neutrino reactions on free protons and 12C nuclei
can be measured with liquid scintillator detectors [195]. In NC reactions, all neutrinos and
antineutrinos participate: νx/ν̄x + p→ νx/ν̄x + p and νx/ν̄x + 12C→ νx/ν̄x + 12C (g.s. or
e.s.). Especially NC interactions on 12C are a critical background for IBD event searches,
which is extensively discussed in 5.3.3. Cross sections of NC interaction channels on 12C
are shown exemplarily in figure 3.5.

3.3. The JUNO Detector

The instrument to achieve the physics goals described in section 3.1 and furthermore
to enable the search for neutrinos from dark matter annihilation (see chapter 4) is the
JUNO detector. In this section, the setup of the detector together with its subsystems
is introduced (section 3.3.1) and the estimated resulting energy resolution is presented
(section 3.3.2).
The location of JUNO is optimized to have the best sensitivity for neutrino mass ordering
determination by measuring reactor neutrinos [124]. This is realized by a distance of
about 53 km from the experimental site to each of the two NPPs, which provide a total
thermal power of at least 26.6 GW and therefore strong sources for electron antineutrinos.
The JUNO detector will be deployed in a newly built underground laboratory with rock
overburden of around 650 m (∼ 1900 m.w.e.). This reduces the cosmic muon flux in the
central detector by a factor of around 60,000 to 0.0041µ/(s m2) with a mean muon energy
of 〈Eµ〉 ≈ 207 GeV [124,196].

3.3.1. JUNO Detector Setup

The JUNO detector consists of the central detector and two veto systems. The detector’s
design and setup is primarily chosen to reach an energy resolution of 3 %/

√
E[MeV] to be

able to resolve the small differences in the oscillation pattern of figure 3.1 (more details in
section 3.3.2). An overview about the setup of the JUNO detector is given in figure 3.6.
The whole detector is situated within a cylindrical cavern with a diameter of 43.5 m and
a height of 44.5 m [124]. In the center of the cavern, the JUNO central detector, an
acrylic sphere filled with 20 kt of liquid scintillator (LS), is set up. The acrylic sphere has
an inner diameter of 35.4 m with a wall thickness of 12 cm and separates the inner LS
volume from the outer water pool. The central detector is held by a stainless steel support
structure with a diameter of 40.1 m. At this steel structure, also the PMTs are mounted.
Around 17,700 20-inch PMTs together with circa 25,000 3-inch PMTs are oriented towards
the central detector volume with the small 3-inch PMTs located in between the gaps of
the large 20-inch PMTs. The distance from the PMT photocathode to the center of the
acrylic sphere is around 19.6 m. In addition to that, approximately 2,400 20-inch PMTs
are facing outwards to the water pool and are labeled as veto PMTs. The water pool itself
contains 35 kt of ultra-pure water, in which the central detector, the stainless steel frame
and the PMTs are embedded. On top of the detector, the calibration unit and the top
tracker system is mounted [124].

Liquid Scintillator

The liquid scintillator serves as target material for the detection of neutrinos and antineu-
trinos. JUNO’s liquid scintillator is based on the solvent linear alkyl-benzene (LAB), which
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Figure 3.6.: Overview about the setup of the JUNO detector. The cylindrical cavern has a
diameter of 43.5 m and a height of 44.5 m. The acrylic sphere, the stainless steel support
structure and the PMT system are embedded into the water pool [124]. Image provided
by JUNO collaboration.

is an organic compound featuring a benzene ring (chemical formula C6H5CnH2n+1). Two
additional supplements are dissolved in the LS at low concentrations: 2,5-diphenyloxazole
(PPO) with 2.5 g/l as the fluor and p-bis-(o-methylstyryl)-benzene (bis-MSB) with 1 −
4 mg/l as the wavelength shifter [197]. This composition contains 7.25 · 1031 free protons
per kt of LS and 4.41 · 1031 12C atoms per kt.
Ionizing particles excite the benzene rings of the LAB molecules in the region of the
energy deposition. This excitation energy is partly transferred to the PPO molecules by
non-radiative processes. Scintillation photons generated from the de-excitation of the PPO
molecules are re-shifted compared to the LAB photon spectrum (see figure 3.7) and over-
lap with the absorption spectrum of the bis-MSB molecules. bis-MSB acts as wavelength
shifter and re-emits photons with wavelengths of about 430 nm [124]. The structure of
the molecules and the photon absorption and emission spectra are illustrated in figure 3.7.
Since LAB is not transparent to its own fluorescence light at around 280 nm, the wave-
length shift of the emitted photons to around 430 nm is crucial to avoid self-absorption in
the LAB (see figure 3.7) and thus to increase the transparency. Therefore, together with
complex purification and cleaning procedures to ensure a great radio-purity [124], JUNO’s
LS will have a high transparency with an attenuation length of at least 20 m at 430 nm 5.

Moreover, an excellent photon light yield of around 104 scintillation photons per MeV
of deposited energy can be achieved in JUNO [5]. This, in combination with the fast
light emission of the excited states in the LS of few nanoseconds, allows effective event
reconstruction.
The photon light yield and the temporal light emission depend on the type of the ionizing
particle and its energy. Heavier particles, like protons, deuterons or alpha particles, lead
to an increased ionization density along their trajectories in the LS. This results in a
decreased number of photons compared to lighter particles, like electrons, positrons or
photons, with same deposited energy, since the light emission in the scintillator saturates.
The saturation effect is called quenching and can be described by Birk’s law:

5An attenuation length of 20 m at 430 nm corresponds to an absorption length of approximately 60 m
and a Rayleigh scattering length of around 30 m [124].
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Figure 3.7.: Left: Scheme of the molecular structure of LAB, PPO and bis-MSB together
with their concentrations in the LS and the wavelengths of the emitted photons. Image
based on [198]. Right: Light absorption by LAB and photon emission by PPO and bis-
MSB as function of the wavelength. Figure based on [199] and [200].

dL

dx
= L0

dE/dx

1 + kb · dE/dx
, (3.13)

where L is the luminescence of the particle, L0 the expected luminescence for minimum-
ionizing particles and kb the material and particle specific Birk’s constant [70].
The time profile of the light emission is defined by the decay time constants of the excited
states of the LS. Since different particles types excite different states of the LS with different
weights and the de-excitation is affected by the ionization density, the time profile of light
emission depends on the particle type [201]. The photon emission time profile can be
described by the sum of several exponential functions:

P (t) =
∑
i

ωi
τi
e−

t/τi (3.14)

with the decay time constants τi and weights ωi of the corresponding decay processes [201].
As consequence of the correlation between photon emission time profile and the particle
type, the temporal signal evolution in the LS can be used to discriminate between different
particles. This is discussed in section 6 explicitly.
In addition to the dominant emission of scintillation photons, also Cherenkov photons can
be emitted in the LS medium via the Cherenkov effect, but with a photon light yield of
less than 10 % compared to the scintillation light yield.

Photomultiplier Tubes

The light emitted by JUNO’s LS is detected by two independent PMT systems, both
mounted at the stainless steel support structure and facing towards the central detector
volume. The ultra-pure water between the PMTs and the acrylic sphere around 1.7 m
away acts as buffer against internal radiation of the PMTs.
The main PMT system consists of 17,613 large PMTs with diameter of 20 inches: 5,000
dynode PMTs from Hamamatsu (R12860 HQE) [206] and 12,613 microchannel plate
(MCP) PMTs from Northern Night Vision Technology Ltd. (NNVT) [207]. The cov-
erage of the 20-inch PMTs’ photocathodes is around 75 % and, therefore, the large PMTs
form the main light collection system of JUNO. Besides the large 20-inch PMTs, addi-
tional 25,000 smaller 3-inch PMTs from HZC Photonics (type XP72B22 [208]) are placed
in the gaps between the large PMTs. The photocathode coverage of these small PMTs
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Table 3.2.: Main characteristics of the different PMT types used in the JUNO detector.
The photon detection efficiency (PDE) is given for a wavelength of 430 nm. The mean
PDE of all 20-inch PMTs is 29.6 % [202]. The mean dark count rate (DCR) of all 20-inch
PMTs is 40.5 kHz. The transit time spread (TTS) is given as FWHM of the transit time
distribution and defines the timing resolution of the PMTs. Data from [203–205].

20-inch dynode PMTs 20-inch MCP PMTs 3-inch PMTs

mean PDE ∼ 28.4 % ∼ 30.0 % ∼ 32.8 %
mean DCR ∼ 15.3 kHz ∼ 49.0 kHz ∼ 550 Hz
mean TTS ∼ 2.8 ns ∼ 16.7 ns < 5.0 ns

is around 3 %. Therefore a total photocathode coverage of about 78 % can be achieved
in JUNO. Moreover, the independence of these two systems makes the JUNO detector to
a double calorimetric system that enables the control of systematics by determining the
non-linear response of the 20-inch PMTs, and increases the dynamic range to improve the
muon reconstruction resolution and the detection of near supernovae [209].
The main characteristics of the PMTs, i.e. the photon detection efficiency6, the dark count
rate and the transit time spread, are summarized in table 3.2. The reliable performance
and the accomplishment of these PMT properties is very crucial to reach the targeted
energy resolution of the JUNO detector. Therefore all 20-inch PMTs are tested before
being mounted into the detector to prove their characteristics and reject bad-performing
PMTs [123,210].

Veto Systems

The JUNO detector consists not only of the central detector, but also of two veto systems.
The water pool is filled with 35 kt ultra-pure water and equipped with around 2,400 20-inch
veto PMTs as illustrated in figure 3.6. On the one hand the water pool shields the central
detector against external background from the surrounding rock material and on the other
hand it can be used as active water Cherenkov veto [124]. The MCP-type veto PMTs
can detect Cherenkov light from cosmic muons and other charged particles, that enter
the detector and possibly penetrate the central detector. To increase the light detection
of the veto PMTs, the entire surface of the water pool is covered with Tyvek [124]. In
addition to the Cherenkov veto, the top tracker system is mounted on top of the detector
covering an area of around 60 % (see figure 3.6). The top tracker is built of three layers of
crossing plastic scintillator panels and can track traversing particles, e.g. cosmic muons,
very precisely. A muon detection efficiency above 95 % can be achieved with the Cherenkov
veto and the top tracker [211].

Calibration

The calibration system of the JUNO detector includes several sub-systems to monitor and
verify the detector’s performance and to calibrate physics and instrument non-linearities.
Physics non-linearity describes e.g. the quenching effect, whereas instrument non-linearity
is affected from the PMTs, the electronics and the position inside the detector and char-
acterizes the nonlinear response between the number of created photons and the measured
charge [212].
The calibration unit on top of the detector (see figure 3.6) houses three calibration systems:
the automatic calibration unit (ACU), the cable loop system (CLS) and the remotely op-
erated vehicle (ROV). With these systems, radioactive sources can be lowered into the

6The photon detection efficiency (PDE) is defined as product of quantum efficiency (QE) and collection
efficiency (CE): PDE(λ) = QE(λ) · CE
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LS volume through a chimney to measure the energy response of the detector at different
positions. To calibrate the non-uniformity at the boundary of the central detector, guide
tubes (GTs) are instrumented outside of the acrylic sphere. Further, the laser system AU-
RORA monitors the attenuation and scattering length of the LS. More details on JUNO’s
calibration strategy can be found in [212].

OSIRIS and TAO

Besides the JUNO detector, two accompanying detectors, OSIRIS and TAO, are also part
of the Jiangmen Underground Neutrino Observatory and briefly introduced here. For de-
tailed information about OSIRIS and TAO see [213] and [214], respectively.
The Online Scintillator Internal Radioactivity Investigation System (OSIRIS) is a 20 ton
sub-detector at the end of the liquid scintillator filling chain of JUNO to finally validate
the radiopurity of the LS before being filled into the central detector. Natural radioactivity
in the LS is having a direct impact on the sensitivity and detection performance of JUNO.
Therefore, the contamination level of the LS with uranium and thorium chain elements
may not exceed a stringent upper limit of ≤ 10−15 g/g to reach the predicted NMO sensi-
tivity7 [213]. OSIRIS will monitor the radiopurity by measuring the residuals of natural
U/Th contamination and, additionally, can serve as test bench for further development of
liquid scintillators and other applications (e.g. measurement of the solar pp neutrino flux)
after the filling of JUNO is finished [213].
The Taishan Antineutrino Observatory (TAO) is a satellite experiment of JUNO to mea-
sure the reactor antineutrino spectrum with sub-percent energy resolution. The ton-level
LS detector will be placed only around 30 m away from one core of the Taishan NPP and
will provide a reference spectrum for JUNO and other future reactor neutrino experiments
and a benchmark measurement to test nuclear databases [214].

3.3.2. Energy Resolution of JUNO

The main physics goal of JUNO is the determination of the neutrino mass ordering (see
section 3.1.2) by the precise measurement of the reactor spectrum shown in figure 3.1. In
order to identify the true mass ordering with the aimed significance of ∼ 3σ after six years,
the oscillation pattern and its small features must be resolved with high accuracy [5]. This
entails that the energy resolution of the JUNO detector has to be at least the size of the
ratio of the two oscillation frequencies:

∆m2
21

∆m2
ee

∼ 7.42 · 10−5 eV2

2.51 · 10−3 eV2 ∼ 3 %, (3.15)

using the values from table 3.1.
Therefore, one of the main design goals of the JUNO detector, besides of its location and
large target volume, is to reach a 3 % energy resolution at 1 MeV to enable the neutrino
mass ordering determination and also to accomplish the physics goals described in chapter
4 and section 3.1. The detector’s energy resolution σE/E can be described using a generic
parametrization:

σE
E

=

√(
a√
E

)2

+ b2 +
( c
E

)2
(3.16)

7For the measurement of solar neutrinos an even more stringent contamination level of ≤ 10−16÷17 g/g is
required [213].
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Figure 3.8.: Working principle and offline processing chain of the JUNO simulation and
analysis framework.

with the visible energy E of the signal in MeV [5]. The term a is given by photon statistics,
which depends on the photon light yield, the total PMT photocathode coverage, the PMT
quantum efficiency and the attenuation length of the liquid scintillator. b and c factor in
detector effects like PMT dark count rates, variation of the PMT quantum efficiency and
smearing of the reconstructed vertices [5].
The targeted energy resolution is realized with an attenuation length in the LS of 20 m at
430 nm wavelength, a total optical coverage of the central detector of at least 75 % and
a high PMT quantum efficiency in the order of 30 % with only moderate dark count rate
[5,124]. This can be translated to a light yield of ∼ 1200 p.e./MeV of visible energy taking
the photon light yield of 104 photons/MeV into account. From Monte Carlo simulations
of the JUNO detector (details in section 3.4) with these characteristics, the parameters of
equation 3.16 are determined as a = 2.973 %, b = 0.768 % and c = 0.970 % resulting in an
energy resolution of around 3.2 % at 1 MeV [215].

3.4. The JUNO Simulation and Analysis Framework

The main topic of this thesis is the investigation of JUNO’s sensitivity to measure neutrinos
emitted from DM annihilation in the Milky Way as an excess over backgrounds. Such
sensitivity studies require a precise and reliable prediction of the detector’s performance
and its response to different signal and background events. Therefore, a dedicated Monte
Carlo (MC) simulation and analysis framework of the JUNO detector is necessary being
the most important source of information before data is taken.
The simulation framework is used to manage detector geometries and materials, event data
and physics processes, and is a substantial part of the development and optimization of
the detector design [124,216,217]. The JUNO offline simulation and analysis framework is
based on SNIPER (Software for Non-collider Physics ExpeRiments), which is tailored to
the requirements of neutrino experiments. It focuses on an efficient and flexible execution
and acts as interface to standard libraries like e.g. ROOT [119], CLHEP [218] and Geant4
[219], that are well established in particle physics [220]. Moreover, the JUNO offline
simulation and analysis framework is a serial full detector Monte Carlo simulation and
includes the simulation of the JUNO detector and its electronics, the reconstruction of
PMT waveforms and of the energy and vertex of events. The working principle and
processing chain of the offline simulation software will shortly be introduced in the following
and is visualized in figure 3.8.
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3.4.1. Detector Simulation

The detector simulation (DetSim) simulates the different detector systems and the inter-
action of particles within these systems. As input for the detector simulation either data
from event generators for many physics processes can be used or information of initial
particles of an event, like particle type, mass, momentum, position and direction can be
included via a particle gun or in HEPEVT-file format [124].
At first, the detector itself is implemented into the simulation including the geometries of
all sub-systems, their properties and the used materials introduced in section 3.3.1. Es-
pecially all characteristics of JUNO’s liquid scintillator like the composition, photon light
yield, quenching, refraction index, re-emission probability and absorption and Rayleigh
scattering length are considered. An optical model of the PMTs is included taking the
reflection on the interface between water and PMT glass and the conversion of photon hits
into photo-electrons into account. This conversion is based on the wavelength-dependent
PDE of each PMT [221].
In the second step of DetSim, the initial particles are placed inside the geometry and
propagated through the detector by Geant4 considering all possible interactions. All par-
ticles, either initial or secondary, are tracked and simulated until they stop inside or leave
the detector volume. The produced scintillation and Cherenkov photons, that hit a PMT
photocathode and produce photo-electrons according to the optical model of the PMTs,
are stored as hits with their corresponding hit times in the output of DetSim. This output
ROOT file contains all MC truth data of the simulation (like e.g. the number of p.e. per
PMT, hit times, initial position of the particles, deposited energy, ...) and can be either
directly analyzed or further processed to the electronics simulation [124].

3.4.2. Electronics Simulation

In the electronics simulation (ElecSim), the response of the PMTs and the digitization
electronics is simulated to get the full waveform sampling of the PMTs. To achieve this
and to produce realistic waveforms, the signal generation of the PMTs considering dark
count rate, transit time spread and pre- and after-pulses is simulated. Furthermore, also
the properties of the JUNO electronics like thresholds and trigger conditions can be set
and characteristics such as overshoot, saturation effects and electronic noise are considered.
More detailed information about the PMT signals and the simulation of trigger, electronics
and DAQ can be found in [123,222] and [124,216,223], respectively.

3.4.3. Calibration and Waveform Reconstruction

The digitized PMT waveforms of ElecSim, that describe the FADC traces of the PMT
read-out electronics, contain the charge and time information of the measured photo-
electrons. This charge and time information can be reconstructed from each waveform
within the calibration and waveform reconstruction package (Calib) and calibrated to en-
sure the correct charge response. Calib provides different reconstruction methods: the
deconvolution method, the waveform fitting method, the waveform integration method
and the PMT and hit counting methods [224]. Here, only the deconvolution method will
be introduced, since it is applied and used later in section 6.
The waveform results from the convolution of the photon hit distribution on the PMT pho-
tocathode with a single p.e. spectrum and additional noise. The deconvolution method
reconstructs the charge and time of each photon hit based on a discrete Fourier transforma-
tion in the frequency domain [224]. The charge is then calibrated due to a measured single
p.e. waveform. This method is a powerful tool to deal with electronics noises, overshoot
and reflections in the waveform and therefore used as default waveform reconstruction
algorithm [225].
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3.4.4. Energy and Vertex Reconstruction

In the last step of the JUNO offline simulation and analysis chain, the charge and time
information from Calib is used to reconstruct the energy and vertex of the simulated events.
Different reconstruction algorithms, based on analytical and machine learning approaches,
are implemented to reconstruct quasi point-like and track-like events, respectively. Track-
like events mostly originate from cosmic muons. Their energy, direction and track length
can be reconstructed with several reconstruction tools (for more details see e.g. [226–228]).
In contrast to that, quasi point-like events deposit their energy in a smaller volume8. To
reconstruct the energy and vertex of quasi point-like events, different reconstruction tools
are implemented into JUNO’s simulation and analysis framework (details in [229–232]).
One approach for vertex reconstruction is briefly introduced as example, since it is utilized
in section 6. Interaction vertex and time of the event is reconstructed with a time likelihood
algorithm using the scintillator response function, which mainly consists of the photon
emission time profile of the scintillator, the TTS of the PMTs and their DCR [233]. By
minimizing the negative log-likelihood function of the probability density function of this
scintillator response, the best-fit values represent the reconstructed vertex and time of the
event [233]. This results in a vertex resolution of the JUNO detector of around 10 cm at
1 MeV, including the effects of dark noise and TTS of the PMTs [233].

8Particles like e+, e−, p or α with visible energies Evis . 100 MeV deposit their energy within a spherical
volume with radius of around 0.5 m and are described as quasi point-like events.



4. Neutrinos from Dark Matter Annihilation
in JUNO

The main subject of this thesis is a study of the sensitivity of the Jiangmen Underground
Neutrino Observatory to neutrinos from dark matter self-annihilation.
A sensitivity study of JUNO for DM annihilation of WIMPs into neutrinos in the Sun
has already been performed in [5] and [190] for DM masses from 4 GeV to 20 GeV as
described in section 3.1.8. Though, JUNO’s constraints from this search by measuring
electron and muon (anti-)neutrinos with energies in the GeV range are less stringent than
limits of comparable studies for the Super-Kamiokande water Cherenkov detector mainly
due to JUNO’s smaller fiducial mass (22.5 kt for Super-K and typically around 15 kt to
18 kt for JUNO [5]).
JUNO is designed to measure MeV neutrinos with high precision and is therefore an ideal
detector to measure neutrinos from self-annihilation (or decay) of light DM particles with
masses from few MeV to few hundred MeV. The most promising source for DM annihila-
tion into neutrinos is the DM halo of the Milky Way, since the Sun and the Earth can be
ruled out as source for this DM mass region (see section 2.4). Furthermore, most of the
annihilation channels of light DM into SM particles are energetically forbidden. Especially
for DM masses below the muon massmµ = 105.6 MeV, only three annihilation channels are
allowed, which limits the potential annihilation channels to channels producing monoener-
getic fluxes: the direct annihilation into electron-positron pairs (DM +DM → e− + e+),
photons (DM +DM → γ + γ) and neutrino-antineutrino pairs (DM +DM → ν + ν̄) 1.
In consequence of the arguments given above, JUNO’s sensitivity for the self-annihilation
of light DM particles with mDM ≤ 100 MeV into neutrinos in the Milky Way is studied
within this thesis. The lower bound of JUNO’s observable DM mass region is in the order
of a few MeV. It is experimentally constrained on the one hand by the threshold of the
inverse β decay reaction of Ethr.,IBD ' 1.8 MeV (see section 3.2) and on the other hand
by the large background contribution of reactor electron antineutrinos below 10 MeV in
JUNO (see section 5.1).
In this chapter the expected electron antineutrino flux from galactic dark matter annihi-

1For the annihilation channels into e−e+ and γ’s, strong limits on the annihilation cross section and the
corresponding branching ratios already exist for DM masses from few MeV to few hundred MeV as
shown in figure 2.6. These limits are below the natural scale 〈σA v〉natural ≈ 3·10−26 cm3/s of a velocity-
independent DM annihilation cross section and, therefore, velocity-independent DM self-annihilation
into photons and positrons can be excluded at 90 % C.L. in this DM mass range as discussed in section
2.3.3.

41
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lation (section 4.1), the resulting neutrino signal spectrum in the JUNO detector (sec-
tion 4.2), JUNO’s efficiency to detect IBD events (section 4.3) and the corresponding
visible energy spectrum in JUNO (section 4.4) is determined and discussed.

4.1. Neutrino Flux from Galactic Dark Matter Annihilation

The expected neutrino (or antineutrino) flux per flavor on Earth from DM self-annihilation
in the Milky Way is given by equation 2.2 in its general form. The study in this thesis is
performed under the assumption that DM is a Majorana particle (i.e. κ1 = 2) with non-
vanishing DM self-interaction, which annihilates into neutrinos in the halo of the Milky
Way. For the investigated DM masses of few MeV to 100 MeV, dominant annihilation
directly into neutrinos with a branching ratio of 100 % is assumed, since annihilation into
the other two possible channels is strongly constrained as discussed in section 2.3.3. The
direct annihilation into neutrinos, DM + DM → ν + ν̄, yields a monoenergetic neutrino
flux, where the neutrino energy Eν is equal to the dark matter mass mDM . Moreover, equal
neutrino flavor composition of the expected flux at Earth (i.e. κ2 = 3) is assumed similar
to the discussion in section 2.4. These assumptions result in an expected (anti-)neutrino
flux per flavor on Earth of

dφDMν
dEν

=
〈σA v〉
2m2

DM

1

3
δ(Eν −mDM )R0 ρ

2
0 Javg, (4.1)

where 〈σA v〉 describes the velocity-averaged DM self-annihilation cross section into all
neutrino flavors, R0 = (8.5 ± 1.0) kpc the distance from the solar system to the galactic
center2, ρ0 = 0.3 GeV/cm3 the local DM density [1] and Javg the dimensionless angular-
averaged J-factor introduced in equation 2.3.
The DM self-annihilation cross section 〈σA v〉 is defined as product of the cross section and
the relative velocity of dark matter particles in the halo of the Milky Way averaged over
the velocity distribution. The natural scale of the velocity-independent thermally-averaged
DM annihilation cross section is 〈σA v〉natural ' 3 ·10−26 cm3/s [76] and describes the cross
section needed to explain the observed abundance of DM in today’s universe assuming
thermal freeze-out3.
The expected neutrino flux from DM annihilation further depends on the DM distribution
in the halo of the Milky Way, which is represented by the J-factor Javg. Javg is the angular-
averaged DM intensity over the whole Milky Way and is given by the angular-averaged line
of sight integration of the square of the DM density profile ρ as already shortly discussed
in section 2.4. The galactic dark matter density profile has been investigated in various
studies, which led to several dark matter profile models proposed in literature [236]. The
majority of these models are based on numerical N-body simulations of the structural
evolution of the universe or on measurements of galactic rotation curves, and tend to
agree at larger radii (r & 10 kpc), but can considerably differ in the inner region of the
galaxy [96]. Especially in this central region, the observations of the rotation curves favor a
flat DM density profile, whereas N-body simulations of the universe’s structural evolution
prefer a cuspy (coreless) central density [237]. So, the chosen DM density profile model

2Latest measurements in 2019 presented in [234] determined the distance between solar system and
galactic center to be R0 = (8.178± 0.013 (stat.)± 0.022 (sys.)) kpc. Nevertheless, R0 = (8.5± 1.0) kpc,
as suggested in [1] and [235], is used here for better comparison with studies of other experiments
described in section 2.4.

3In case of suppression of the constant velocity-independent term, a velocity-dependent annihilation is
dominant and the annihilation cross section can be expanded in powers of v/c, which results in a
leading term of 〈σA v〉 ∝ (v(r)/c)2 or 〈σA v〉 ∝ (v(r)/c)4 in the non-relativistic limit [4]. To study of
velocity-dependent DM annihilation into neutrinos, the galactic J-factor needs to be reevaluated, since
the annihilation cross section depends on the distance r to the galactic center (for details see [4]).
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Table 4.1.: Parametrization of the DM profile models NFW, Moore and Kravtsov and the
resulting values of the angular-averaged J-factor Javg. The best-fit values of ρ0 of each
model and the resulting dimensionless J-factor are taken from [238]. The limiting minimum
and maximum values of ρ0 are calculated in [239] satisfying observational constraints. The
resulting minimum and maximum values of Javg determined in [96] are also shown. To
avoid numerical divergences by computing Javg, a flat core for r ≤ 0.015 kpc is assumed
in [96] and [238].

α β γ rs [kpc]
ρ0 [GeV/cm3] Javg

min. best-fit max. min. best-fit max.

NFW 1.0 3.0 1.0 20 0.20 0.30 1.11 1.3 3.0 4.1
Moore 1.5 3.0 1.5 28 0.22 0.27 0.98 5.2 8.0 104
Kravtsov 2.0 3.0 0.4 10 0.32 0.37 1.37 1.9 2.6 8.5

strongly affects Javg and the resulting neutrino flux. To quantify the impact of different
profile models on Javg and the neutrino flux, three of the most commonly used models for
the galactic DM halo are investigated within this thesis. All of these models assume a
spherically symmetric DM profile with isotropic velocity distribution and can be described
by the general parametrization of [96] as function of the distance r to the galactic center:

ρ(r) = ρ0

(
R0

r

)γ [1 + (R0/rs)
α

1 + (r/rs)α

]β−γ
α

(4.2)

with the scale radius rs, the inner cusp index γ, the slope β for r →∞ and the parameter
α, which determines the shape of the profile in regions around rs

4.
In the following, these three models are briefly described. Their corresponding parameters
α, β, γ and rs are compiled in table 4.1. Moreover, table 4.1 contains the best-fit values
of ρ0 and the resulting values of Javg of each model, together with the minimum and max-
imum values of ρ0 and Javg that satisfy observational constraints (for details see [239]).
The NFW model [240] is a central cusp model determined by N-body simulations of the
structural evolution in the cold DM scenario in the expanding universe and predicts an
infinitely increasing central peak. It represents the most prominent model used in indirect
DM searches. The model of Moore et al. [241] is based on high resolution N-body simula-
tions of cold DM halos, which have been compared with observations of galactic rotation
curves, and represents also a central cusp model. For the model of Kravtsov et al. [242],
measurements of rotation curves of galaxies are studied to estimate the galactic radial DM
density profile. The Kravtsov model predicts a flatter shape in the central region and
therefore a smaller value of Javg.
In figure 4.1, the DM density profiles of the Milky Way for the three different models are
shown as function of the distance r to the galactic center using the parameters of table 4.1.

The entire DM halo of the Milky Way is taken as source for DM annihilation into neutrinos
in this study, since the DM density profile differs significantly for r . 1 kpc depending
on the chosen DM profile model as shown in figure 4.1. This minimizes the impact of
differences of ρ(r) for r . 1 kpc on the J-factor Javg and on the resulting neutrino flux from
DM self-annihilation. Moreover, the neutrino flux from DM self-annihilation is maximal
by considering the whole DM halo as source. Nevertheless, this assumption accepts the

4In [236] and [238], a slightly different parametrization of the DM density profile is used, ρ(r) ∝
ρ0(

r
rs

)γ [
1+
(
r
rs

)α] β−γ
α

, which however yields the similar values of Javg for the corresponding DM density

profile model.
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Figure 4.1.: Radial density profiles ρ of the dark matter halo of the Milky Way for the
NFW, Moore and Kravtsov model as a function of the distance r to the galactic center.
The density profiles are calculated according to the parametrization of equation 4.2 with
the parameters of table 4.1 for radii r from 0.01 kpc to 40 kpc. The solid lines represent
the density profiles using ρ0,best−fit of each model. The colored bands illustrate the valid
region considering ρ0,min and ρ0,max of each model. The distance from the solar system to
the galactic center R0 = 8.5 kpc is shown as black dashed line.

loss of directional information about the incoming neutrinos5. Considering the best-fit
values of ρ0 of the three different DM profile models, the angular-averaged J-factor differs
by a factor of around 3. The impact of the choice of different DM density profile models
and corresponding values of Javg on the expected neutrino flux and the DM annihilation
cross section will be discussed in section 7.2. In the following, the canonical value of the
angular-averaged DM intensity over the whole Milky Way of [238], Javg = 5, is used for
simplicity and to allow a reasonable comparison to results of other neutrino experiments.
Considering the assumptions discussed above, the expected electron antineutrino flux on
Earth from DM self-annihilation in the entire Milky Way ranges from φDMν̄e (mDM =
100 MeV) ≈ 0.0059 cm−2s−1 to φDMν̄e (mDM = 10 MeV) ≈ 0.59 cm−2s−1 for an assumed
annihilation cross section of 〈σA v〉 = 3 · 10−26 cm3/s.

4.2. Antineutrino Signal from Dark Matter Annihilation in JUNO

The main detection channel of the JUNO detector to measure neutrinos with energies
below around 100 MeV is the inverse β decay (IBD), ν̄e + p → e+ + n, because of its
comparably large interaction cross section and the efficient background reduction due to
the temporal and spatial coincidence of prompt and delayed signal. Therefore, the IBD
reaction is used to measure the expected electron antineutrino flux from self-annihilation
of light DM particles with mDM ≤ 100 MeV in the Milky Way.
The neutrino energy spectrum, i.e. the number of electron antineutrino events as function
of the neutrino energy, from DM self-annihilation in the Milky Way detected via the IBD
reaction in the JUNO detector is given by

5In contrast to considering the entire DM halo of the Milky Way as source for neutrinos from DM self-
annihilation, also only the galactic center or a region around the galactic center can be observed to study
DM annihilation into neutrinos. One advantage of this approach is to use the directional information of
the incoming neutrinos to suppress isotropic background events. However, the J-factor and the resulting
neutrino flux can strongly differ in the region around the galactic center depending on the chosen DM
profile model and the expected neutrino flux is reduced compared to considering the entire DM halo.
JUNO’s ability to use the directional information to reduce background events and its sensitivity to
neutrinos from DM annihilation near the galactic center will be shortly discussed in section 7.4.3.
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dNS(Eν̄e)

dEν̄e
= σIBD(Eν̄e)

dφDMν̄e (Eν̄e)

dEν̄e
Ntarget t εIBD εµ veto (4.3)

with the IBD interaction cross section σIBD, the electron antineutrino flux from DM
annihilation dφDMν̄e /dEν̄e , the number of target protons Ntarget, the total exposure time t,
the IBD detection efficiency εIBD and the efficiency εµ veto due to the application of the
muon veto.
The IBD interaction cross section is approximated with the parametrization performed
in [192]:

σIBD(Eν) ≈ 10−43 cm2 peE
(0)
e E−0.07056+0.02018 lnEν−0.001953 ln3 Eν

ν . (4.4)

Here, all energies are expressed in MeV and E
(0)
e = Eν − ∆ defines the positron energy

of the IBD reaction at zeroth order of 1/Mp with ∆ = Mn −Mp. This parametrization
agrees with the full analytical result of [192] within a few per mil for neutrino energies
below 300 MeV.
The electron antineutrino flux on Earth is taken as in equation 4.1. To estimate the
expected flux and the number of electron antineutrino events in JUNO, the assumptions
presented in the previous section are used, e.g. the canonical value Javg = 5 of the angular-
averaged J-factor. The total number of free protons is Ntarget = 1.45 · 1033 for JUNO’s
central detector containing 20 kt of liquid scintillator. The total exposure time of JUNO
is set to t = 10 years for this study. This is feasible for JUNO, which is expected to run
for at least 20 years, and roughly similar to the exposure times of neutrino experiments
described in section 2.4 and shown in figure 2.6.
The IBD detection efficiency εIBD strongly depends on the chosen IBD selection criteria
and describes the fraction of detected IBD events in the JUNO detector based on the set
selection criteria to the total number of IBD reactions inside the detector. The determi-
nation of the selection criteria, that provide the best signal to background ratio, and of
the resulting IBD detection efficiency is one important part investigated within this thesis
and is discussed in section 4.3 in detail.
The efficiency εµ veto describes the loss of exposure of JUNO’s central detector volume
due to the application of the muon veto cut, which suppresses the background of cosmic
muons and cosmogenic isotopes induced by cosmic muon spallation inside the detector.
JUNO’s efficiency due to the application of the muon veto for the studies of this thesis is
determined to εµ veto = 97.2 % by simulations and described in detail in section 5.4.1.

4.3. IBD Selection Criteria and JUNO’s Detection Efficiency

The IBD selection criteria contain a set of selection cuts that are applied to determine
statistically whether a signal is caused by an inverse β decay reaction or not. The purpose
of these selection criteria is to achieve the best signal to background ratio NS/

√
NS +NB

with the number of signal and background events NS and NB, respectively. Due to the
distinctive IBD signal signature of prompt and delayed signal coincident in time and space,
the following selection cuts to specify IBD events can be employed:

A volume cut on the prompt signal is applied, where only a part of the total volume
of JUNO’s central detector acts as fiducial volume mainly to reduce external backgrounds
at the outer region of the liquid scintillator volume. A cut on the energy of the prompt
signal specifies the energy window that is observed. Additionally, a cut on the energy of
the delayed signal ensures neutron captured on hydrogen specified by the emission of a
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2.2 MeV gamma. The temporal coincidence between prompt and delayed signal is con-
sidered in a time difference cut. A cut on the number of delayed signals, the so-called
multiplicity cut, is also applied. Since prompt and delayed signal are also correlated in
space, a cut on the distance between them factors in the spatial coincidence of the IBD.
Furthermore, a volume cut on the position of the delayed signal is applied.

A simulation of 20,000 IBD events with JUNO’s detector simulation (section 3.4) is per-
formed in this thesis to study JUNO’s detector response to IBD events. Based on the
simulation data, the cut parameters of the introduced selection criteria that result in the
best signal to background ratio NS/

√
NS +NB and the corresponding IBD detection ef-

ficiency are determined.
Each simulated IBD event consists of one e+-n pair specified by the kinetic energies of
positron and neutron. The calculation of the positron and neutron energy of an IBD event
as function of the neutrino energy is described in the following:
DM particles with masses between 10 MeV and 100 MeV are studied in this thesis and
the energy of the electron antineutrinos produced by DM annihilation is equal to the DM
mass, Eν̄e = mDM . So, the electron antineutrino energy Eν̄e is sampled from a uniform
distribution between 10 MeV and 100 MeV. The total energy of the positron produced in
an IBD interaction depends on Eν̄e and the scattering angle θ between incoming neutrino
and outgoing positron direction and is calculated with [243]

E(1)
e = E(0)

e

[
1− Eν̄e

Mp

(
1− v(0)

e cos θ
)]
− y2

Mp
(4.5)

at first order of 1/Mp (E
(0)
e = Eν̄e − ∆ is the positron’s energy and v

(0)
e = p

(0)
e /E

(0)
e its

velocity at zeroth order of 1/Mp, ∆ = Mn −Mp and y2 = (∆2 −m2
e)/2). The cosine of

the scattering angle θ is sampled from the differential IBD cross section at first order of
1/Mp [243]:

(
dσ

d cos θ

)(1)

=
σ0

2

[(
f2 + 3g2

)
+
(
f2 − g2

)
v(1)
e cos θ

]
E(1)
e p(1)

e −
σ0

2

[
Γ

Mp

]
E(0)
e p(0)

e . (4.6)

The vector and axial-vector coupling constants are f = 1 and g = 1.26. v
(1)
e and p

(1)
e are

the positron’s velocity and momentum at first order of 1/Mp. The normalizing constant

σ0 and the function Γ, which depends on E
(0)
e , v

(0)
e and cos θ, are given in equation 8 and

13 of [243].
The corresponding kinetic energy of the neutron at first order of 1/Mp is calculated with

En,kin =
Eν̄eE

(0)
e

Mp

(
1− v(0)

e cos θ
)

+
y2

Mp
. (4.7)

MC truth data on position, photon hit times, number of photo-electrons (p.e.), quenched
deposited energy etc. of the 20,000 simulated IBD events is used to analyze JUNO’s
detector response6. Since MC truth data represents the ideal detector response without
taking into account effects of the electronics or applied reconstruction algorithms, MC
truth data is smeared with the expected vertex and time resolution of JUNO to obtain a
more realistic detector response.

6The events are randomly distributed in JUNO’s central detector volume within a radius ofRtotal = 17.7 m
and simulated with JUNO DetSim version J18v1r1-Pre1.
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JUNO’s vertex resolution of e+, e− and γ considering the TTS and DCR of the 20-inch
PMTs and assuming point-like events is evaluated in [244] to σvertex ≈ 110 mm/

√
Evis[MeV]

for visible energies below 8 MeV. For higher visible energies between 10 MeV and 100 MeV,
the prompt energy deposition of e+ of IBD events is not point-like. Analyzing the sim-
ulated IBD events, the mean track length 〈L〉 and the maximal track length Lmax of
positrons is 〈L〉 ≈ 210 mm and Lmax ≈ 500 mm. So, these quasi point-like events deposit
their energy along a track of 210 mm on average. To take into account this spatial extend
of the energy deposition, a vertex resolution of σvertex = 250.0 mm is assumed for events
with visible energies between 10 MeV and 100 MeV. This assumed vertex resolution also
agrees with the vertex resolution presented in section 6.1, which has been determined using
the vertex reconstruction algorithm described in section 3.4.4.
The time resolution for p.e. at the PMTs of JUNO is defined by their TTS. It is considered
by smearing the photon hit time thit with a Gaussian distribution with σ = TTS/(2

√
2 ln 2)

by using the TTS parameters7 shown in table 3.2.

The reconstructed position of the prompt signal is defined by the initial position of the
positron from the MC truth data smeared with a Gaussian distribution with the vertex
resolution σvertex = 250.0 mm introduced above.
The properties of energy and time of the prompt and delayed signal of the simulated
event are specified by the pulse shape of the event. The pulse shape is the number of p.e.
registered by the PMTs as function of the photon emission time tpe and represents the
temporal evolution of the signal independent of the position inside the central detector.
Since MC truth data contains the number of p.e. as function of the hit time thit at the
PMT and not as function of the photon emission time tpe, the hit times must be corrected
with the time-of-flight of the photons from their emission point to the absorption point at
the PMT. The procedure for this correction is the following8:
For each registered photon hit, the ID number of the PMT and therefore its position is
known. With the PMT position and the reconstructed position of the prompt signal de-
scribed above, the distance d = |~rreco− ~rPMT | between the emission and absorption point
can be calculated. Moreover, the time-of-flight ttof = d/ceff can be calculated assuming an
effective speed of light ceff . This effective speed of light is tuned in [244] to reduce the bias
of the vertex reconstruction. This bias occurs because of different effects like e.g. reflec-
tions on the acrylic sphere or PMT glass, scattering of the photons with the LS particles
or the different refractive indices of water (nH2O = 1.33) and LS (nLS = 1.49). In [244],
the resulting effective speed of light is determined as ceff = 194.17 mm/ns for the 20-inch
dynode and 3-inch PMTs and ceff = 189.98 mm/ns for the 20-inch MCP PMTs. It should
be noted here, that the different values of ceff for different PMT types are not physically
motivated, but reduce the vertex bias best (for details see [244,245]). The hit time thit of
MC truth data is smeared with the corresponding TTS of the PMT and the time-of-flight
ttof is subtracted, resulting in the photon emission time tpe = thit,smeared − ttof . This
defines the time of the photon emission in the liquid scintillator. The histogram of these
photon emission times determines the pulse shape of the event and is divided into a prompt
signal window from 0 ns to 1 µs and a delayed signal window from 1 µs to 2 ms. Less
than 0.5 % of all delayed signals fall into the prompt signal window. The bin-width of the
histogram is set to 5 ns.
The pulse shape of the prompt signal window is integrated over the photon emission
time to get the total number of p.e. Np.e. of the prompt signal. For the conversion
of total number of p.e. to visible energy in MeV, a linear conversion function Evis =

7The TTS parameters of table 3.2 are given as FWHM of the transit time distribution.
8The described time-of-flight correction is only valid for quasi point-like events with typical track lengths

below around 0.5 m. This is the case for positrons, electrons, protons or α particles with visible energies
below around 100 MeV (see also section 3.4).
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Figure 4.2.: Visible energy distribution of positrons simulated with JUNO’s detector sim-
ulation as function of the detected number of p.e.. The visible energy Evis is given by the
quenched deposited energy in MeV. Positrons with kinetic energies between 10 MeV and
100 MeV are simulated. The plot contains data of 10,000 positron events. A linear fit
Evis = A ·Np.e. is performed on the data, which results in A = 7.045 · 10−4 MeV/p.e..

7.045 · 10−4 MeV/pe ·Np.e. is used. Positron events with kinetic energies between 10 MeV
and 100 MeV are simulated with JUNO’s detector simulation inside the central detector
volume. Then, a linear fit of the quenched deposited energy, which is equal to the visible
energy Evis, as function of the corresponding number of p.e. is performed to determine
the conversion function. The results of the simulation and the corresponding linear fit
function are shown in figure 4.2.
The time window of the delayed signal of the pulse shape is analyzed to determine the
number of delayed signals, the times, when the delayed signals begin and end, and the cor-
responding energies. The begin time of a delayed signal is given by the photon emission
time, if the number of p.e. in a time window of 5 ns is above the threshold of 250 p.e.,
which is equivalent to a visible energy of around 0.2 MeV. The end time of a delayed
signal is defined as the photon emission time, if each number of p.e. of three consecutive
time windows of 5 ns is below the threshold of 250 p.e.. The energy of a delayed signal
is calculated by integrating the pulse shape from begin to end time and converting the
resulting number of p.e. into visible energy in MeV with the linear conversion function
Evis = 7.045 · 10−4 MeV/pe ·Npe of figure 4.2.
The position of the delayed signal, i.e. the position of the neutron capture, inside the
detector is taken from the MC truth data and randomly smeared with the vertex reso-
lution. Since a γ particle with E = 2.2 MeV is emitted in the neutron capture process
on hydrogen, the vertex resolution σvertex = 110 mm/

√
E[MeV] ≈ 74.0 mm is assumed.

The distance between prompt and delayed signal is therefore given as difference between
the reconstructed position of the prompt signal and reconstructed position of the delayed
signal, d = |~Rprompt − ~Rdel|. The distributions of the data of all 20,000 simulated IBD
events after the analysis are displayed in section A.1 of the appendix.

Based on the analysis results described above, different cut parameters of the IBD selec-
tion criteria are tested. To be able to specify the efficiencies due to different cut parameters
independently, the volume cut on the prompt signal, the energy cut on the prompt signal
and the total delayed cut are applied separately to the simulated events. The total delayed
cut combines all cuts related to the delayed signal and consists of the time difference cut,
multiplicity cut, energy cut on the delayed signal, distance cut and volume cut on the
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delayed signal. These cuts are applied consecutively in the above order.
The cut parameters that lead to the best selection criteria in terms of signal to back-
ground ratio are listed in table 4.2 and discussed in the following. The volume cut on
the reconstructed position of the prompt signal, also called fiducial volume cut, is set to
Rprompt =

√
X2 + Y 2 + Z2 < 16.0 m, which reduces the fiducial mass of JUNO from

20 kt to 14.77 kt. The energy cut on the prompt signal is set to 10.0 MeV ≤ Eprompt ≤
100.0 MeV. To pass the time difference cut, begin and end time of at least one delayed
signal must be within the delayed time window between 1.0 µs and 1.0 ms. The multi-
plicity cut of Nmult = 1 allows only one signal in the delayed time window between 1.0 µs
and 1.0 ms as expected for IBD events and is only applied to events that pass the time
difference cut. The energy cut on the delayed signal of 1.8 MeV ≤ Edel ≤ 2.7 MeV is
applied on all events that pass time and multiplicity cut. After these cuts, the cut on the
distance between prompt and delayed signal of d < 1.0 m, and, subsequently, the volume
cut on the position of the delayed signal of Rdel < 17.7 m is applied.
The selection criteria with the cut parameters of table 4.2 are applied to all 20,000 sim-
ulated IBD events and cut efficiencies are defined as number of events that pass the cut
divided by the total number of events the cut is applied to. The efficiency of each single
cut with its statistical error, together with the total IBD detection efficiency, is compiled
in table 4.2.
The volume cut on the prompt signal with cut efficiency of εRprompt = (73.0 ± 0.7) %
reduces the IBD detection efficiency the most compared to the other cuts due to the strict
cut criterion of Rprompt < 16 m, which is set to reduce fast neutron background events
(details in section 5.4.2), the effect of total reflection at the acrylic sphere and background
from external radioactivity. The efficiency of the total delayed cut of εdel = (92.6± 1.5) %
is dominated by the time difference cut and the energy cut on the delayed signal, whereas
the cuts on the multiplicity and the distance influence the cut efficiency only negligibly.

The total IBD detection efficiency averaged over the visible energy region is determined to
εIBD = (67.0± 0.7) % and displayed in figure 4.3 as function of the prompt visible energy.
Above visible energies of 85 MeV, the IBD detection efficiency slightly decreases due to
edge effects of the energy cut. For Evis < 85 MeV, the efficiency doesn’t depend on the
energy within statistical fluctuations. Therefore, an energy-independent IBD detection
efficiency of εIBD = 67.0 % is assumed and used to calculate the neutrino energy spectrum
in equation 4.3.

4.4. Visible Energy Spectrum in JUNO

The neutrino energy spectrum of equation 4.3 describes the number of IBD events from
DM self-annihilation expected in JUNO as function of the neutrino energy and is propor-
tional to the expected monoenergetic electron antineutrino flux. Thus, the neutrino energy
spectrum is a monoenergetic spectrum at Eν = mDM . Since JUNO will measure the vis-
ible energy Evis, which represents the quenched deposited energy and is proportional to
the number of p.e. (see figure 4.2), the neutrino energy spectrum needs to be converted
into the visible energy spectrum. This is given by the number of IBD events as function of
the visible energy taking into account the kinematics of the IBD detection channel. The
resulting visible energy spectrum for a fixed DM mass is calculated numerically with the
following procedure:
The electron antineutrino energy Eν̄e is equal to the fixed DM mass mDM . With Eν̄e , the
differential IBD interaction cross section dσ/d cos θ of equation 4.6 is calculated as func-
tion of the scattering angle θ and normalized that

∫ 2π
0 dσ/d cos θ dθ = 1. Then, 100,000

values of cos θ are randomly sampled from the differential cross section and the resulting

total positron energies E
(1)
e are calculated with equation 4.5 for Eν̄e and each sampled
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Table 4.2.: Selection criteria and cut parameters for IBD events, together with the resulting
cut efficiencies ε and the total IBD detection efficiency εIBD. The cut efficiencies are
determined by the analysis of IBD events simulated with JUNO’s detector simulation.
The consecutively applied cuts of the delayed cut are listed from (a) to (e) and their
efficiencies are labeled as εj . The number of events Nbefore the cut is applied to, the
number of events Nafter that pass the applied cut and the statistical errors ∆ε and ∆εj of
each cut efficiency are also shown.

selection criteria and cut parameters Nbefore Nafter ε±∆ε in % εj ±∆εj in %

Volume cut on prompt signal:
20,000 14,600 73.0± 0.8

Rprompt < 16.0 m

Energy cut on prompt signal:
20,000 19,236 96.2± 1.0

10.0 MeV ≤ Eprompt ≤ 100.0 MeV

Total delayed cut: 20,000 18,514 92.6± 0.9

(a) Time difference cut:
20,000 19,130 95.7± 1.0

1.0 µs ≤ ∆t ≤ 1.0 ms
(b) Multiplicity cut:

19,130 19,124 99.97± 1.0
Nmult = 1

(c) Energy cut on del. signal:
19,124 18,631 97.4± 1.0

1.8 MeV ≤ Edel ≤ 2.7 MeV
(d) Distance cut:

18,613 18,569 99.7± 1.0
d < 1.0 m

(e) Volume cut on del. signal:
18,569 18,514 99.7± 1.0

Rdel < 17.7 m

Total IBD detection efficiency 20,000 13,390 67.0± 0.7
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Figure 4.3.: Total IBD detection efficiency as function of the visible energy. The efficiency
is determined by applying the prompt volume, prompt energy and total delayed cut de-
scribed in section 4.3 and summarized in table 4.2. The efficiency average over the visible
energy region 〈ε(Evis)〉 = 67.0 % is also displayed.
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value of cos θ. Afterwards, the visible energy of the prompt IBD signal is calculated for

each value of the positron energy with Evis = E
(1)
e + me. Here it is assumed, that the

total prompt visible energy of an IBD event is only related to the positron energy de-
position. As shown in equation 4.7, the kinetic energy of the neutron produced via IBD
also depends on the incoming neutrino energy and the scattering angle and increases with
increasing neutrino energies. Therefore, neutrons can have kinetic energies up to around
20 MeV for Eν̄e ≤ 100 MeV. Such neutrons can deposit quenched energies up to 10 MeV in
the prompt time window by scattering off protons and therefore contribute to the prompt
energy. Nevertheless, more than 90 % of the prompt visible energy of IBD events with
Eν̄e ≤ 100 MeV is related to the positron energy deposition, which justifies the assumption

of Evis = E
(1)
e + me. The visible energy of the prompt signal is then randomly smeared

with JUNO’s energy resolution of equation 3.16. This yields 100,000 values for the smeared
visible energy, which are display in a histogram with bin-width of 1 MeV and between vis-
ible energies of 10 MeV and 100 MeV. Finally, the histogram entries are scaled in such
way, that the integral over the visible energies is equal to the expected number of signal
events NS of the assumed DM mass.
This represents the visible energy spectrum dNS/dEvis of electron antineutrinos from DM
self-annihilation in the Milky Way expected in the JUNO detector via IBD interactions
for a fixed DM mass 9. In figure 4.4, the visible energy spectra in JUNO after 10 years
of data taking are shown exemplarily for different DM masses assumed and represent the
expected spectrum in JUNO after applying the IBD selection cuts of table 4.2.
Since the DM annihilation cross section 〈σA v〉 is not yet determined, the currently most
stringent 90 % C.L. upper limits provided by neutrino experiments are utilized to esti-
mate the electron antineutrino flux on Earth and the resulting number of events in JUNO.
The strongest limitations of the DM annihilation cross section into neutrinos for DM
masses between 15 MeV and 100 MeV are achieved by the Super-Kamiokande experi-
ment in [4] and [75] ranging from 〈σA v〉90% C.L. (mDM = 30 MeV) = 1.94 · 10−25 cm3/s
to 〈σA v〉90% C.L. (mDM = 100 MeV) = 1.91 · 10−24 cm3/s as discussed in section 2.4 and
displayed in figure 2.6.
The resulting numbersNS of IBD events from self-annihilation of DM particles with masses
between 20 MeV and 100 MeV are also displayed in figure 4.4 ranging from NS = 8.0 for
mDM = 30.0 MeV to NS = 50.2 for mDM = 100.0 MeV after 10 years of data taking.
These numbers represent the largest expected numbers of signal events that are still al-
lowed within the latest constraints. Assuming the natural scale of the DM annihilation
cross section 〈σA v〉natural ' 3 · 10−26 cm3/s, the expected numbers of events measured in
JUNO are in the range of 1 event after 10 years of data taking.
The monoenergetic spectrum is broadened and the width of the visible energy spectra
increase for larger DM masses, i.e. larger neutrino energies, as visible in figure 4.4. This is
mainly due to the kinematics of the IBD reaction, where energy is also partly transferred
to the neutron depending on the scattering angle θ. Moreover, the visible energy spectra
are widened because of the smearing due to the considered energy resolution. However,
this is just a small effect10 because of JUNO’s energy resolution of σE/E ≈ 3 %/

√
E, which

represents an advantage over water Cherenkov detectors.
To be able to detect electron antineutrinos from DM self-annihilation in the Milky Way,

9To prove the validity of the calculation of the visible energy spectrum described above, the visible
energy spectrum is also predicted by simulating 10,000 IBD events with the JUNO detector simulation
(version J18v1r1-Pre1) for an exemplary DM mass of mDM = 60.0 MeV. The calculated spectrum for
mDM = 60.0 MeV and the simulated spectrum give similar results and agree very well with each other.
Therefore, to avoid large simulation samples of each possible DM mass, the described calculation is
used to predict the visible energy spectra of IBD events from DM annihilation in JUNO.

10As expected, the FWHM of the signal spectrum is broadened by the energy resolution by σE = 3 % ·√
Evis[MeV] compared to the spectrum, where only IBD kinematics are considered.
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Figure 4.4.: Visible energy spectra dNS/dEvis of electron antineutrinos produced by DM
self-annihilation in the Milky Way and detected via IBD reactions in JUNO. As example,
the visible energy spectra for DM masses of 20 MeV, 30 MeV, 40 MeV, 50 MeV, 60 MeV,
70 MeV, 80 MeV, 90 MeV and 100 MeV are shown following the description in section 4.4.
All spectra are calculated for a total exposure time of 10 years considering an efficiency due
to the application of the muon veto of εµ veto = 97.2 % and a total IBD detection efficiency
of εIBD = 67.0 %, which leads to a fiducial mass of 14.77 kt. Moreover, an angular-
averaged J-factor of Javg = 5.0 and the currently most stringent limits of the annihilation
cross section from Super-K [4, 75] for each DM mass are assumed. Furthermore, the
expected number of signal events NS for each assumed DM mass is displayed.

detailed knowledge about potential backgrounds in the JUNO detector is essential. Fur-
thermore, if JUNO won’t detect an IBD signal from DM annihilation, it could at least
set an upper limit on the expected monoenergetic electron antineutrinos flux φDMν̄e and on
the DM self-annihilation cross section 〈σA v〉.



5. Background Sources in JUNO

Detailed knowledge about potential background sources and their background spectra in
the JUNO detector is essential to investigate JUNO’s sensitivity for indirect DM search
with neutrinos. In this chapter, all sources that lead to a background contribution in the
JUNO detector with visible energies between few MeV and 100 MeV are discussed and
their strength is determined. These backgrounds can be separated into two parts: IBD
backgrounds and IBD-like backgrounds.
IBD backgrounds summarize all backgrounds produced in IBD interactions, ν̄e+p→ e++n,
and therefore state irreducible backgrounds, since they cannot be distinguished from the
IBD signals from DM self-annihilation described in the previous section. IBD backgrounds
in JUNO are the reactor electron antineutrino background (see section 5.1), the diffuse
supernova neutrino background (see section 5.2) and atmospheric electron antineutrinos
interacting with free protons via charged current interaction (see section 5.3.2).
In contrast to that, IBD-like backgrounds contain all backgrounds that can mimic an IBD
signal signature in JUNO’s central detector. These background events can pass the IBD
selection criteria defined in section 4.3 even if they are not produced in an IBD reaction.
IBD-like backgrounds in JUNO are atmospheric electron neutrinos and antineutrinos in-
teracting with 12C via charged current interactions (see section 5.3.2), atmospheric muon
neutrinos and antineutrinos interacting via charged current with free protons and 12C (see
section 5.3.2) and neutral current reactions of atmospheric neutrinos and antineutrinos
with free protons and 12C (see section 5.3.3). Moreover, also interactions induced by cos-
mic muons, like fast neutrons from the surrounding rock, cosmogenic isotopes and decaying
muons, can cause IBD-like backgrounds in the JUNO detector (see section 5.4).
Additional background contributions from geo-neutrinos as well as non-neutrino back-
grounds caused by natural radioactivity and accidental coincidences of non-correlated sig-
nals are discussed in section 5.5.

5.1. Reactor Electron Antineutrino Background

The largest background contribution for the indirect DM search with neutrinos in JUNO
below energies of around 10 MeV is the reactor electron antineutrino background, since
JUNO’s detector design and its location has been chosen with the goal to measure elec-
tron antineutrinos produced in nuclear fission processes in nuclear power plants with high
statistics. The visible energy spectrum of reactor electron antineutrinos in JUNO, espe-
cially the high energetic region of the reactor spectrum, is discussed in this section.

53
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As described in section 3.1.2, reactor ν̄e’s are emitted in β-decays of instable fission frag-
ments, where the fission of the four fuel isotopes 235U, 238U, 239Pu and 241Pu constitutes
more than 99.7 % of the thermal power and electron antineutrino production. The result-
ing reactor electron antineutrino flux φreactorν̄e is defined in equation 3.7 and depends on
the thermal power Wth of the nearby nuclear power plants, the fission rate Rf , the fission
fraction Fi of each fission isotope and the antineutrino flux φf,i per fission of each isotope.
The total thermal power of the Yangjiang and Taishan reactor cores will beWth = 35.8 GW
after completely finishing their construction, whereas at the beginning of JUNO’s data tak-
ing the combined thermal power will be reduces to 26.6 GW. Nevertheless, Wth = 35.8 GW
is used to estimate the expected reactor ν̄e flux, which will slightly overestimate the flux1.
The fission rate, i.e. the number of fission per GW and second, is evaluated in [5] to
Rf = 3.125 ·1019 fission/(GW s). The fission fractions Fi in the Yangjiang and Taishan re-
actor cores are adopted to be equal to the average values of the Daya Bay nuclear cores, be-
cause they are all pressurized water reactors [5]. Therefore, F235U = 0.577, F238U = 0.076,
F239Pu = 0.295 and F241Pu = 0.052 is assumed here.
To predict the antineutrino flux and the spectrum φf,i per fission of each isotope, the sum-
mation method is used, which takes advantage of the available information on the β-decays
of each fission fragment and sums over each nuclide’s individual spectrum to obtain the
total flux [165]. In contrast to that, the inversion method exploits the total spectrum by
converting measured β-spectra of 235U, 239Pu and 241Pu into the corresponding antineu-
trino flux. The inversion method provides the most precise results with uncertainties of
2-3 %, but predicts the antineutrino flux only up to Eν = 8 MeV, since the measurements
were only performed up to this energy [162, 163]. Therefore, the reconstructed electron
antineutrino spectra calculated in [164] with the summation method are used to determine
the electron antineutrino flux of each isotope to be able to predict the flux also for energies
above 8 MeV.
To determine the reactor ν̄e flux at JUNO site, three flavor neutrino vacuum oscillation
as presented in section 3.1.1 is considered for normal and inverted neutrino mass ordering
by using the electron antineutrino survival probability Pν̄e→ν̄e defined in equation 3.9 with
the distance between reactor cores and JUNO detector of L = 52.5 km and the oscillation
parameters illustrated in table 3.1.
The neutrino energy spectrum of reactor neutrinos measured via the IBD in the JUNO
detector is derived from the reactor electron antineutrino flux φreactorν̄e after considering
neutrino oscillation as described above:

dNreactor (Eν̄e)

dEν̄e
=

1

4π L2
σIBD (Eν̄e)

dφreactorν̄e (Eν̄e)

dEν̄e
Ntarget t εIBD εµ veto Pν̄e→ν̄e (Eν̄e , L) .

(5.1)

The remaining parameters to determine the reactor neutrino energy spectrum are chosen
equal to the values used to predict the neutrino energy spectrum from DM annihilation
in equation 4.3. A total uncertainty of 10 % of the reactor electron antineutrino energy
spectrum is conservatively assumed [246].
The resulting reactor neutrino energy spectrum of equation 5.1 expected to be measured
via the IBD in JUNO after a runtime of 10 years and for a fiducial mass of 14.77 kt
is shown in figure 5.1 for normal and inverted mass ordering. Figure 5.1 also displays
the expected electron antineutrino energy spectrum from self-annihilation of DM particles
with mDM = 15 MeV calculated with equation 4.3 and assuming the currently best limit

1In addition to the Yangjiang and Taishan NPPs, the Daya Bay NPP and Huizhou NPP are located at
distances to the detector of 215 km and 265 km, respectively, with 17.4 GW each. These reactors only
contribute 0.5 % to the total thermal power [5] and are therefore neglected here.
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Figure 5.1.: Expected reactor electron antineutrino energy spectrum in JUNO after
10 years of data taking and for a fiducial mass of 14.77 kt for normal (dashed line)
and inverted (solid line) neutrino mass ordering. The inset shows the reactor neu-
trino spectrum for Eν ≥ 10 MeV together with the expected electron antineutrino
peak from annihilation of DM particles with mDM = 15 MeV described in section
4.2 and calculated with equation 4.3 assuming the currently best 90 % upper limit of
〈σA v〉 (mDM = 15 MeV) = 6.4 · 10−25 cm3/s.

of the annihilation cross section of 〈σA v〉 = 6.4 · 10−25 cm3/s for mDM = 15 MeV [4]
for comparison. The reactor neutrino spectrum in JUNO overwhelms the neutrino signal
spectrum from DM self-annihilation by orders of magnitudes for Eν . 11 MeV.

The visible energy spectrum dNreactor/dEvis of the reactor ν̄e backgrounds is generated
from the reactor neutrino energy spectrum of equation 5.1 considering the IBD kinematics
defined in equation 4.5 and JUNO’s energy resolution presented in section 3.3.2. The pro-
cedure is similar to the calculation of dNS/dEvis depicted in section 4.4 and is described
in the following:
One million values of Eν̄e are randomly generated from the reactor neutrino energy spec-
trum of equation 5.1 for neutrino energies above 10 MeV 2. Then, one thousand values of
the positron energy Ee are calculated for each generated value of Eν̄e taking into account
the IBD kinematics of equation 4.5 similar to section 4.3. Afterwards the visible energy
Evis = Ee +me is calculated for each generated value of Ee and smeared with the energy
resolution of equation 3.16 using a = 2.973 %, b = 0.768 % and c = 0.970 % (as described
in section 3.3.2). The values of Evis are stored in a histogram with bin-width of 1 MeV to
get the visible energy spectrum of the reactor ν̄e background.
The resulting visible energy spectrum of the reactor background expected to be measured
via IBD reactions in the JUNO detector after 10 years of data taking and for a fiducial
mass of 14.77 kt is shown in figure 5.2 for visible energies from 10 MeV to 100 MeV. In
this energy region, Nreactor = 38.2± 3.8 reactor ν̄e backgrounds events are expected. This
yields an event rate of reactor background events of Rreactor = (0.26 ± 0.03) yr−1 kt−1.
Moreover, the reactor electron antineutrino background sets the lower edge of the detec-
tion window for neutrinos from DM self-annihilation to Evis,min ≈ 10.0 MeV as shown in
figure 5.1.

2For neutrino energies below 10 MeV, the reactor neutrino energy spectrum heavily overtops the ex-
pected neutrino spectrum from DM annihilation as illustrated in figure 5.1. Therefore only electron
antineutrino energies above 10 MeV are considered here.
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Figure 5.2.: Total expected visible energy spectrum of IBD events in JUNO after 10 years
of data taking, for fiducial mass of 14.77 kt and for visible energies between 10 MeV and
100 MeV. All events pass the IBD selection criteria described in section 4.3. The reactor
ν̄e background described in section 5.1 is display in cyan with Nreactor = 38.2± 3.8. The
diffuse supernova neutrino background (DSNB) discussed in section 5.2 is shown in blue,

where the solid blue line represents the fiducial case with Nfid
DSNB = 15.0 ± 6.0, while

the blue region is bounded by the high and low case, respectively. The atmospheric CC
background of electron antineutrinos interacting with free protons of section 5.3.2 is shown
as dark green line (NatmoCC,ν̄e+p = 30.5±7.6), whereas the atmospheric CC background of
ν̄e’s interacting with 12C nuclei is displayed as light green line (NatmoCC,ν̄e+12C = 5.9±1.5).
The IBD-like atmospheric NC background studied in detail in section 5.3.3 is shown in
orange with NatmoNC = 757 ± 220. The fast neutron background (NFN = 99.9 ± 20.0)
is introduced in section 5.4.2 and shown in magenta. The electron antineutrino signal
spectrum calculated in chapter 4 with the currently best limit of the DM annihilation
cross section of 〈σA v〉Super−K (mDM = 50 MeV) = 1.1 · 10−24 cm3/s is shown in red
exemplarily for mDM = 50 MeV resulting in NS = 40.0.
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5.2. Diffuse Supernova Neutrino Background

The diffuse supernova neutrino background (DSNB) is caused by the diffuse flux of neutri-
nos and antineutrinos of all flavors produced in each supernova occurred in the universe.
It is isotropic and constant over the lifetime of JUNO and, moreover, contains informa-
tion about the cosmic star formation rate, the average core-collapse supernova neutrino
spectrum and the rate of failed supernovae, i.e. stars that collapse directly into black
holes without explosion [247]. The significant detection region of the DSNB lies between
neutrino energies of around 5 MeV to 35 MeV [179]. Therefore, the ν̄e flux of the DSNB
could cause an IBD background for the indirect DM search with JUNO.
Up to now, the DSNB was not measured by present neutrino detectors, but the Super-
Kamiokande experiment sets the currently best limit, imposing an upper bound on the elec-
tron antineutrino flux of φDSNBν̄e = (2.8− 3.0) cm−2s−1 for Eν̄e ≥ 17.3 MeV at 90 % C.L..
The study of the DSNB performed within this thesis follows the work presented in [247],
wherein the DSNB flux is modeled by using a set of simulation results for neutron star
forming and black hole forming stellar collapses from the Garching group [248,249].
The intensity and spectrum of the DSNB depend on the cosmological rate of core col-
lapses ρ̇(z,M). This, so-called, supernova rate is differential in the progenitor mass M
and proportional to the star formation rate RSF (z) at redshift z [247]:

ρ̇(z,M) = RSF (z)
φ(M)∫ 125M�

0.5M�
M φ(M) dM

(5.2)

with the mass of the Sun M� = 1.99 · 1030 kg and the initial mass function (IMF) φ(M)
describing the mass distribution of stars at birth. To estimate the supernova rate, the
Salpeter IMF φ(M) ∝ M−2.35 of [250] is used here. The star formation rate is well
described by the functional fit of [251]:

RSF (z) = RSF (0) ·


(1 + z)β , for 0 < z < 1,

2β−α (1 + z)α , for 1 < z < 4.5,

2β−α 5.5α−γ (1 + z)γ , for 4.5 < z < 5,

(5.3)

where α = −0.26, β = 3.28, γ = −7.8 and RSF (0) = O(10−2)M� Mpc−3 yr−1. Fol-

lowing [247], a total supernova rate normalization of Rcc(0) =
∫ 125M�

8M�
ρ̇(0,M)dM =

(1.25± 0.5) 10−4 Mpc−3 yr−1 is taken.
The outcome of the collapse, either explosion or direct black hole formation, depends on
the interplay of several factors and leads to a complex pattern of the distribution of black
hole forming collapses with M . Since the mechanism of a collapse into a black hole is still
not fully understood, three different possibilities are investigated in [247] to account for
this uncertainty labeled by the fraction fBH of collapses that result in direct black hole
formation3:

� fBH = 0.09: all stars with M ≥ 40M� result in failed supernovae, which represents
the case, where direct black hole formation is rare and the DSNB is only slightly
affected.

� fBH = 0.14: stars with M ≥ 40M� or with masses between 25 M� and 30 M�
directly form black holes. Stars with M ∼ (25 − 30)M� have high compactness,
which is a characteristic of the density structure of the progenitor, and are more
likely to form black holes than stars with M ∼ (30− 40)M� [252,253].

3The fraction of direct black hole formation is defined as fBH =
∫

Σ
φ(M)dM /

∫ 125M�
8M�

φ(M)dM , where

Σ is the region of values of M , where black hole formation is expected [247].
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� fBH = 0.27: all stars with M ≥ 20M� collapse into a black hole.

For the neutrino flux from each supernova, the results of the spherically symmetric nu-
merical simulation from the Garching group [248,249] for four different progenitor models
of solar metallicity are used. From these simulations the time-integrated flavor spectra
F 0
ν̄e and F 0

ν̄x are calculated in [247] (x denotes the non-electron flavors µ and τ). The
critical flavor component of the neutrino emission contributing to an IBD background in
the JUNO detector is the ν̄e component. However, the ν̄e spectrum reaching the detector
on Earth differs from the one at production because of neutrino oscillation. Considering
neutrino oscillation inside the supernova envelope, the electron antineutrino spectrum on
Earth is

Fν̄e = p̄ F 0
ν̄e + (1− p̄) F 0

ν̄x , (5.4)

where p̄ ' 0.68 is the energy-dependent probability describing the amount of flavor per-
mutation [247].
The resulting diffuse ν̄e flux at JUNO site is

φDSNBν̄e (Eν̄e) =
c

H0

∫ 125M�

8M�

∫ zmax

0
ρ̇(z,M)

dFν̄e(Eν̄e(1 + z),M)

dM

dz√
Ωm(1 + z)3 + ΩΛ

dM

(5.5)

with the fractions of cosmic energy density in matter, Ωm = 0.3, and dark energy, ΩΛ = 0.7,
the speed of light c and the Hubble constant H0. dFν̄e(Eν̄e(1+z),M) defines the number of
ν̄e per unit energy after oscillation produced by an individual supernova with progenitor
mass between M and M + dM [247, 254]. A maximum redshift of zmax = 2 is chosen
in [247] to determine the diffuse ν̄e flux 4.
To consider the uncertainties of the astrophysical inputs, especially due to the uncertain
supernova rate of equation 5.2, three different cases for the diffuse electron antineutrino
flux in JUNO are investigated in the study of this thesis corresponding to the fractions of
direct black hole formation fBH described above. These cases are labeled low case with
fBH = 0.09, fiducial case with fBH = 0.14 and high case with fBH = 0.27 corresponding
to the increasing intensity of the DSNB5. The resulting diffuse ν̄e flux of equation 5.5
for each case is illustrated in figure 5.3. Moreover, the electron antineutrino flux of the
DSNB according to the current upper limit of Super-K of φDSNBν̄e ≈ 2.9 cm−2s−1 for
Eν̄e ≥ 17.3 MeV [180] is shown in figure 5.3 using the shape of the flux of the fiducial case
normalized to reproduce the limit.

With the DSNB flux of equation 5.5, the neutrino energy spectrum of electron antineutrinos
of the DSNB detected via IBD interactions in the JUNO detector is defined as

dNDSNB (Eν̄e)

dEν̄e
= σIBD (Eν̄e)

dφDSNBν̄e (Eν̄e)

dEν̄e
Ntarget t εIBD εµ veto. (5.6)

Again, σIBD, Ntarget, t, εIBD and εµ veto are set equal to section 4.2. The DSNB’s visible
energy spectrum dNDSNB/dEvis in JUNO is generated following the same procedure as

4The interval z > 2 is excluded because the neutrino fluxes used in [247] are for solar metallicity, which
becomes increasingly inaccurate for increasing z, since the metallicity of stars decreases for larger z.
Therefore the DSNB is underestimated in the study of [247]. However, calculations in [247] show that
the error is likely to be negligible for Eν & 11 MeV.

5It is stressed in [247] that fBH is not an input parameter of the calculation, but rather a useful label of
the different cases considered. For each case, the DSNB is calculated in [247] including the progenitor-
dependence of the neutrino fluxes.
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Figure 5.3.: The expected electron antineutrino flux of the DSNB in the JUNO detector
as function of the neutrino energy for p̄ = 0.68 and zmax = 2. The predicted flux for the
low (dashed line), fiducial (blue solid line) and high case (dotted line) is shown. The blue
shaded area represents uncertainties of the flux due to astrophysical inputs. The flux that
corresponds to the current Super-K upper limit of [180] is displayed as red line. Figure
based on [247].

described in section 5.1.
The resulting visible energy spectrum of the DSNB in JUNO measured via IBD interac-
tions after a total runtime of 10 years and for a fiducial mass of 14.77 kt is shown in figure
5.2 for visible energies between 10 MeV and 100 MeV. In figure 5.2, the DSNB spectrum for
the fiducial case assumed in this study is displayed as line, whereas the blue shaded region
is bounded by the low and high case, respectively. Assuming an overall uncertainty of the
total DSNB detection rate of 40 % [255], NDSNB = 15.0± 6.0 events are expected for the
fiducial case in JUNO after 10 years for visible energies from 10 MeV to 100 MeV, which
yields an event rate of DSNB events of RDSNB = (0.10± 0.04) yr−1 kt−1. Furthermore for

the low case N low
DSNB = 8.9± 3.6 events and for the high case Nhigh

DSNB = 22.2± 8.9 events
are expected as IBD background from the DSNB. Therefore the DSNB causes a possible
IBD background source for neutrinos from DM self-annihilation in the Milky Way, espe-
cially in the energy region from Evis ≈ 12 MeV to Evis ≈ 30 MeV, and must be considered
in this sensitivity study, although it has not been measured until now. Nevertheless, the
broad spectral shape of the DSNB differs from the peak-like DM signal spectrum, which
still allows the observation of neutrinos from DM self-annihilation.

5.3. Atmospheric Neutrino Background

Atmospheric neutrinos are a potential background source for indirect DM searches with
JUNO in a broad neutrino energy range dominating the spectrum for Eν & 30 MeV.
Several interaction channels will cause background events in JUNO’s central detector, since
the atmospheric neutrino flux at Earth contains neutrinos and antineutrinos of all flavors
interacting with free protons and 12C nuclei of the liquid scintillator. These interaction
processes can be separated into two parts depending on the exchanged boson: charged
current (CC) interaction events and neutral current (NC) interaction events.
First the expected atmospheric neutrino flux at JUNO site is introduced in section 5.3.1.
Afterwards the atmospheric charged current neutrino background and the atmospheric
neutral current neutrino background in JUNO is studied in detail in section 5.3.2 and
5.3.3, respectively.
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Figure 5.4.: Atmospheric neutrino flux of νe, ν̄e, νµ and ν̄µ at JUNO site for neutrino
energies from 10 MeV to 10 GeV without considering neutrino oscillations. Dashed lines:
atmospheric neutrino fluxes calculated with simulation results of Honda et al. [257]. Solid
lines: atmospheric neutrino fluxes from FLUKA simulation results [260], normalized to
match the flux of Honda in the overlapping energy region from 100 MeV to 944 MeV.

5.3.1. Atmospheric Neutrino Flux at JUNO site

The atmospheric neutrino flux at production consists of electron and muon (anti)neutrinos
generated by cosmic ray interactions with the atmosphere’s particles as described in section
3.1.7. Due to the relation to the cosmic ray flux, the atmospheric flux at Earth depends
on the location on Earth’s surface according to its magnetic field [181].
The atmospheric neutrino flux at JUNO site with its geographic location of 22◦07′05′′ N
and 112◦31′05′′ E [5] is calculated using simulation results of Honda et al. [256, 257] for
solar minimum and neutrino energies from 100 MeV to 10 TeV. The primary cosmic-ray
flux at Earth is anti-correlated with the solar activity because the plasma from the Sun
scatters the cosmic rays, and the cosmic ray flux and the corresponding atmospheric neu-
trino flux is reduced during periods of high solar activity [258, 259]. Therefore, minimal
solar activity is assumed as conservative approach, which will slightly overestimate the
total atmospheric neutrino flux [257].
For energies from 10 MeV to 944 MeV, the atmospheric neutrino flux is calculated in [260]
from FLUKA simulation results, but for the location of the Super-Kamiokande detec-
tor (36◦25′32.6′′ N, 137◦18′37.1′′ E [110]). Since the effect of the local atmosphere ac-
counts only for a few percent systematics and the difference in site is mainly due to
the geomagnetic cutoff and therefore just a scaling factor [260], the atmospheric neu-
trino flux from FLUKA simulations is normalized to the flux from Honda in the over-
lapping energy region from 100 MeV to 944 MeV to predict the flux at JUNO site
between neutrino energies from 10 MeV to 100 MeV. The normalization factors are
fνe =

∫ 944 MeV
100 MeV φνe,HondadE/

∫ 944 MeV
100 MeV φνe,FLUKAdE = 0.85, fν̄e = 0.88, fνµ = 0.86 and fν̄µ = 0.87.

The normalized neutrino fluxes from FLUKA simulations between 10 MeV and 100 MeV,
together with the fluxes from Honda between 100 MeV and 10 GeV, are used to specify the
atmospheric neutrino fluxes of νe, ν̄e, νµ and ν̄µ at JUNO site and are shown in figure 5.4
without considering neutrino oscillation effects.

To predict the atmospheric neutrino flux at the location of the JUNO detector correctly,
neutrino oscillation effects need to be taken into account. In [261], the neutrino oscillation
probabilities are roughly estimated by considering three-flavor oscillation for atmospheric
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neutrinos with a representative neutrino energy Eν = 100 MeV 6. Assuming atmospheric
neutrino fluxes produced 20 km above ground, a flavor ratio of (νµ+ ν̄µ)/(νe+ ν̄e) = 2 and
a constant density approximation of the Earth to consider matter effects, the oscillation
probabilities determined in [261] with oscillation parameters from [262] and for Eν =
100 MeV are: Pνe→νe = 0.67, Pνµ→νµ = 0.41, Pνµ→νe = Pνe→νµ = 0.17, Pνµ→ντ = 0.42
and Pνe→ντ = 0.16 (the same oscillation probabilities are assumed for antineutrinos [5,
261]). With these oscillation probabilities, the atmospheric neutrino fluxes at JUNO site
are calculated for neutrino energies from 10 MeV to 100 MeV. It is assumed that the
probabilities calculated for Eν = 100 MeV are also valid for lower neutrino energies, which
leads to an overall uncertainty of the flux of 25 % [260]. Considering neutrino oscillations,
also a non-zero atmospheric ντ and ν̄τ flux is present at JUNO site. Therefore, the
atmospheric neutrino flux at JUNO site contains neutrinos and antineutrinos of all three
flavors.

5.3.2. Atmospheric Charged Current Neutrino Background

Atmospheric neutrinos traversing JUNO’s central detector volume can interact via charged
current interactions with free protons and 12C nuclei of the liquid scintillator7 by the
exchange of W+/W− bosons as described in section 3.2. This leads to several possible CC
interaction channels that could cause background events in JUNO:

� atmospheric CC electron antineutrino background on free protons:
ν̄e + p→ e+ + n

� atmospheric CC electron neutrino background on 12C:
νe + 12C→ e− + ...

� atmospheric CC electron antineutrino background on 12C:
ν̄e + 12C→ e+ + ...

� atmospheric CC muon antineutrino background on free protons:
ν̄µ + p→ µ+ + n.

� atmospheric CC muon neutrino background on 12C:
νµ + 12C→ µ− + ...

� atmospheric CC muon antineutrino background on 12C:
ν̄µ + 12C→ µ+ + ...

These interaction channels will be discussed in the upcoming sections.
As mentioned in the previous section, the atmospheric neutrino flux at Earth also con-
tains tau neutrinos and antineutrinos, which can interact via CC interactions with JUNO’s
liquid scintillator. These interactions of ντ and ν̄τ on free protons and 12C have been in-
vestigated in [5] resulting in a total number of atmospheric CC ντ/ν̄τ events in JUNO of
Nντ+ν̄τ = 134 after 10 years, for 20 kt and distributed in the visible energy range from
0 GeV to 20 GeV (the total number of atmospheric CC νe/ν̄e and νµ/ν̄µ events in JUNO
have been determined in [5] to Nνe+ν̄e = 9773 and Nνµ+ν̄µ = 10883, respectively). The
fraction of ντ/ν̄τ events to νe/ν̄e and νµ/ν̄µ events is 0.6 %. Therefore, the atmospheric CC

6The two-flavor neutrino oscillation, usually used for high energetic atmospheric neutrinos, is not valid
for neutrinos in this low energy regime, since they are sensitive to the solar squared mass difference
∆m2

21.
7Atmospheric neutrinos and antineutrinos can also interact via CC on electrons of the target material:
νe/ν̄e + e− → e− + νe/ν̄e and νµ/ντ + e− → νe + µ−/τ−. Nevertheless, these interaction channels do
not contribute to the atmospheric CC neutrino background in JUNO, since they do not mimic IBD
events (no neutron capture) and the interaction cross sections for Eν ≥ 10 MeV are comparably small
as shown in figure 3.5 exemplarily for νe + e− → e− + νe.
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neutrino background is dominated by electron and muon neutrino (and antineutrino) inter-
actions and CC interactions of atmospheric tau neutrinos and antineutrinos are neglected
as potential background source in this study.

Charged Current Background of ν̄e on Protons

The most relevant atmospheric CC background source for the indirect DM search with
JUNO are electron antineutrinos interacting with free protons since they also interact via
the IBD reaction, ν̄e + p → e+ + n, and are therefore indistinguishable from the signal
signature of electron antineutrinos produced in DM self-annihilation. Moreover, the IBD
interaction cross section is larger than CC interaction cross sections on 12C as illustrated
in figure 3.5.
The atmospheric ν̄e flux at JUNO site is given by the atmospheric antineutrino fluxes
shown in figure 5.4 considering the oscillation probabilities introduced in section 5.3.1:

φatmoν̄e = Pν̄e→ν̄e φν̄e + Pν̄µ→ν̄e φν̄µ

≈ 0.67 · φν̄e + 0.17 · φν̄µ . (5.7)

The atmospheric CC neutrino energy spectrum of electron antineutrinos interacting with
free protons in the JUNO detector is then given by:

dNatmoCC, ν̄e+p (Eν̄e)

dEν̄e
= σIBD (Eν̄e)

dφatmoν̄e (Eν̄e)

dEν̄e
Ntarget t εIBD εµ veto, (5.8)

with the atmospheric ν̄e flux of equation 5.7. The remaining parameters are equal to sec-
tion 4.2.
The visible energy spectrum dNatmoCC, ν̄e+p/dEvis of atmospheric electron antineutrinos
interacting via CC with free protons in JUNO is calculated following the procedure de-
scribed in section 5.1 with equation 5.8 considering IBD kinematics and JUNO’s energy
resolution.
The visible energy spectrum expected to be measured in JUNO after 10 years of data tak-
ing and for a fiducial volume of 14.77 kt is displayed in figure 5.2 for visible energy from
10 MeV to 100 MeV resulting in NatmoCC, ν̄e+p = 30.5± 7.6 events. A total uncertainty of
25 % is assumed [260]. This yields an event rate of RatmoCC, ν̄e+p = (0.21± 0.05) yr−1 kt−1

and makes the atmospheric CC background of ν̄e interacting with free protons to one of
the main backgrounds for indirect DM search with neutrinos in JUNO for energies above
around 30 MeV.

Charged Current Background of νe/ν̄e on 12C

Atmospheric electron neutrinos and antineutrinos also interact with the 12C nuclei of the
organic liquid scintillator of JUNO’s central detector through CC interaction producing
electrons and positrons, respectively, and either 12N or 12B isotopes, that can be in ground
state or excited states: νe + 12C→ e− + 12Ng.s.+e.s. and ν̄e + 12C→ e+ + 12Bg.s.+e.s..
These reaction channels differ from the IBD interaction channel with a positron and a
neutron in the final state, but can cause so-called IBD-like background events in the JUNO
detector depending on the de-excitation and potential decay of the produced isotopes.
The IBD reaction is specified by the prompt energy deposition of the positron inside the
detector volume and a temporally delayed capture of the thermalized neutron on hydrogen
by emitting a 2.2 MeV gamma (details in section 3.2). In consequence of that, each event in
JUNO’s central detector with a similar signal signature (prompt energy deposition followed



5.3. Atmospheric Neutrino Background 63

10 20 30 40 50 60 70 80 90 100
Neutrino energy in MeV

10 43

10 42

10 41

10 40

10 39

In
te

ra
ct

io
n 

cr
os

s s
ec

tio
n 

in
 c

m
2 e + p e + + n

e + 12C e + n+ Y

e + 12C e + 2n+Z1

e + 12C e + + n+X

e + 12C e + + 2n+Z2

Figure 5.5.: Charged current neutrino interaction cross sections of νe and ν̄e interacting
with 12C for reaction channels with at least one neutron in the final state as calculated
in [263]. The IBD interaction cross section of equation 4.4 is shown in black for comparison.

by a delayed emission of a 2.2 MeV gamma) can mimic an IBD signal and is an IBD-like
background event.
The electrons and positrons produced in CC interactions of νe and ν̄e on 12C deposit their
energy directly in the scintillator volume, which leads to a prompt signal measured by
the JUNO detector. A correlated delayed signal can only be caused by events with at
least one neutron as final product of the interaction8. Therefore, only interaction channels
with at least one neutron in the final state, either from de-excitation or decay of residual
isotopes, can mimic an IBD signal signature.
To investigate the event rates of such νe/ν̄e CC reactions on 12C in JUNO, neutrino
interaction cross sections are applied that have been calculated in [263] using new shell
model Hamiltonians. The interaction channels with at least one neutron in the final
state considering potential de-excitation and decay of residual isotopes are listed below,
together with their total CC interaction cross sections calculated in [263] and integrated
over neutrino energies from 10 MeV to 100 MeV:

� νe + 12C→ e− + 12Ne.s. → e− + n+ Y : σ = 2.6 · 10−41 cm2,

� νe + 12C→ e− + 12Ne.s. → e− + 2n+ Z1: σ = 6.7 · 10−40 cm2,

� ν̄e + 12C→ e+ + 12Be.s. → e+ + n+X: σ = 4.5 · 10−39 cm2,

� ν̄e + 12C→ e+ + 12Be.s. → e+ + 2n+ Z2: σ = 1.3 · 10−40 cm2.

X, Y , Z1 and Z2 represent all products, except of neutrons, that are present in the final
state. The interaction cross sections are also displayed in figure 5.5 for neutrino energies
from 10 MeV to 100 MeV. The interaction cross section of ν̄e + 12C → e+ + n + X is at
least a factor of seven larger than the cross sections of the other channels listed above. So,
only this interaction channel can cause a significant IBD-like background and is further
investigated, while the other ones are neglected within this study.

The corresponding neutrino energy spectrum dNatmoCC, ν̄e+12C/dEν̄e is calculated with the
atmospheric electron antineutrino flux introduced in equation 5.7 and the cross section of
this channel displayed in figure 5.5:

8Interaction channels with more than one neutron as final product can also cause a single delayed signal,
since neutrons can leave the central detector volume while thermalizing.
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dNatmoCC, ν̄e+12C (Eν̄e)

dEν̄e
= σCC, ν̄e+12C (Eν̄e)

dφatmoν̄e (Eν̄e)

dEν̄e
Ntarget t εIBD εµ veto, (5.9)

The number of targets is given by the number of 12C nuclei in JUNO’s central detector of
Ntarget = 8.82·1032. To estimate the detection efficiency for this channel, the IBD detection
efficiency of εIBD = 67.0 % is used, since additional particles represented byX (mainly 11B)
would, at most, reduce the detection efficiency. Therefore, the neutrino energy spectrum
of equation 5.9 might be slightly overestimated. The remaining parameters are set equal
to the previous sections.
The visible energy spectrum dNatmoCC, ν̄e+12C/dEvis of atmospheric electron antineutrino
CC interactions on 12C is generated considering the kinematics of the reaction ν̄e + 12C→
e++n+11B, which is the most frequent one with 96.6 % [263]. With the simple assumptions
that the neutron and 11B isotope are at rest, the kinetic energy of the positron Ee is given
by Ee = Eν̄e +m12C −me −mn −m11B ≈ Eν̄e − 17.23 MeV. The visible energy spectrum
is generated considering these kinematics and JUNO’s energy resolution of equation 3.16
following the same procedure as described in section 5.1.
The visible energy spectrum of ν̄e + 12C → e+ + n + X in JUNO for 14.77 kt and after
a lifetime of 10 years is shown in figure 5.2. A total uncertainty of 25 % [260] is assumed
similar to the previous section. For visible energies between 10 MeV and 100 MeV, the
number of expected background events that can mimic an IBD signature in JUNO is
NatmoCC, ν̄e+12C = 5.9±1.5, which leads to a corresponding event rate of RatmoCC, ν̄e+12C =
(0.04± 0.01) yr−1 kt−1. Despite the relatively small event rate, the CC background of
electron neutrinos and antineutrinos interacting with 12C needs to be considered to study
the indirect DM search in JUNO, since it affects the visible energy spectrum especially in
the higher energy region.

Charged Current Background of ν̄µ on Protons and νµ/ν̄µ on 12C

Besides electron neutrinos and antineutrinos, also atmospheric muon neutrinos and an-
tineutrinos interact with free protons and 12C nuclei in the central detector of JUNO
by the exchange of charged W+/W− bosons. In these reactions (ν̄µ + p → µ+ + n,
νµ + 12C → µ− + 12Ng.s.+e.s. and ν̄µ + 12C → µ+ + 12Bg.s.+e.s.) muons are produced,
which results in a larger energy threshold than for νe/ν̄e CC interactions. So, these inter-
action channels only occur for higher energetic atmospheric neutrinos. Nevertheless, the
produced muons can create visible energies between few MeV and 100 MeV inside the de-
tector volume causing background events for the indirect DM search in this energy region.
Moreover, these νµ/ν̄µ CC interactions could mimic an IBD signal signature in JUNO’s
central detector and appear as IBD-like background. The muon (µ+ or µ−) deposits its
energy promptly by ionizing the molecules of the liquid scintillator, whereas the neutron or
neutrons emitted in the de-excitation processes of excited 12N and 12B isotopes thermalize
and are captured by hydrogen temporally delayed and spatially correlated to the prompt
energy deposition.
To estimate the background contribution of atmospheric muon (anti)neutrinos, the neu-
trino energy spectra of each channel introduced above is calculated with:

dNatmoCC, ν̄µ+p(Eν̄)

dEν̄
= σCC, ν̄µ+p(Eν̄)

dφatmoν̄µ (Eν̄)

dEν̄
Np t, (5.10)

dNatmoCC, νµ+12C(Eν)

dEν
= σCC, νµ+12C(Eν)

dφatmoνµ (Eν)

dEν
N12C t, (5.11)
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Figure 5.6.: Expected neutrino energy spectra of atmospheric νµ and ν̄µ interacting via
CC interactions with free protons and 12C nuclei in JUNO for a fiducial mass of 14.77 kt
and after 10 years of lifetime. The event numbers in the parentheses represent the number
of events for 14.77 kt and 10 years of data taking in the energy range from 105 MeV to
210 MeV.

dNatmoCC, ν̄µ+12C(Eν̄)

dEν̄
= σCC, ν̄µ+12C(Eν̄)

dφatmoν̄µ (Eν̄)

dEν̄
N12C t, (5.12)

where Np and N12C are the number of free protons and 12C nuclei in JUNO for 14.77 kt
fiducial mass, respectively, and t = 10 years. The CC neutrino interaction cross sections
σCC, ν̄µ+p, σCC, νµ+12C and σCC, ν̄µ+12C are taken from the GENIE event generator [264,265],
where quasielastic CC scattering interactions [266] and CC resonance production [267] is
considered. The atmospheric muon neutrino flux φatmoνµ and muon antineutrino flux φatmoν̄µ
at JUNO site after considering neutrino oscillations are given by the atmospheric fluxes
and oscillation probabilities introduced in section 5.3.1:

φatmoνµ (Eν) = Pνe→νµ · φνe(Eν) + Pνµ→νµ · φνµ(Eν)

≈ 0.17 · φνe(Eν) + 0.41 · φνµ(Eν), (5.13)

φatmoν̄µ (Eν̄) = Pν̄e→ν̄µ · φν̄e(Eν̄) + Pν̄µ→ν̄µ · φν̄µ(Eν̄)

≈ 0.17 · φν̄e(Eν̄) + 0.41 · φν̄µ(Eν̄). (5.14)

The resulting neutrino energy spectra of atmospheric muon neutrinos and antineutrinos
interacting via CC with free protons and 12C nuclei in JUNO are displayed in figure 5.6.
After 10 years of data taking and for a fiducial mass of 14.77 kt, NatmoCC, ν̄µ+p ≈ 36.2,
NatmoCC, νµ+12C ≈ 87.4 and NatmoCC, ν̄µ+12C ≈ 35.8 events are expected in JUNO for

neutrino energies up to 210 MeV without considering any selection cuts9.

To reduce the atmospheric CC νµ and ν̄µ background, a cut on the standard deviation

9An event with Eνµ/ν̄µ = 210 MeV will produce a muon with maximal kinetic energy of around 103 MeV
considering the kinematics of the described channels. This would correspond to a maximal visible
energy in the JUNO detector of 103 MeV, if the muon deposits all its energy within the detector
volume. So, the neutrino energy spectra and the event numbers are calculated up to Eν = 210 MeV,
which corresponds to visible energies below around 103 MeV.
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Figure 5.7.: Standard deviation σ(tpe) of the photon emission times tpe of simulated IBD
events and simulated atmospheric CC νµ and ν̄µ background events. 13390 IBD events
and 1452 atmospheric νµ and ν̄µ CC background events within R < 16 m are analyzed.
The cut parameter σcut(tpe) = 77.0 ns (black line) is also shown. The resulting survival
efficiencies are εIBDσ(tpe)

= 99.98 % and εatmoCCσ(tpe)
< 0.02 %.

σ(tpe) of the photon emission times tpe of the pulse shapes, which is a measure of the
temporal evolution of events inside the JUNO detector, can be applied. Since this temporal
evolution of the pulse shapes and therefore the values of σ(tpe) differ between IBD and
atmospheric CC νµ/ν̄µ events, σ(tpe) is used to discriminate both event types.
The values for σ(tpe) of IBD events are calculated from the pulse shapes of the prompt
signals of the simulated IBD events described in section 4.3, that pass the IBD selection
cuts. Atmospheric muon neutrinos and antineutrinos interacting via CC interactions with
free protons and 12C have been simulated in [268]. The events were generated with the
GENIE event generator considering the neutrino fluxes of figure 5.4 and the interaction
cross sections defined in equations 5.10, 5.11 and 5.12. The detector response of 1452 events
was simulated with the JUNO detector simulation framework (version J18v1r1-Pre1) and
σ(tpe) of each event was calculated for events within R < 16 m and with deposited energy
inside the central detector volume between 104 and 105 photo-electrons, which corresponds
to visible energies from around 7 MeV to 70 MeV considering the conversion described in
section 4.3. This sample of 1452 simulated events is equivalent to data of around 90 years
in JUNO.
In figure 5.7, σ(tpe) of 13390 IBD events, that pass all IBD selection cuts described in
section 4.3, and σ(tpe) of 1452 simulated atmospheric νµ and ν̄µ CC background events
from [268] are shown. A clear separation between both event types is visible. The cut
parameter σcut(tpe) ≤ 77.0 ns leads to a survival efficiency of IBD events of εIBDσ(tpe)

=

99.98 % for the analyzed dataset. None of the simulated atmospheric νµ/ν̄µ events passes
the cut and the survival efficiency of atmospheric CC muon neutrino background events
is εatmoCCσ(tpe)

< 0.02 % taking into account the statistical uncertainty.
Therefore, atmospheric muon neutrino and antineutrino background events produced via
CC interactions on free protons and 12C, respectively, can be reduced to a negligible level
by a cut at σcut(tpe) = 77.0 ns and are no background source for JUNO’s measurement of
neutrinos from DM self-annihilation in the Milky Way.
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5.3.3. Atmospheric Neutral Current Neutrino Background

Besides the described atmospheric CC neutrino background, also neutral current interac-
tions of atmospheric neutrinos and antineutrinos of all flavors with JUNO’s liquid scintil-
lator constitute a relevant background for the indirect DM search with neutrinos.
The atmospheric NC neutrino background was first measured as background in 2012 by
the KamLAND experiment [195]. Interacting with JUNO’s liquid scintillator, NC reac-
tions of atmospheric neutrinos and antineutrinos of all flavors on free protons, electrons10

and 12C are present in JUNO:

� ν/ν̄ + p→ ν/ν̄ + p,

� ν/ν̄ + e− → ν/ν̄ + e−,

� ν/ν̄ + 12C→ ν/ν̄ + ...

Especially NC reactions on 12C pose a critical background source for JUNO’s sensitivity for
indirect DM search because of the large variety of possible reaction channels. Depending
on the energy of the incoming atmospheric neutrinos and antineutrinos, neutrons and
protons can be knocked out of the 12C nuclei, mesons like pions and kaons can be produced
and additional particles like gammas, neutrons and protons can be emitted by the de-
excitation of the residual isotopes. Several of these interaction channels can cause IBD-
like background events in the JUNO detector, which makes the atmospheric NC neutrino
background on 12C to the main IBD-like background source for the search of neutrinos
from DM annihilation in JUNO. In contrast to NC interactions on 12C, NC reactions on
free protons do not significantly contribute to the IBD-like background, which is shortly
discussed at the end of the section.
In this section the investigation of the atmospheric NC neutrino background on 12C in
JUNO and the simulation and analysis to predict this background contribution performed
within this thesis is presented in detail.

Event Rate of Atmospheric NC Neutrino Background in JUNO

The expected rate of atmospheric NC background events on 12C in the JUNO central
detector is:

dNatmoNC(Eν)

dt
= N12C

5∑
i=0

φatmo, oscνi (Eν) σNC, νi+12C(Eν) (5.15)

= N12C

3∑
i=0

φatmoνi (Eν) σNC, νi+12C(Eν), (5.16)

where N12C = 8.82 · 1033 is the number of 12C nuclei in the whole JUNO liquid scintil-
lator and i specifies the neutrino flavor (ν0 = νe, ν1 = ν̄e, ν2 = νµ, ν3 = ν̄µ, ν4 = ντ ,
ν5 = ν̄τ ). The atmospheric neutrino flux at JUNO site without considering neutrino
oscillations φatmoνi and with oscillations φatmo, oscνi for each neutrino flavor is given by the
flux shown in figure 5.4 and described in section 5.3.1, respectively. The NC neutrino
interaction cross sections σNC, νi+12C on 12C are taken from the GENIE event generator

10NC reactions on e− cannot mimic IBD signals in JUNO, since no neutron is produced and a delayed
signal is missing. Nevertheless, the electron could potentially knock out neutrons of the nuclei of the LS,
which can be captured and produce delayed signals. However, the interaction cross section of neutrinos
on electrons is comparably small for Eν > 10 MeV. Therefore, this channel is neglected as IBD-like
background in this study.
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Figure 5.8.: Simulation procedure to predict the atmospheric NC neutrino background in
JUNO. The simulation steps are illustrated in blue boxes; the corresponding inputs are
shown in red boxes.

(gxspl-FNALsmall.xml, [267,269,270]).
Since the neutrino NC interaction cross sections are equal for the three neutrino and an-
tineutrino flavors, respectively (σNC, νe+12C = σNC, νµ+12C = σNC, ντ+12C), equation 5.15 is
equal to equation 5.16 and the atmospheric neutrino fluxes without considering neutrino
oscillations can be used to estimate the event rate.
The event rate of atmospheric NC neutrino interactions on 12C in the whole JUNO de-
tector for neutrino energies from 10 MeV to 10 GeV is then calculated with equation 5.16
resulting in

dNatmoNC

dt
=

∫ 10 GeV

10 MeV

dNatmoNC(Eν)

dt
dEν ≈ 3.169 · 10−5 s−1. (5.17)

This leads to 10002 atmospheric NC interactions on 12C in JUNO’s central detector in a
lifetime of 10 years.

Simulation of Atmospheric NC Neutrino Background in JUNO

To predict the IBD-like background caused by NC reactions of atmospheric neutrinos in
JUNO, neutral current neutrino interactions with JUNO’s liquid scintillator, potential
de-excitation of residual isotopes and JUNO’s detector response to the final interaction
products are simulated in this study. The simulation procedure is illustrated in figure 5.8.

The NC interactions of atmospheric neutrinos with JUNO’s liquid scintillator material are
simulated with the GENIE event generator [264,265]. The atmospheric neutrino fluxes of
νe, ν̄e, νµ and ν̄µ at JUNO site for neutrino energies from 10 MeV to 10 GeV shown in
figure 5.4 are used as input for GENIE. A composition of the LAB based liquid scintillator
of JUNO (described in detail in section 3.3.1) of 12.01 % free protons, 87.92 % 12C,
0.034 % 16O, 0.027 % 14N and 0.005 % 32S characterizes the target material for the GENIE
simulation. Around 1,500,000 NC interactions are simulated with GENIE (version: v2-
12-0) for neutrino energies from 10 MeV to 10 GeV with the atmospheric neutrino fluxes
and the target compositions described above. The NC neutrino interaction cross sections
used in GENIE contain quasielastic scattering (QES), deep inelastic scattering (DIS) and
resonance production by neutrinos (RES) and are based on [267,269,270].
86.1 % of all NC interaction simulated with GENIE are on 12C and 13.8 % on free protons.
The sum of the interaction fractions of the other LS components is only 0.07 % and,
therefore, these NC interactions are neglected as background in the study performed in
this thesis. The resulting NC reaction channels on 12C simulated with GENIE for different
residual isotopes and their fractions are shown in figure 5.9.
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In NC reactions, neutrons and/or protons can be knocked out of the 12C nucleus and
leave the residual isotope in ground or an excited state depending on the shell, where the
nucleons are knocked out. Before NC interactions, 12C nuclei of the LS are in ground
state and two occupations of the energy levels, corresponding to a simple and a more
sophisticated shell model, are possible due to correlations between the p-shells (especially
pairing effects, for details see [271]). Both shell models and occupations are shown in
figure 5.10 with the corresponding energy levels.
If the residual isotopes are in excited states, de-excitation processes of these isotopes must
be considered. The procedure to estimate the probabilities, if a residual isotope is in an
excited state, is described in detail for the example of 11C. In channel νx/ν̄x + 12C →
νx/ν̄x+ 11C+n, one neutron is knocked out from 12C ground state and the following three
states of 11C are possible:

1. 11C nuclei is in ground state with probability of 8/15 ≈ 53 % (neutron is knocked
out from P3/2 shell in simple shell model or from P1/2 shell in advanced shell model,
see case 1 of figure 5.10),

2. 11C nuclei is in first excited state (emission of 2 MeV gamma [271]) with probability
of 2/15 ≈ 13 % (only possible in advanced shell model, when the neutron is knocked
out from P3/2 shell, see case 2 of figure 5.10),

3. 11C nuclei is in excited state with probability of 5/15 ≈ 33 % (neutron is knocked
out from S1/2 shell in both shell models, see case 3 of figure 5.10).

A similar approach is used to determine the probabilities for 11B, when a proton is knocked
out from 12C nuclei.
For lighter isotopes like 10C, 10Be and 10B, the probabilities of being in ground or excited
state are calculated only by considering the simple shell model of figure 5.10 for simplicity
and because the probabilities change only slightly, if the advanced shell model is also
considered. This leads to the following probabilities P :

� for 10C and 10Be: ground state with P = 6/15 = 40 % and excited state with
P = 9/15 = 60 %

� for 10B: ground state with P = 4/9 ≈ 44 % and excited state with P = 5/9 ≈ 56 %.
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Figure 5.10.: Top: Occupation of energy levels by neutrons of the 12C ground state. The
probability for the occupation in the simple shell model is 60 % and in the advanced shell
model 40 % [271]. The same occupations of energy levels are realized for protons in the
ground state of 12C [271]. Bottom: possible states of 11C after neutron knock out. 11C is
in ground state in case 1, in the first excited state in case 2 and in excited state in case 3.

All lighter isotopes (9C, 9B, 9Be, 9Li, ...) are assumed to be in ground state, since a rea-
sonable calculation of the probabilities and exact simulation of the de-excitation processes
can not be achieved. This of course leads to an uncertainty of the atmospheric NC back-
ground on 12C, but the fraction of these lighter isotopes to all NC interaction channels is
only around 23.6 % and just a portion of that would be in excited states.
The described probabilities are used as input to specify if residual isotopes generated in
NC interactions with GENIE are in ground or excited state. In case of excitation of the
isotopes, simulation data of the de-excitation processes simulated with the nuclear reaction
simulator TALYS [272] are used to consider the de-excitation of each residual isotope and
its excited states. For more information about the implementation of these de-excitation
simulation data see [273]. The most frequent de-excitation channels of 11C∗ based on
the de-excitation simulation of TALYS and the probabilities for different excited states
described above are shown in figure 5.11 as an example.

All final particles, that are produced via NC interactions of atmospheric neutrinos and
antineutrinos on 12C and through potential de-excitation of residual isotopes, as well
as their momenta are used as input for the JUNO detector simulation DetSim (version
J18v1r1-Pre1) 11. The most frequent final NC reaction channels on 12C after potential

11Potential decay of residual isotopes is not considered here. Isotopes like 11B, 10B, 9Be and 6Li of the
most frequent total interaction channels shown in figure 5.12 are stable. 11C decays via β+-decay into
11B with T1/2 ≈ 20 min [274], which is very long compared to the relevant delayed time window of
1 ms of IBD signals. 8Be and 9B decay with T1/2 < 10−17 s into two α particles and p + 2α [274],
respectively. These protons and α particles would slightly increase the visible energy of the prompt
signal of atmospheric NC events of these channels. Nevertheless, since no additional neutrons are
emitted in the decays, the detection efficiency and the number of IBD-like atmospheric NC events
is affected negligibly. So, not considering potential decays of residual isotopes only leads to a small
uncertainty, which is taking into account in the assumed total uncertainty of 29 %.
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Figure 5.11.: Fractions of de-excitation channels of 11C∗ based on the de-excitation pro-
cesses of the nuclear reaction simulator TALYS and the described probabilities for the
different excitation states of 11C. The seven most frequent channels (with an integrated
fraction of 91.6 %) are shown here.
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Figure 5.12.: Fractions of total atmospheric NC neutrino interaction channels on 12C after
considering potential de-excitation. The nine most frequent channels with an integrated
fraction of 56.4 % are shown. Additional π0’s and γ’s are not displayed here.
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Table 5.1.: IBD selection criteria together with the resulting cut efficiencies and the total
detection efficiency εatmoNC of atmospheric NC events on 12C. The cut efficiencies are
determined by the analysis of atmospheric NC events simulated with the JUNO detector
simulation (middle column). The cuts of the delayed cut are listed from (a) to (e) and
applied consecutively. For comparison, the cut efficiencies and the total IBD detection
efficiency of IBD events from table 4.2 are shown (right column). The statistical errors
∆ε of each cut efficiency are also listed.

εatmoNC ±∆εatmoNC in % εIBD ±∆εIBD in %

Volume cut on prompt signal 67.6± 0.2 73.0± 0.8
Energy cut on prompt signal 43.7± 0.1 96.2± 1.0
Total delayed cut: 25.2± 0.1 92.6± 0.9

(a) Time difference cut 69.0± 0.2 95.7± 1.0
(b) Multiplicity cut 45.7± 0.2 99.97± 1.0
(c) Energy cut on del. signal 91.2± 0.4 97.4± 1.0
(d) Distance cut 88.1± 0.4 99.7± 1.0
(e) Volume cut on del. signal 99.6± 0.5 99.7± 1.0

Total efficiency 7.8± 0.1 67.0± 0.7

de-excitations inputted into JUNO’s detector simulation are displayed in figure 5.12. A
large variety of different interaction channels containing neutrons, protons, deuterons, al-
pha, pions, gammas and various isotopes are present as figure 5.12 indicates.
JUNO’s detector response of 400,000 atmospheric NC neutrino events on 12C randomly
distributed in the whole central detector volume have been simulated with JUNO DetSim
within this thesis. This sample of 400,000 atmospheric NC events is equivalent to data of
around 400 years taking into account the expected event rate of equation 5.17.

Analysis of Atmospheric NC Neutrino Background in JUNO

The simulation sample of 400,000 atmospheric NC neutrino events on 12C in the JUNO
detector is analyzed to estimate the number of NC background events that mimic an IBD
signal. Therefore, the IBD selection criteria introduced and described in section 4.3 and
summarized in table 4.2 are applied on the simulated atmospheric NC events in the exact
same way like on the IBD events.
Hence, the MC truth data of the simulated atmospheric NC events is smeared with the
expected vertex and time resolution of JUNO introduced in section 4.3. The pulse shapes,
i.e. the number of p.e. as function of the photon emission time, of all simulated atmospheric
NC events are calculated to specify the number of p.e. and the visible energy of prompt and
delayed signals with the conversion function Evis = 7.045 ·10−4MeV/p.e ·Np.e.. Afterwards
the IBD selection cuts described in section 4.3 are applied to each simulated atmospheric
NC event. The volume cut on the prompt signal, energy cut on the prompt signal and the
total delayed cut are applied on all 400,000 events separately to be able to specify their
efficiencies due to different cut parameters independently. The distributions of the data of
all simulated NC events are displayed in section A.2.
The resulting cut efficiencies of atmospheric NC neutrino background events on 12C for
the IBD selection cuts and their statistical errors are shown in table 5.1 together with the
cut efficiencies of the simulated IBD events already presented in table 4.2 for comparison.
Atmospheric NC background events that pass all described selection cuts mimic an IBD
signal in JUNO’s central detector and represent an IBD-like background for the indirect
DM search with JUNO.
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Figure 5.13.: Fractions of total atmospheric NC neutrino interaction channels on 12C that
mimic IBD signals in the JUNO detector. The twelve most frequent channels νx/ν̄x +
12C → νx/ν̄x + ... producing IBD-like events in JUNO (with an integrated fraction of
88.7 %) are displayed. Additional π’s and γ’s are not shown.

The efficiency of the volume cut on the prompt signal is roughly similar for atmospheric
NC events and IBD events, since both event types occur uniformly distributed within the
central detector volume and the cut efficiency is dominated by the geometric reduction
to a fiducial volume specified by Rprompt < 16.0 m. The energy cut on the prompt
signal with a cut efficiency of εEprompt = (43.7 ± 0.1) % mainly depends on the choice
of the observation window from 10 MeV to 100 MeV and reduces the atmospheric NC
background by around two-thirds. The largest suppression of atmospheric NC events is
provided by the total delayed cut with an efficiency of εdelayed = (25.2±0.1) %. This great
suppression ability relies on the strict selection criteria of IBD signals due to the temporal
and spatial coincidence of prompt and delayed signal. Especially the multiplicity cut with
an efficiency of εmult = (45.7 ± 0.2) % reduces atmospheric NC background events very
effectively compared to IBD events, since NC events often contain more than one neutron
that can be captured on hydrogen and create a delayed signal.
In total, only 31,143 events of the 400,000 simulated atmospheric NC neutrino events
mimic an IBD event signature. Therefore, the total cut efficiency of atmospheric NC
neutrino background events on 12C in the JUNO detector is εatmoNC = (7.8± 0.1) %.
Considering the event rate of equation 5.17 and the efficiency due to the application of the
muon veto εµ veto = 97.2 %, NatmoNC = 757 ± 220 atmospheric NC neutrino background
events mimic an IBD event signature in the JUNO detector after 10 years of data taking,
for a fiducial mass of 14.77 kt and for visible energies between 10 MeV and 100 MeV. A total
uncertainty of the atmospheric NC background of 29 % is assumed according to [74]. An
event rate of IBD-like atmospheric NC events of RatmoNC = (5.1± 1.5) yr−1 kt−1 is given
in the JUNO detector. The resulting visible energy spectrum of the IBD-like atmospheric
NC neutrino background is shown in figure 5.2. It represents the dominant background
source for the search for neutrinos from DM annihilation with the JUNO detector and
overwhelms the expected signal and especially the other background contributions by at
least one order of magnitude, but differs significantly in the spectral shape compared to
the signal spectrum.
The fractions of the most frequent total atmospheric NC neutrino interaction channels
on 12C that mimic an IBD signal in JUNO’s central detector are shown in figure 5.13.
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The most crucial reaction channel is νx/ν̄x + 12C → νx/ν̄x + 11C + n with an expected
frequency of 23.4 %. Nevertheless, many different NC interaction channels of atmospheric
neutrinos on 12C can create IBD-like signals in the detector, which makes the simulation
and prediction of the atmospheric NC background to one of the main issues studied in this
thesis.
84.5 % of the IBD-like events contain only one neutron (13.3 % contain two neutrons). In
contrast to that, the fraction of IBD-like events without neutrons from NC interactions
and potential de-excitation, i.e. the delayed signal is caused by a neutron produced in the
LS by secondary particles, is just 1.0 %. So, atmospheric NC background events on free
protons of the liquid scintillator (νx/ν̄x+p→ ν ′x/ν̄

′
x+p′) are neglected in this study, since

no initial neutron is present.

5.4. Muon-induced Background

Cosmic muons and their spallation products are potential sources of background for the
JUNO detector. These muons are generated in air showers in the atmosphere, can pen-
etrate deep underground and produce secondary particles in the rock surrounding the
JUNO detector as well as in JUNO’s central detector itself.
Although the experimental hall is shielded with 650 m rock overburden to suppress the
cosmic muon flux, the muon rate inside JUNO’s central detector is still around 3.3 Hz
with a mean muon energy of 〈Eµ〉 ≈ 207 GeV [196]. The energy loss of such high energetic
muons leads to nuclear break-up processes, where a variety of secondary particles like e.g.
cosmogenic radioactive isotopes and neutrons can be produced. These secondary particles
could cause IBD-like backgrounds in JUNO’s central detector and are discussed within
this section.

5.4.1. Background from Cosmogenic Isotopes

Energetic cosmic muons and subsequent particle showers can interact with 12C in the liquid
scintillator of the central detector and produce radioactive isotopes with proton numbers
Z < 6 by electromagnetic or hadronic processes [5]. Several of these cosmogenic isotopes
are β-neutron emitters and decay by emitting both a β−-particle, i.e. an electron, and a
neutron. These β-neutron emitting isotopes could mimic an IBD signal in JUNO’s central
detector due to the prompt energy deposition of the β− particle followed by the neutron
capture on hydrogen. In the energy region accessible for JUNO to search for neutrinos
from DM annihilation between 10 MeV and 100 MeV, only isotopes with Q value above
10 MeV could cause an IBD-like background.
In [5], the total decay rates of cosmogenic isotopes in JUNO’s liquid scintillator are esti-
mated by performing simulations with the FLUKA software. Following the results in [5],
the decay rates of β-neutron emitting cosmogenic isotopes with Q > 10 MeV together with
their corresponding decay modes, Q values and half-lives T1/2 are summarized in table 5.2
for energies above 10 MeV.

9Li dominates the cosmogenic background for energies below 12 MeV and its corresponding
IBD-like background is orders of magnitudes higher than the expected neutrino signal from
DM self-annihilation and prevents a measurement of neutrinos from DM annihilation for
visible energies below 12 MeV. Therefore, the lower edge of the observation window for the
indirect DM search with JUNO must be increased from Evis = 10 MeV to Evis = 12 MeV,
which reduces the cosmogenic IBD-like background of 9Li and 12Be to a negligible level.
The remaining cosmogenic IBD-like background is attributed to 11Li and 14B. The total
rate for visible energies above 12 MeV is R11Li+14B = (57.3± 5.7) (10 yr · 14.77 kt)−1 with
an assumed uncertainty of 10 % and surpasses the expected number of neutrino signal
events from DM annihilation at least by a factor of around 5 in the corresponding visible
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Table 5.2.: Estimated decay rates of cosmogenic β-n emitting isotopes in JUNO’s liquid
scintillator for energies above 10 MeV and for 20 kt (based on the data of [5]). Only β-
neutron emitting cosmogenic isotopes with Q value above 10 MeV and their corresponding
decay rates per 10 years and 20 kt are listed. Information about decay modes, branching
ratios of the specific decay mode, Q values and half-lives are taken from the TUNL Nuclear
Data Group [274].

isotope decay mode
branching ratio

Q in MeV half-life T1/2
decay rate

of decay mode (E > 10 MeV)

9Li e− + n 51 % 11.94 178.0 ms 28430.8
11Li e− + n 83 % 20.55 8.8 ms 93.3
12Be e− + n 0.5 % 11.71 21.5 ms 1.2
14B e− + n 6.1 % 20.64 12.6 ms 2.4

energy region below Q(11B) = 20.64 MeV.
As consequence of that and to further suppress the cosmogenic background, a muon
veto cut is introduced, since cosmogenic isotopes are directly correlated to cosmic muons
traversing the detector volume. The muon veto criteria and cut strategy is described in
the following and based on the muon veto cut introduced in [5] and [226]:

� If muons are tagged in the water pool only, the whole liquid scintillator volume is
vetoed for 1.5 ms.

� If muons are tracked well in the central detector, the liquid scintillator volume is
vetoed within a cylinder volume of radius Rcut = 3.0 m around the muon track for
Tcut = 0.2 s.

� If muons are tagged in the central detector, but non-trackable, the whole liquid
scintillator volume is vetoed for 0.2 s.

Due to the short half-lives of T1/2,11Li = 8.8 ms and T1/2,14B = 12.6 ms, 99.0 % of 11Li
and 14B isotopes produced by well reconstructable muons can be cut away by a cylindrical
volume with Rcut = 3.0 m and Tcut = 0.2 s around the reconstructed muon track. The
inefficiency of the cosmogenic background reduction is only due to the radius cut of the
cylinder Rcut, since few electrons and neutrons could leave the cylindrical veto volume and
cause background events.
Under the assumption, that 99.0 % of all tagged muons have a good reconstructed track
[5, 226], the efficiency due to the application of the muon veto is estimated to be εµ veto =
97.2 %, which corresponds to an estimated dead time of the central detector in terms of
exposure ratio of 2.8 %.
The total cosmogenic background rate of 11Li and 14B for 10 years of lifetime, 14.77 kt
fiducial volume and Evis ≥ 12 MeV after considering the muon veto cut is Rµ veto11Li+14B

=

(0.6 ± 0.1) (10 yr · 14.77 kt)−1. Because of this small background rate and the fact, that
this background only occurs for Evis ≤ 20.64 MeV, the IBD-like background of cosmogenic
isotopes is neglected in this study.

5.4.2. Fast Neutron Background

Whereas cosmic muons traversing JUNO’s central detector or large parts of the water
pool are tagged by JUNO’s veto systems (see section 3.3) and vetoed effectively by the
muon veto cut introduced in the previous section, muons passing the surrounding rock of
the detector and corner clipping muons in the water pool12 can not be identified. These

12Muons with a track length smaller than 0.5 m inside the water pool are denoted as corner clipping muons.
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muons produce fast neutrons13 through spallation processes in the rock, which can enter
the central detector unnoticed.
These fast neutrons can deposit energy inside the central detector and appear as back-
ground source. Furthermore, fast neutrons can mimic IBD events according to their signal
signature: a prompt signal is produced by the energetic neutron scattering off protons and
a delayed signal is given by the capture of the thermalized neutron on hydrogen [276]. So,
fast neutrons also contribute to the IBD-like backgrounds for the indirect DM search with
JUNO.
The fast neutron background in JUNO’s central detector was simulated in [277]. In the
cited work, only muons traveling through the rock or with a track length smaller than 0.5 m
inside the water pool have been simulated. These muons are untaggable by JUNO’s veto
systems. The detector response of fast neutrons produced by these muons was simulated
with the JUNO detector simulation DetSim and neutron events with prompt energy above
0.7 MeV and delayed signal within 1 ms after the prompt signal are labeled as IBD-like
event. Around 1.56 · 109 muons (corresponding to about 1516 days of data taking) have
been simulated in [277] which leads to a fast neutron IBD-like background rate inside the
central detector of RFN = (0.077± 0.015) (kt yr MeV)−1 with an assumed uncertainty of
20 %. In [277], the fast neutron energy distribution decreases slightly for higher energies
in the energy region from 10 MeV to 100 MeV, but the statistical fluctuations are large.
In [276] and [278], the energy spectrum is assumed flat up to 50 MeV and decreases slightly
for higher energies. For simplicity, the energy distribution of the fast neutron background
in this study is assumed to be flat for visible energies between 10 MeV and 100 MeV.
This conservative assumption might slightly overestimate the fast neutron background for
energies above 50 MeV.
The resulting number of fast neutron background events in the whole central detector
volume of JUNO for energies between 10 MeV and 100 MeV after 10 years of lifetime is
NFN, 20 kt = 1374.0 ± 275.0 and therefore orders of magnitudes larger than the expected
neutrino signal from DM self-annihilation. Nevertheless, the radial distribution of fast
neutron events strongly decreases from the edge of the detector to its center as displayed
in figure 5.14, since fast neutrons enter the detector volume from outside and lose energy
by traveling through the water pool and central detector. Hence, a volume cut on the
position of the prompt signal reduces the fast neutron background significantly.
The radial distribution is approximated by the function f(R) = a · exp[(R − b)/c], that
was fitted to the simulation data. With this function, the number of IBD-like fast neutron
events for Rprompt < 16.0 m (corresponding to a fiducial mass of 14.77 kt) is calculated
resulting in NFN, 14.77 kt = 102.8± 20.6 for visible energies between 10 MeV and 100 MeV.
After considering the efficiency due to the application of the muon veto of εµ veto = 97.2 %,
the total number of IBD-like fast neutron background events after 10 years of data taking
is NFN, 14.77 kt = 99.9± 20.0. The resulting fast neutron energy spectrum is present in the
interesting energy region from 10 MeV to 100 MeV and shown in figure 5.2.

5.4.3. Background from Decaying Muons

Another possible background source attributed to cosmic muons is the muon decay itself
inside JUNO’s central detector. Muons decay into a Michel electron/positron and neutrinos
via µ− → e−+νµ+ν̄e and µ+ → e++νe+ν̄µ, respectively, with a mean lifetime of τ = 2.2µs
[5]. Therefore, if a muon is stopped inside the central detector volume and decays, the

13Free neutrons with kinetic energies above around 1 MeV are called fast neutrons. Fast neutron cannot
only be produced by cosmic muons, but also by spontaneous fission of 238U, 235U and 232Th in the
rock, and by (α, n) reactions, where α particles emitted in the decay of uranium, thorium and their
daughter products interact with lighter isotopes and produce neutrons [275]. Since these fast neutrons
are negligible above visible energies of 10 MeV [275], this section only discusses muon-induced fast
neutrons.
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Figure 5.14.: Radial distribution of prompt signals of IBD-like fast neutron events in the
JUNO central detector. The fast neutron events have been simulated in [277] and are
shown in black. An exponential function f(R) = a · exp[(R − b)/c] (blue line) is fitted to
the simulation data resulting in best-fit parameters of a = 79.9, b = 17.7 and c = 0.65.
The fiducial volume cut at Rcut = 16.0 m is shown as red line.

energy deposition of the Michel electron causes a prompt signal. A corresponding delayed
signal could occur by the capture of a neutron, which is produced by the same muon before
it decays. This signature of prompt energy deposition followed by a neutron capture on
hydrogen would mimic an IBD signal and could act as background for the indirect DM
search with JUNO.
By applying the muon veto cut introduced in section 5.4.1, a possible prompt signal of
Michel electrons would be cut away due to the short muon lifetime of τ = 2.2µs. Moreover,
a possible delayed signal from the capture of a neutron produced by the muon is also cut
away effectively.
So, decaying muons cause no IBD-like background for the study of indirect DM search
with JUNO and are neglected within this thesis as consequence of the muon veto cut and
its high efficiency.

5.5. Additional Background Sources

This section focuses on additional background sources and completes the chapter about
backgrounds for the indirect DM search with JUNO via the IBD detection channel. Geo-
neutrinos, accidental coincidences and backgrounds from natural radioactivity are briefly
introduced and their potential to act as background is discussed.

Geo-neutrinos are antineutrinos and could interact via the IBD reaction channel. Never-
theless, the maximum antineutrino energy of geo-neutrinos of around 3.3 MeV (as shown
in figure 3.3) is well below the lower edge of the observed energy window of 10 MeV, which
makes geo-neutrinos to an insignificant background source for the study of this thesis.

Accidental coincidences of non-correlated backgrounds could produce IBD-like events in
JUNO. The rate of accidental backgrounds can be calculated as Racc = Rp ·Rd ·∆T , where
Rp and Rd are the rate of prompt and delayed signals, respectively, and ∆T = 1 ms is the
time difference window [5]. Accidental backgrounds consist of a prompt and delayed sig-
nal and can be caused by random coincidences of radioactivity + radioactivity, spallation
neutrons + radioactivity and cosmogenic isotopes + radioactivity [5].
For the JUNO detector, low radioactive materials are selected and passive shielding is de-
signed to control the radioactive background. Nevertheless, 238U, 232Th, 222Rn, 85Kr, 60Co
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and 40K in the rock, stainless steel, air, PMT glass, acrylic, liquid scintillator or dissolved
in the water buffer produce radioactive background events with a rate of Rnatural = 7.63 Hz
in a fiducial volume within R < 17.2 m and for Evis > 0.7 MeV [5]. Around 8 % of these
events are neutron-like, i.e. mimic a delayed neutron capture signal, resulting in a rate of
radioactive neutron-like background events of Rneutron−likenatural = 0.61 Hz. Therefore, around

Racc = Rnatural ·Rneutron−likenatural ·∆T ≈ 402 events per day are expected for Evis > 0.7 MeV
by random coincidences, where the prompt and delayed signals are caused by natural
radioactivity (no cut on the prompt energy and distance is applied). However, the maxi-
mum decay energy of the listed radioactive isotopes and their corresponding decay chains
is Emaxα ≈ 8.8 MeV for alpha particles and Emaxβ ≈ 5.5 MeV for β particles [279, 280].

Therefore, natural radioactivity cannot cause a prompt signal of an IBD event14 specified
by Eprompt ≥ 10 MeV and random coincidences of radioactivity + radioactivity do not
mimic IBD-like background events for the indirect DM search with JUNO.
Accidental coincidences of spallation neutrons + radioactivity, where the prompt sig-
nal is caused by spallation neutrons and the delayed signal by natural radioactivity,
can also be neglected as IBD-like background for prompt energies above 10 MeV. Spal-
lation neutrons are effectively suppressed by the muon veto cut introduced in section
5.4.1 to Rn < 45 events per day [5], which results in an accidental background rate of
Racc = Rn ·Rneutron−likenatural ·∆T < 10 yr−1 for Evis > 0.7 MeV. After applying the distance
cut between prompt and delayed signal, the background rate of accidental coincidences
of spallation neutrons + radioactivity is reduced to a negligible level of Racc < 0.02 per
10 years.
Most of the cosmogenic isotopes produced through muon spallation in JUNO’s central
detector have Q-values below 10 MeV or are suppressed by the muon veto cut due to their
small half-lives and cannot produce prompt signals in the relevant energy region [5]. How-
ever, cosmogenic isotopes like 8Li, 8B, 9Li and 9C could cause prompt signals by emitting
β particles despite the muon veto cut due to their half-lives of few hundreds of ms 15.
The total event rate of these cosmogenic isotopes in the JUNO detector within 17.2 m
for energies above 12 MeV and 0.2 s after the initial muon is Rcosmogenic ≈ 85648 events
per year. The event rate of random coincidences Racc of cosmogenic isotopes as prompt
signal and natural radioactivity as delayed signal, i.e. cosmogenic isotopes + radioactivity,
within a time window of ∆t = 1.0 ms and a distance between prompt and delayed signal
of d = 1.0 m is given by

Raccidental = Rcosmogenic ·Rneutron−likenatural ·∆t · (d/17.7 m)3

≈ 85648 yr−1 · 0.61 s−1 · 1 ms · (1.0 m/17.7 m)3

≈ 9.4 · 10−3 yr−1. (5.18)

Only 0.094 IBD-like events after 10 years of data taking are expected according to the
accidental coincidence of cosmogenic isotopes and natural radioactivity. Therefore the
non-correlated background of random coincidences can be neglected in this study.

Another source of natural radioactivity inside the detector are alpha particles emitted
in decay chains of the radioactive contaminants 238U, 232Th and 210Po, which can induced
13C(α, n)16O reactions in the liquid scintillator [177]. This reaction channel α + 13C →
14Nevertheless natural radioactivity can produce potential delayed signals with a rate of Rneutron−likenatural =

0.61 Hz, when an energy between 1.8 MeV and 2.7 MeV is released.
158Li: β− decay with Q = 16.0 MeV and T1/2 = 839 ms. 8B: β+ decay with Q = 16.6 MeV and

T1/2 = 770 ms. 9Li: β− decay (49 %) with Q = 13.6 MeV and T1/2 = 178 ms. 9C: β+n/β+α decay
with Q = 15.5 MeV and T1/2 = 126 ms. Data from [274].
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n + 16O could mimic the IBD event signature. A prompt signal could be produced ei-
ther by protons scattered off neutrons or by the de-excitation of 16O. A delayed signal
could be produced by the neutron captured on hydrogen. Since the maximum energy of
alpha particles from these decay chains is Emaxα ≈ 8.8 MeV, the maximum kinetic energy,
that could be transferred to the emitted neutron, is Emaxn . 7.1 MeV and the maximum
de-excitation energy of 16O is Emaxdeex . 7.1 MeV [274]. Therefore neutrons scattering off
protons as well as the de-excitation of 16O cannot produce a prompt signal in the observed
energy region between 10 MeV and 100 MeV and the α-n background do not affect the
indirect DM search with JUNO.

In summary it can be stated, that none of the additional background sources discussed in
this section contribute as relevant background to the study of this thesis.

5.6. Summary of Backgrounds in JUNO

In this chapter, all potential IBD and IBD-like backgrounds in JUNO for visible energies
from 10 MeV to 100 MeV have been determined and discussed. The event numbers of
all background contributions for the different cuts applied are summarized in table 5.3.
The total expected visible energy spectra of IBD and IBD-like backgrounds in JUNO as
well as the expected electron antineutrino signal from DM self-annihilation assuming DM
particles with mDM = 50 MeV are shown in figure 5.2.
The reactor ν̄e background overwhelms the ν̄e signal from DM annihilation for visible ener-
gies below 10 MeV, which sets the lower edge of the observable energy window to 10 MeV.
Above visible energies of 10 MeV, Nreactor = 38.2±3.8 reactor electron antineutrino back-
ground events are expected in JUNO. The DSNB is present for 10 MeV≤ Evis . 35 MeV
and results in Nfid

DSNB = 15.0 ± 6.0 background events assuming the fiducial case dis-
cussed in section 5.2. The dominant IBD background for visible energies above around 35
MeV are atmospheric ν̄e interacting via CC on protons with an expected event number
of NatmoCC,ν̄e+p = 30.5 ± 7.6. Moreover, the atmospheric νe/ν̄e CC background on 12C
is present for Evis & 40 MeV with NatmoCC,ν̄e+12C = 5.9 ± 1.5. Contrary to this, the CC
background of atmospheric νµ and ν̄µ is reduce to a negligible level of NatmoCC,νµ/ν̄µ < 0.03
after applying a cut on the standard deviation of the photon emission time distribution
σ(tpe) discussed in section 5.3.2. Atmospheric NC background events represent the dom-
inant background in the whole visible energy region from 10 MeV to 100 MeV, since
NatmoNC = 757 ± 220 IBD-like background events are expected in JUNO after 10 years
of data taking. The muon-induced background of cosmogenic isotopes due to the decay of
11Li and 14B only occurs for visible energies below 20.6 MeV and is reduced to a negligible
level of N11Li+14B < 0.6 after applying the muon veto cut presented in section 5.4.1. The
fast neutron background in JUNO with NFN = 99.9± 20.0 is present in the whole visible
energy region.
In contrast to the peak-like signal spectrum, the background contributions shown in figure
5.2 have a broad spectral shape. Due to this difference in the spectral shape, a sensitiv-
ity study with the JUNO detector for the indirect DM search is promising despite the
comparably small signal event numbers.
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6. Background Reduction by Pulse Shape
Discrimination in JUNO

All IBD and IBD-like background contributions for the search for electron antineutrinos
from DM self-annihilation in the Milky Way with the JUNO detector are extensively
discussed in the previous chapter and selection cuts to reduce background events were in-
troduced. IBD selection cuts suppress the atmospheric NC background by 92.2 % and the
fiducial volume cut on the prompt signal reduces the fast neutron background by 92.5 %.
Moreover, the muon veto cut suppresses background events from cosmogenic isotopes and
decaying muons to a negligible level. The cut on σ(tpe) reduces atmospheric CC muon
neutrino and antineutrino events to a negligible level.
Nevertheless, the total expected visible energy spectrum of IBD events in JUNO displayed
in figure 5.2 is still dominated by background contributions. Especially the IBD-like at-
mospheric NC background exceeds the expected neutrino signals from DM annihilation
in the whole region of interest for the assumed limits of the DM annihilation cross section
from Super-K. Therefore, an additional method, the pulse shape discrimination (PSD),
to further reduce background events was developed and studied in this thesis and will be
presented in this chapter.

The pulse shape1 of signals in liquid scintillator detectors depends on the particle type
that excites the LS and can be parametrized by equation 3.14 with particle-specific time
constants τi and corresponding weights ωi as described in section 3.3.1 [201]. These time
constants and weights differ for β-like particles (γ, e− and e+), nucleons (p and n) and α
particles. In table 6.1, the time constants and weights of the different particle types for
JUNO’s LAB-based LS are summarized. The resulting pulse shapes of the three particle
types calculated analytically with equation 3.14 are shown in figure 6.1. Pulse shapes
for p/n are very similar to pulse shapes for α particles. Contrary to this, pulse shapes of
lighter particles (γ’s, e− and e+) decay faster in time than pulse shapes of heavier particles
(p, n, α), which enables the discrimination between these particles types.
Prompt signals of IBD events are mainly caused by the prompt energy deposition of the
positrons in the liquid scintillator volume. In contrast to that, prompt signals of IBD-like
atmospheric NC events are given by the prompt energy deposition of protons, neutrons,
alphas, gamma, etc. as shown in figure 5.13. In fast neutron events, the prompt signal

1The pulse shape, also called photon emission time profile, is defined as number of p.e. as function of
the photon emission time and describes the temporal evolution of a signal in the LS independent of its
position in the detector.

81
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Table 6.1.: Decay time constants τi and corresponding weights ωi of the photon emission of
different particle types for the LAB-based liquid scintillator of JUNO. The light emission
parameters for γ, e− and e+ particles are adopted from measurements [281, 282], while
parameters for p, n and α particles are obtained from MC tuning in DayaBay [283]. The
scintillation light emission is modeled with equation 3.14.

τ1 / ω1 τ2 / ω2 τ3 / ω3

γ, e−, e+ 4.93 ns / 79.9 % 20.6 ns / 17.1 % 190.0 ns / 3.0 %
p, n 4.93 ns / 65.0 % 34.0 ns / 23.1 % 220.0 ns / 11.9 %
α 4.93 ns / 65.0 % 35.0 ns / 22.8 % 220.0 ns / 12.2 %

0 200 400 600 800 1000
photon emission time tpe in ns

10 6
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10 4

10 3
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t p
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, e , e +

p, n

Figure 6.1.: Pulse shapes of different particle types calculated analytically with equation
3.14 using the corresponding time constants and weights listed in table 6.1 for JUNO’s LS.

is caused by neutrons scattering off protons. Therefore, pulse shapes of IBD events differ
from pulse shapes of IBD-like atmospheric NC and fast neutron events in JUNO and can
be discriminated against these IBD-like backgrounds, which is studied in this chapter in
detail.
Section 6.1 describes the simulation and analysis to generate realistic pulse shapes of IBD,
IBD-like atmospheric NC and fast neutron events in JUNO. Afterwards, the method to
discriminate the pulse shapes of different event types and the resulting pulse shape dis-
crimination cut efficiencies are presented in section 6.2. The resulting total visible energy
spectrum in JUNO after applying the PSD cut is given in section 6.3.

6.1. Pulse Shape Analysis

In order to analyze pulse shapes of different particle types, IBD, atmospheric NC and
fast neutron events that mimic IBD signals in the JUNO detector are simulated within
JUNO’s simulation and analysis framework presented in section 3.4.
The whole simulation and reconstruction chain of the JUNO simulation and analysis
framework (version J20v2r0) with detector and electronics simulation and reconstruction
of waveforms, energies and vertices is used to generate realistic pulse shapes.
For pulse shape analysis, only events that pass the IBD selection criteria of table 4.2 are
used as input for the simulation. IBD and IBD-like atmospheric NC events are simulated
uniformly inside the fiducial volume specified by R < 16.0 m. Moreover, neutrons are gen-
erated within the simulation framework representing fast neutron events. These neutrons
with kinetic energies between 10 MeV and 250 MeV are simulated in a spherical shell in
the LS volume defined by 14.0 m < R < 16.0 m to take into account the radial distribution
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of fast neutron events displayed in figure 5.14.

The first step of the simulation chain is the simulation of the detector response with
JUNO DetSim (see section 3.4.1), where the decay time constants τi and corresponding
weights ωi of the photon emission of the LAB-based liquid scintillator of table 6.1 have
been implemented. In DetSim, the scintillation light emission is modeled by equation 3.14
assuming three fluorescence components.
The second step is the electronics simulation ElecSim described in section 3.4.2. The MC
truth data of DetSim is translated into PMT waveforms taking into account the character-
istics of the PMTs and the electronics: PDE, DCR and TTS, listed in table 3.2, as well as
pre- and after-pulses, overshoot, saturation effects, electronic noise and FADC properties
are implemented in ElecSim (for details see [222]).
After the electronics simulation, the calibration and waveform reconstruction introduced
in section 3.4.3 is performed, where the digitized PMT waveforms are reconstructed with
the deconvolution method to get the charge and time information of each photon hit at
each PMT.
The last step of the simulation chain is the energy and vertex reconstruction. Using the
time likelihood algorithm described in section 3.4.4, the energy and vertex of each event
is reconstructed assuming quasi point-like events. The energy and vertex reconstruction
reproduces the MC truth data of DetSim well resulting in a resolution of the vertex recon-
struction in x-direction of σIBD = 259 mm, σatmoNC = 257 mm and σneutron = 413 mm for
events with reconstructed energies between 10 MeV and 100 MeV and with reconstructed
radii of Rreco < 16.0 m 2.

After the described full simulation chain, the pulse shapes of each simulated event are
calculated from the charge and time information of the waveform reconstruction and the
reconstructed vertex ~rreco of the event. Each reconstructed hit time treco is corrected with
the time-of-flight ttof to get the photon emission time tpe (~rPMT is the position of the hit
PMT and ceff describes the effective speed of light for the JUNO detector introduced in
section 4.3):

tpe = treco − ttof = treco −
|~rreco − ~rPMT |

ceff
. (6.1)

With the photon emission times and the corresponding charges, the pulse shape is calcu-
lated as number of p.e. Np.e. as function of tpe and given in a histogram with bin-width of
5 ns.
Afterwards, each pulse shape is shifted such that the global maximum of the pulse shape
in a bin of 5 ns is located at tpe = 0.0 ns. This allows a reasonable comparison of the tem-
poral decay of the pulse shapes. Moreover, only events with a reconstructed energy Ereco
between 10 MeV and 100 MeV and with a reconstructed radial position Rreco < 16.0 m
are considered, which yields 10,945 IBD, 22,309 atmospheric NC and 3,880 neutron events.

The resulting average pulse shapes of IBD events, atmospheric NC events and fast neutron
events are displayed in figure 6.2. On average, the pulse shapes of prompt signals of IBD
events decay faster in time because of dominant energy deposition by the positron. In
contrast to that, pulse shapes of atmospheric NC events and pure neutron events decay
slower in time and, on average, overlap for photon emission times above around 100 ns

2The reconstruction performance in y- and z-direction is similar as expected for a radially symmetric
detector. The vertex resolution of IBD and atmospheric NC events agrees well with the vertex resolution
σvertex = 250.0 mm assumed in section 4.3. The vertex resolution of neutron events is larger due to
the larger mean track length 〈L〉 ≈ 720 mm of neutrons.
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Figure 6.2.: Average pulse shapes of prompt signals of IBD events (red), atmospheric
NC events (orange) and neutron events (magenta) with Rreco < 16.0 m and for recon-
structed visible energies from 10 MeV to 100 MeV. The pulse shapes are normalized to∫ 1µs

0 ns P (t)dt = 1. Pulse shapes of atmospheric NC events and neutron events overlap for
photon emission times larger than around 100 ns.

due to the prevailing energy deposition of neutrons and protons. Figure 6.2 also shows
one component of the after-pulse model of MCP PMTs implemented into the electronics
simulation as a peak at around 900 ns (for more details about the implemented after-pulse
model see [222,284]).

6.2. JUNO’s Pulse Shape Discrimination Performance

The differences of the simulated pulse shapes of different event types allow the discrimina-
tion of IBD signal events from atmospheric NC and fast neutron background events and,
therefore, further suppression of IBD-like backgrounds for the indirect DM search with the
JUNO detector. The concept of pulse shape discrimination (PSD) to distinguish between
signal and background events is well established in liquid scintillator experiments [285–287]
and several methods have been developed over the last decade.
The method of PSD used in this study is the tail-to-total ratio (TTR) method. The ratio
between the charge in a specific time window of the tail of the pulse shape and the charge
of the total pulse shape is the parameter to distinguish between different event types:

TTR =

∫ tend
tstart

P (tpe)dtpe∫ 700 ns
0 ns P (tpe)dtpe

. (6.2)

The time window of the total pulse shape is set from 0 ns to 700 ns, whereas the tail
window is defined from tstart to tend

3.
An advantage of the TTR method for PSD is its fast and straightforward implementation.
Furthermore, neither knowledge about average pulse shapes nor large computational power

3The prompt time window of pulse shapes is set from 0 ns to 1000 ns. Some pulse shapes contain an
after-pulse at around 900 ns as shown in figure 6.2. This after-pulse increases the charge of the pulse
shape in the total prompt time window. To prevent this, the total time window is set up to 700 ns,
where no after-pulse occurs.
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is required. However, a disadvantage is that only integrated values of pulse shapes are used
and additional information of the pulse shapes might be unexploited. Other methods like
e.g. the Gatti method [288] or methods using neural networks [289] could provide better
PSD performances, but are not discussed within the sensitivity study of this work.

The PSD performance of JUNO investigated within this thesis is determined by the tail
window (defined by tstart and tend) and event selection criteria that maximize the signal
to background ratio S/

√
S +B.

The number of signal events S is the number of IBD signal events from DM self-annihilation
after applying an energy-dependent PSD cut efficiency εPSD,IBD(E) on the expected sig-
nal spectra NS(E) described in chapter 4 4:

S =

∫ E2

E1

εPSD,IBD(E)NS(E) dE. (6.3)

E1 and E2 depend on the assumed DM mass and are set according to the energy window,
where the signal spectrum is above a threshold of 10−4 events per 1 MeV.
The total number of background events B is defined in a similar way after applying
energy-dependent PSD cut efficiencies to the corresponding expected background spec-
tra displayed in figure 5.2 and described in chapter 5:

B =

∫ E2

E1

[
εPSD,IBD(E)

[
Nreactor(E) +NDSNB(E) +NatmoCC,ν̄e+p(E)

+NatmoCC,ν̄e+12C(E)
]

+ εPSD,atmoNC(E)NatmoNC(E)

+ εPSD,FN (E)NFN (E)

]
dE. (6.4)

The PSD cut efficiencies εPSD are determined by the tail window and the event selection
criteria that are introduced in the following. To calculate the signal to background ratio,
all background contributions (IBD-like backgrounds like atmospheric NC and fast neutron
events as well as IBD backgrounds such as reactor, DSNB and atmospheric CC events)
are taken into account and B is integrated between E1 and E2.
The signal to background ratio depends on the assumed DM mass. In the study presented
here, DM masses from 15 MeV to 100 MeV in 5 MeV steps are assumed to determine
the expected energy spectrum in JUNO and JUNO’s sensitivity. Therefore, the signal to
background ratio averaged over all assumed DM masses quantifies the efficiency of PSD
in terms of an effective background reduction and is used as parameter that should be
maximal.

The TTR of each simulated pulse shape of IBD, atmospheric NC and neutron events is cal-
culated with equation 6.2 for a variety of different tail windows defined by tail start times
of tstart =100 ns, 150 ns, ..., 450 ns and tail end times of tend = 600 ns and tend = 700 ns.
As an example, the resulting TTR distributions of IBD, atmospheric NC and neutron
events as function of the reconstructed radial position R3 and as function of the recon-
structed energy, i.e. the visible energy Evis, are displayed in figure 6.3 for a tail window
from 200 ns to 600 ns.

4To determine S, the expected signal spectra NS(E) assuming the currently best 90 % C.L. limit of the
annihilation cross section from Super-K are used. The tail window and the event selection criteria that
maximize the signal to background ratio change, if another DM annihilation cross section is assumed.
However, the resulting PSD performance is only slightly (within 3 %) affected by this.
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On average, TTR values of atmospheric NC events are larger than the TTR values of IBD
events, since more charge lies in the tail window for atmospheric NC events due to the
slower decay of the pulse shapes as expected from figure 6.2. Moreover, the TTR distri-
bution of neutron events clearly differ from the distribution of IBD events because of the
different pulse shapes for positrons and neutrons in liquid scintillators.
Figure 6.3 indicates that TTR values of all events slightly decrease with increasing ra-
dial position R3. The reason for this behavior is that photons emitted near the center
are scattered more frequently and, thus, might travel longer until being absorbed by the
PMTs than photons released at the edge of the detector. A fraction of these scattered
photons can be detected that late that they appear in the tail window of the pulse shape.
Therefore, TTR values at the center are larger compared to the ones at the edge of the
detector. Especially for smaller tail start times tstart ≤ 200 ns, this effect is sizable, while
TTR values follow an almost flat distribution as function of the radial position R3 for
tstart ≥ 300 ns.
The discrimination of IBD events and IBD-like atmospheric NC events based on their
TTR strongly depends on the events’ visible energy (see figure 6.3). For energies above
around 40 MeV, the TTR distributions of IBD and atmospheric NC events are clearly sep-
arated. In contrast to that, the TTR distribution of a large part of atmospheric NC events
significantly overlaps with the IBD TTR distribution for lower energies, especially below
around 25 MeV. The main reason for this feature is that the prompt energy deposition of
IBD-like atmospheric NC events is driven by different particles (n, p, γ, α etc.) and their
contribution to the total energy deposition depends on the total energy of the event. For
energies below 25 MeV, more than 10 % of the total visible energy of the event is caused
by the energy deposition of gamma particles. Since the decay time constants and weights
defining the scintillation time profile are identical for gammas and positrons, the pulse
shapes of IBD and these ”gamma-dominated” atmospheric NC events are not separable
and the TTR distributions overlap. Another minor reason is the smaller photon statis-
tics of these low energetic events, which decreases the discrimination power of different
event types. Above approximately 40 MeV, the energy deposition of IBD-like atmospheric
NC events is dominated by neutrons and protons and, therefore, the resulting TTR val-
ues clearly differ from IBD events. Furthermore, TTR distributions of atmospheric NC
events, where the energy deposition is mainly caused by neutrons and protons, agree with
the ones of neutron events as expected.

Since the TTR values depend on the visible energy Evis as well as on the radial position
R of the events as discussed above, two linear TTR cut functions are defined to determine
the PSD cut efficiency (B1 in MeV−1, B2 in m−3):

TTRcut(Evis) = A1 +B1 · Evis, (6.5)

TTRcut(R
3) = A2 +B2 ·R3. (6.6)

Only events with TTR values smaller than TTRcut(Evis) and TTRcut(R
3) pass the PSD

cut. The procedure to determine the PSD cut efficiencies based on the introduced cut
functions is described in the following:
The PSD survival efficiency of atmospheric NC events is fixed to εPSD,atmoNC = 1 %.
Then, the TTR values of IBD, atmospheric NC and neutron events are calculated for a
tail window from 100 ns to 600 ns. Based on these TTR distributions, the parameter space
of the cut parameters A1, B1, A2 and B2 is scanned and the PSD survival efficiencies of
IBD events εPSD,IBD and neutron events εPSD,neutron as well as the resulting signal to
background ratio is calculated for each set of A1, B1, A2 and B2. Therefore, you get the
cut parameters that maximize the signal to background ratio for the specific tail window
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Figure 6.3.: Tail-to-total ratio distributions of prompt signals of simulated IBD, IBD-like
atmospheric NC and neutron events for a tail window from 200 ns to 600 ns together
with the TTR cut functions that result in the best signal to background ratio. Only
events with TTR values smaller than TTRcut(Evis) and TTRcut(R

3) pass the PSD cut.
Top: TTR values as function of the reconstructed radial position R3 with the TTR cut
function TTRcut(R

3) = 0.0329 − 1.4 · 10−6 m−3 · R3 (black line). Bottom: TTR values
as function of the visible energy Evis with the TTR cut function TTRcut(Evis) = 0.0320,
B1 = 0.0 MeV−1 (black line).
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Figure 6.4.: PSD cut efficiencies of IBD events and corresponding signal to background
ratios S/

√
S +B as function of the PSD cut efficiency of IBD-like atmospheric NC events.

The PSD cut efficiencies of IBD events correspond to the left y-axis and are shown in
blue. The signal to background ratios corresponding to the right y-axis are shown in red.
Data is taken from table 6.2.
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Table 6.2.: Survival efficiencies of the PSD cut of IBD-like atmospheric NC, IBD and
fast neutron events and the corresponding tail windows that lead to the best signal to
background ratio S/

√
S +B. The signal to background ratio is defined as average of the

signal to background ratios of all assumed DM masses (mDM = 15 MeV, 20 MeV, ...,
100 MeV). The best signal to background ratio with the corresponding tail window and
efficiencies is displayed in bold.

εPSD,atmoNC εPSD,IBD εPSD,FN optimized tail window S/
√
S +B

1.0 % 85.9 % 0.1 % 250 ns to 600 ns 4.000
2.0 % 89.2 % 0.1 % 200 ns to 600 ns 4.128
3.0 % 92.4 % 0.2 % 250 ns to 600 ns 4.193
4.0 % 95.4 % 0.4 % 200 ns to 600 ns 4.254
5.0 % 97.4 % 0.6 % 200 ns to 600 ns 4.281
6.0 % 98.6 % 1.0 % 150 ns to 600 ns 4.278
7.0 % 99.1 % 1.2 % 200 ns to 600 ns 4.277

from 100 ns to 600n ns and the fixed PSD cut efficiency εPSD,atmoNC = 1 %. This is done
for different tail windows defined by the tail start times tstart =100 ns, 150 ns, ..., 450 ns
and tail end times tend = 600 ns and tend = 700 ns, again for the fixed PSD cut efficiency
εPSD,atmoNC = 1 %. The largest signal to background ratio of S/

√
S +B = 4.000 for a

fixed PSD cut efficiency of εPSD,atmoNC = 1 % is achieved for a tail window from 250 ns
to 600 ns and with the cut parameters A1 = 0.0053, B1 = 5.72 · 10−4 MeV−1, A2 = 0.0185
and B2 = −6.0 · 10−7 m−3.
This whole procedure is also done for fixed efficiencies of εPSD,atmoNC = 2 %, 3 %, 4 %,
5 %, 6 % and 7 %. The resulting PSD cut efficiencies of atmospheric NC, IBD and fast
neutron events and the corresponding tail windows, which lead to the largest signal to
background ratio S/

√
S +B, are summarized in table 6.2. Figure 6.4 shows the PSD cut

efficiencies of IBD events and the corresponding signal to background ratios S/
√
S +B

listed in table 6.2 as function of the PSD cut efficiency of atmospheric NC events.

As a result, the largest signal to background ratio and therefore the most efficient pulse
shape discrimination based on the TTR method can be achieved with a tail window from
200 ns to 600 ns. The corresponding TTR cut functions to reach this signal to background
ratio of S/

√
S +B = 4.281 are TTRcut(Evis) = 0.0320 (independent of Evis, since B1 =

0.0 MeV−1) and TTRcut(R
3) = 0.0329− 1.4 · 10−6 m−3 ·R3. These cut functions are also

shown in figure 6.3. The resulting PSD survival efficiencies are εPSD,atmoNC = 5.0 %,
εPSD,IBD = 97.4 % and εPSD,FN = 0.6 % and are shown in figure 6.5 as function of
the visible energy. Pulse shape discrimination based on the TTR method is very efficient
for energies above around 40 MeV, where IBD events can be nearly perfectly separated
from atmospheric NC and neutron events as indicated in figure 6.5. For lower energies,
especially below around 25 MeV, the discrimination power decreases, since the TTR values
of IBD and ”gamma-dominated” atmospheric NC events resemble (as discussed above).

6.3. Final Visible Energy Spectrum in JUNO

For simulated IBD events, the total PSD survival efficiency for visible energies between
10 MeV and 100 MeV is εPSD,IBD = 97.4 % with a statistical error of ∆εPSD,IBD = 1.3 %.
To consider the PSD cut, the energy-dependent IBD PSD cut efficiency displayed in fig-
ure 6.5 is applied to the IBD signal spectra of electron antineutrons originated from DM
self-annihilation for each assumed DM mass described in chapter 4 and to all IBD back-
ground spectra shown in figure 5.2 and discussed in chapter 5 (reactor neutrino background,
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Figure 6.5.: Pulse shape discrimination cut efficiencies of IBD, IBD-like atmospheric NC
and fast neutron events as function of the visible energy Evis. The PSD efficiencies are
determined with the TTR method for a tail window from 200 ns to 600 ns and the TTR
cut functions shown in figure 6.3 and lead to the best signal to background ratio. The
PSD efficiencies are displayed in bins of 1 MeV width.

DSNB and atmospheric CC neutrino background on free protons).
The IBD PSD survival efficiency εPSD,IBD(Evis) is also applied to the atmospheric CC
neutrino background on 12C shown in figure 5.2, since the prompt signals of atmospheric
ν̄e’s interacting via CC on 12C are mainly caused by the energy deposition of positrons,
similar to IBD signals. This conservative assumption might slightly overestimate the at-
mospheric CC background on 12C.
With the TTR method introduced in this section, a total PSD survival efficiency of IBD-
like atmospheric NC events of εPSD,atmoNC = (5.0± 0.2) % can be achieved. The energy
spectrum of atmospheric NC events after applying the PSD cut is calculated with the
energy-dependent PSD cut efficiency illustrated in figure 6.5 and the atmospheric NC
background spectrum of figure 5.2. After applying this energy-dependent PSD cut, the
number of atmospheric NC neutrino background events that mimic an IBD signal in JUNO
for a lifetime of 10 years is reduced to NPSD

atmoNC = 37.1± 10.8.
The resulting total PSD survival efficiency of fast neutron events is εPSD,FN = 0.6 %,
which reduces the expected number of fast neutron background events in JUNO after
10 years of data taking and for visible energies from 10 MeV to 100 MeV to NPSD

FN =
0.6± 0.1. Therefore, the fast neutron background is neglected in the following.

The total visible energy spectrum expected in the JUNO detector for 10 years of data
taking and a fiducial mass of 14.77 kt is shown in figure 6.6 after considering the PSD
cut introduced in this section. A summary of the number of background events in JUNO
after applying the PSD cut is given in table 6.3.
The signal spectrum is displayed exemplarily for DM particles with mDM = 50.0 MeV and
assuming the currently best 90 % C.L. upper limit on the DM annihilation cross section
of 〈σA v〉Super−K = 1.1 · 10−24 cm3/s for mDM = 50 MeV provided by Super-K. The total
visible energy spectra for more assumed DM masses (15 MeV, 20 MeV, ..., 100 MeV) are
displayed in section B of the appendix.
The atmospheric NC background is suppressed very effectively by PSD to NPSD

atmoNC =
37.1 ± 10.8. Especially for energies above 50 MeV, the background of IBD-like atmo-
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Figure 6.6.: Total expected visible energy spectrum of IBD events after PSD in JUNO for
10 years of data taking, a fiducial mass of 14.77 kt and visible energies between 10 MeV and
100 MeV. All events pass the IBD cuts, the muon veto cut, the cut on σ(tpe) and the PSD
cut. The total PSD survival efficiencies are εPSD,IBD = 97.4 %, εPSD,atmoNC = 5.0 %
and εPSD,FN = 0.6 %. The DSNB is shown in blue, where the solid blue line represents

the fiducial case with Nfid,PSD
DSNB = 12.6± 5.0, while the blue region is bounded by the high

and low case, respectively. The atmospheric CC background of electron antineutrinos
interacting with free protons is shown as dark green line (NPSD

atmoCC,ν̄e+p
= 30.3 ± 7.6),

whereas the atmospheric CC background of ν̄e’s interacting with 12C nuclei is displayed as
light green line (NPSD

atmoCC,ν̄e+12C = 5.9 ± 1.5). The IBD-like atmospheric NC background

is shown in orange with NPSD
atmoNC = 37.1± 10.8. The resulting total background spectrum

is given as black line with a total number of background events after PSD of NPSD
B =

85.9± 24.9. The electron antineutrino signal spectrum calculated with the currently best
90 % C.L. limit on the DM annihilation cross section of 〈σA v〉Super−K (mDM = 50 MeV) =

1.1·10−24 cm3/s is shown in red exemplarily for mDM = 50 MeV resulting in NPSD
S = 39.6.

spheric NC events is reduced to a negligible level.
In the low energy region from 10 MeV to around 35 MeV, the DSNB and the atmospheric
NC background dominate the spectrum. The DSNB is reduced to Nfid,PSD

DSNB = 12.6± 5.0

for the fiducial case, N low,PSD
DSNB = 7.5 ± 3.0 for the low case and Nhigh,PSD

DSNB = 18.8 ± 7.5
for the high case. Moreover, the reactor electron antineutrino background is suppressed to
NPSD
reactor = 21.5 ± 2.2 events for visible energies above 10 MeV. For Evis ≥ 12 MeV, only

0.2 reactor background events are expected. Due to this small event number, the reactor
electron antineutrino background is neglected in the following.
The atmospheric CC neutrino background dominates the spectrum for higher visible en-
ergies. Above around 50 MeV, the atmospheric CC neutrino background is the only back-
ground source for the search of neutrinos from DM annihilation in JUNO (NPSD

atmoCC,ν̄e+p
=

30.3± 7.6 and NPSD
atmoCC,ν̄e+12C = 5.9± 1.5).
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Table 6.3.: Number of background events in JUNO for visible energies between 10 MeV
and 100 MeV, a fiducial mass of 14.77 kt and after 10 years of data taking. The table
summarizes IBD backgrounds (reactor background, fiducial case of the DSNB, atmo. CC
of ν̄e + p) and IBD-like backgrounds (atmo. CC of ν̄e + 12C, atmo. NC, fast neutron) that
pass the IBD selection cuts, the muon veto cut and the cut on σ(tpe). The corresponding
event numbers are listed in the second column. In the third column, the event numbers
after applying the PSD cut are listed. The last column represents the visible energy region,
where the background events occur.

before PSD cut after PSD cut typ. visible energies

Reactor background 38.2± 3.8 21.5± 2.2 < 12 MeV

DSNB (fid.) 15.0± 6.0 12.6± 5.0 10 MeV ≤ Evis . 35 MeV

Atmo. CC (ν̄e + p) 30.5± 7.6 30.3± 7.6 20 MeV . Evis ≤ 100 MeV

Atmo. CC (ν̄e + 12C) 5.9± 1.5 5.9± 1.5 40 MeV . Evis ≤ 100 MeV

Atmo. NC 757± 220 37.1± 10.8 10 MeV ≤ Evis . 50 MeV

Fast neutron 99.9± 20.0 0.6± 0.1





7. JUNO’s Sensitivity for Indirect Dark
Matter Search

The main goal of this thesis is the determination of JUNO’s sensitivity to measure electron
antineutrinos from DM self-annihilation in the Milky Way as an excess over backgrounds
via the IBD detection channel.
To specify the sensitivity, the contribution of the signal process to the expected spectrum
is investigated and the upper limit that can be set on the signal contribution is determined.
This upper limit on the number of signal events can then be translated into an upper limit
on a monoenergetic electron antineutrino flux and, furthermore, into an upper limit on
the DM self-annihilation cross section 〈σAv〉.
In section 7.1, the analysis method to determine the upper limit on the number of signal
events employed in this thesis is introduced. The resulting sensitivity of JUNO, its limit
on the DM self-annihilation cross section and its discovery potential is presented in section
7.2. A comparison with limits from other neutrino detectors is given in section 7.3. Possible
improvements for the indirect DM search with JUNO are presented in section 7.4.

7.1. Analysis Method

In order to calculate the upper limit on the number of signal events from DM self-
annihilation in JUNO, a Bayesian analysis based on [290] is performed. In [290], a Bayesian
analysis of the probability of a signal in presence of background has been developed for
sparsely populated spectra and criteria for claiming evidence for a signal have been pro-
posed.
The principle of the Bayesian analysis of [290] is introduced in section 7.1.1 and the ap-
plication to the indirect DM search with JUNO is described in section 7.1.2.

7.1.1. Principle of Bayesian Analysis

The analysis method introduced in [290] and used here is based on Bayes’ theorem1.
The observed number of events in the i-th bin of the spectrum is denoted ni. The proba-
bility to observe the measured spectrum, given by the set of the number of signal events

1The assumptions for the analysis are: the spectrum is confined to a certain region of interest; the spectral
shapes of a possible signal and of the backgrounds are known; the spectrum is divided into bins and the
event numbers in the bins follow Poisson distributions [290]. All assumptions are valid for the expected
spectra in JUNO and in THEIA.

93
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S and the number of background events B, is the product of the probabilities to observe
the N values under the assumption that the fluctuations in the bins of the spectrum are
uncorrelated [290]. The expected number of events λi in the i-th bin can be expressed in
terms of S and B:

λi(S,B) = S · fS,i +B · fB,i. (7.1)

fS,i and fB,i are the normalized shapes of the known signal and background spectra, respec-
tively, for each energy bin i. The number of observed events ni in each bin can fluctuate
around λi according to Poisson distribution. This yields the conditional probability to
obtain the measured spectrum

p (spectrum|S,B) =
N∏
i=1

λi(S,B)ni

ni!
e−λi(S,B). (7.2)

Following Bayes’ Theorem, the posterior probability, i.e. the probability that the observed
spectrum can be explained by the set of parameters S and B, is:

p (S,B|spectrum) =
p (spectrum|S,B) · p0(S) · p0(B)∫

p (spectrum|S,B) · p0(S) · p0(B) dS dB
(7.3)

with the conditional probability of equation 7.2 and the prior probabilities for the num-
ber of signal p0(S) and background events p0(B). These prior probabilities are chosen
depending on the knowledge from previous experiments, measurements and models, and
are assumed to be uncorrelated.
In order to estimate the signal contribution, the posterior probability p (S,B|spectrum) is
marginalized with respect to the number of background events B [290]:

p (S|spectrum) =

∫
p (S,B|spectrum) dB. (7.4)

A 90 % probability upper limit S90 on the number of signal events is then calculated by
integrating equation 7.4 up to 90 % probability:

∫ S90

0
p (S|spectrum) dS = 0.90. (7.5)

To evaluate the sensitivity of an experiment, possible spectra are numerically generated
from Monte Carlo simulations of signal and background events. These datasets (or en-
sembles) are produced according to Poisson distributions and subsequently analyzed with
the analysis from above. The output parameters, e.g. the 90 % upper limit S90, are his-
togrammed and the frequency distribution is interpreted as the probability density for the
parameter under study [290]. From these distributions, the mean value and, for example,
the 68 % probability interval can be deduced and used to determine the sensitivity of an
experiment [290].

7.1.2. Bayesian Analysis for JUNO

JUNO’s sensitivity is determined using the Bayesian analysis described above for a set of
assumed DM masses of mDM = 15 MeV, 20 MeV, 25 MeV, ..., 95 MeV and 100 MeV and
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Figure 7.1.: Expected background-only spectrum in JUNO after PSD for a lifetime of
10 years, a fiducial mass of 14.77 kt and visible energies between 12 MeV and 100 MeV.
The background spectra are equal to the spectra shown in figure 6.6 (the fiducial case
is displayed for the DSNB). The total PSD survival efficiencies are εPSD,IBD = 97.4 %,
εPSD,atmoNC = 5.0 % and εPSD,FN = 0.6 %.
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Figure 7.2.: Example of a dataset generated from the background-only spectrum of JUNO
shown in figure 7.1. The dataset represents the observed number of events ni per energy
bin i. The bin size is 1 MeV.

for a visible energy region from 12 MeV to 100 MeV 2.
Since JUNO is still under construction, the outcome of the experiment, i.e. the ob-
served number of events ni per energy bin, is predicted by datasets generated from the
background-only spectrum of JUNO shown in figure 7.1. In total, 1,000 datasets are gen-
erated by Poisson distributed random numbers for each energy bin i with the total number
of background events Bi = BDSNBi + BatmoCC+p,i + BatmoCC+12C,i + BatmoNC,i as mean
value. One dataset is shown as example in figure 7.2. For each of these 1,000 datasets,
the Bayesian analysis of section 7.1.1 is applied. This is repeated for each assumed value
of the DM mass.

2The lower edge of the visible energy window is increased from 10 MeV to 12 MeV (compared to the
previous chapters) due to the following reasons: on the one hand, the reactor electron antineutrino
background can be neglected for Evis ≥ 12 MeV and, on the other hand, the number of signal events
for the lightest assumed DM mass of mDM = 15 MeV is NS(mDM = 15 MeV) = 0.0 for Evis <
12 MeV. Therefore, the reactor background is suppressed to a negligible level without reducing the
signal efficiency.
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The expected number of events λi in JUNO is

λi(S,B) =S · fS,i +BDSNB · fDSNB,i +BatmoCC+p · fatmoCC+p,i

+BatmoCC+12C · fatmoCC+12C,i +BatmoNC · fatmoNC,i, (7.6)

where S, BDSNB , BatmoCC+p, BatmoCC+12C and BatmoNC are the total number of signal
and background events, respectively, and fS,i, fDSNB,i, fatmoCC+p,i, fatmoCC+12C,i and
fatmoNC,i are the normalized spectral shapes of the signal and background spectra3 after
the PSD cut described in chapter 6. Therefore, the conditional probability defined in
equation 7.2 is a function of S and the four background contributions in JUNO and the
posterior probability for JUNO is

p (S,BDSNB, ..., BatmoNC |spectrum) ∝ p (spectrum|S,BDSNB, ..., BatmoNC)

· p0(S) · p0(BDSNB) · p0(BatmoCC+p)

· p0(BatmoCC+12C) · p0(BatmoNC). (7.7)

The prior probability p0(S) for the number of signal events is set flat up to the maximum
value Smax = 60.0, consistent with the existing limit of Super-K [75] (Smax = 60 for
〈σA v〉Super−K = 2.2 · 10−24 cm3/s at mDM = 100 MeV):

p0(S) =

{
1/Smax , for 0 ≤ S ≤ Smax,
0 , otherwise.

(7.8)

The prior probabilities for the number of background events is given by a Gaussian distri-
bution with mean value µB equal to the total expected number of background events of
the corresponding background and width σB:

p0(B) =


exp

(
− (B−µB)2

2σ2
B

)
∫∞
0 exp

(
− (B−µB)2

2σ2
B

)
dB

, forB ≥ 0,

0 , forB < 0.

(7.9)

So, the background contributions are assumed to be known within some uncertainty that
is represented by σB (recall that the shape of each background spectrum is however fixed).
Here, a very conservative approach for the uncertainty of the background contributions of
σB = 2 · µB is assumed4.
The marginalization of the posterior probability of equation 7.7, which is a function of
the free parameters S, BDSNB, BatmoCC+p, BatmoCC+12C and BatmoNC , is done with
Markov Chain Monte Carlo (MCMC) sampling with the python package emcee [291]. This
package is based on [292]. The start values of S, BDSNB, BatmoCC+p, BatmoCC+12C and
BatmoNC for the MCMC sampling are given by minimizing the negative logarithm of the
conditional probability ln [p (spectrum|S,BDSNB, ..., BatmoNC)]. Then the logarithm of the

3The spectral shapes of the signal spectra after PSD for the different assumed DM masses are shown in
figure B.5 and B.6. The spectral shapes of the backgrounds are shown in figure 7.1. For the DSNB,
the normalized spectral shape of the fiducial case is considered here. The other cases will be discussed
in section 7.2.

4The analysis is also done for more stringent prior probabilities for the number of background events
defined by equation 7.9 with σB = µB/2, which will be discussed in section 7.2.
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posterior probability ln [p (S,BDSNB, ..., BatmoNC |spectrum)] is marginalized with respect
to S, BDSNB, BatmoCC+p, BatmoCC+12C and BatmoNC with the given start values. The
results of the marginalization are shown in figure 7.3 exemplarily for the dataset of figure
7.2 and for an assumed DM mass of mDM = 50 MeV. The only relevant (anti)correlation
is observed between the parameters BDSNB and BatmoNC and between the parameters
BatmoCC+p and BatmoCC+12C. This is due to the similar spectral shapes in the same
energy region of the DSNB and atmospheric NC background, and of the atmospheric CC
background on protons and 12C. All other parameters are uncorrelated.
After the marginalization of the posterior probability, the 90 % upper limit S90 of the
number of signal events as well as the estimators for the number of background events
(B∗DSNB, B∗atmoCC+p, B

∗
atmoCC+12C, B∗atmoNC) are calculated.

This marginalization is done for each dataset. The mean of all 1,000 values of the 90 %
upper limit on the number of signal events represents the average 90 % upper limit S̃90.
Moreover, the 68 % and 95 % probability intervals are calculated from the distribution of
S90.
This analysis is performed for different DM masses (15 MeV, 20 MeV, ..., 100 MeV),
which results in 90 % upper limits S̃90(mDM ) on the number of signal events as function
of the DM mass. Because of the monoenergetic electron antineutrino flux at Earth, the
DM mass is equal to the electron antineutrino energy Eν̄e . Therefore, the 90 % upper
limits on the number of signal events can also be interpreted as function of the electron
antineutrino energy S̃90(mDM ) = S̃90(Eν̄e). The resulting 90 % upper limit S̃90(Eν̄e) on
the number of signal events in JUNO after 10 years of data taking and for the PSD
efficiencies determined in section 6.2 (εPSD,IBD = 97.4 %, εPSD,atmoNC = 5.0 %) is shown
in figure 7.4 together with the 68 % and 95 % probability interval, respectively.

7.2. Sensitivity of JUNO

The 90 % upper limit S̃90(Eν̄e) on the number of signal events can be translated into a
90 % upper limit on a monoenergetic ν̄e flux φν̄e,90%(Eν̄e) in JUNO with equation 4.3 and
by considering the PSD efficiency εPSD,IBD determined in section 6.2:

φν̄e,90%(Eν̄e) =
S̃90(Eν̄e)

σIBD(Eν̄e) Np t εIBD εµ veto εPSD,IBD(Eν̄e)
, (7.10)

where σIBD is the IBD interaction cross section of equation 4.4, Np = 1.45 · 1033 the
number of free protons in JUNO, t = 10 years the total exposure time, εIBD = 67.0 %
the IBD detection efficiency and εµ veto = 97.2 % the efficiency due to the application of
the muon veto. The PSD efficiency εPSD,IBD of IBD events is a function of the electron
antineutrino energy and is defined as

εPSD,IBD(Eν̄e) =

∫ 100 MeV
12 MeV NPSD

S (Eν̄e , Evis)dEvis∫ 100 MeV
12 MeV NS(Eν̄e , Evis)dEvis

(7.11)

with NPSD
S (Eν̄e) and NS(Eν̄e) as number of signal events after and before the PSD cut,

respectively, determined in section 6.2 (total εPSD,IBD = 97.4 %, total εPSD,atmoNC =
5.0 %).
The resulting 90 % upper limit on the ν̄e flux for JUNO is shown in figure 7.5 with the
68 % and 95 % probability intervals. It should be noted here that the upper limit φν̄e,90%

represents a model-independent 90 % upper limit on a monoenergetic electron antineutrino
flux at Earth (independent of its origin) and does not depend on the assumptions and
assumed properties of DM self-annihilation in the Milky Way made in section 4.1. For
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Figure 7.3.: Results of MCMC sampling of the posterior probability of equation 7.7 exem-
plarily for an assumed DM mass of mDM = 50 MeV and for the analyzed dataset shown
in figure 7.2. Each 2D contour plot represents the posterior probability as function of two
free parameters marginalized with respect to the other parameters. The 1D plots show
the posterior probability of one free parameter marginalized with respect to the others,
e.g. the top left plot represents the posterior probability p (S|spectrum) marginalized with
respect to BDSNB, BatmoCC+p, BatmoCC+12C and BatmoNC as function of S. The blue
lines are the number of expected background events from the spectrum shown in figure
7.1. The figure is generated with [293].
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Figure 7.4.: Mean value of the 90 % upper limit on the number of signal events S̃90 in JUNO
as well as the 68 % and 95 % probability interval as function of the neutrino energy. The
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7.2. Sensitivity of JUNO 99

20 30 40 50 60 70 80 90 100
Neutrino energy in MeV

10 1

100

90
 %

 u
pp

er
 li

m
it 

on
 

e
 in

 
e/(

cm
2 s

)

mean value of e, 90%
68 % probability interval
95 % probability interval

Figure 7.5.: 90 % probability upper limit on a monoenergetic electron antineutrino flux
in JUNO as function of the neutrino energy. The mean values of φν̄e,90% are displayed in
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in section 2.4.2 are shown in red. The natural scale of the DM self-annihilation cross
section 〈σA v〉natural = 3 · 10−26 cm3/s is displayed as gray line.
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example, it could also be interpreted as the upper limit on a monoenergetic electron
antineutrino flux originated from the potential two body decay of a DM particle into a
neutrino-antineutrino pair, DM → ν + ν̄. In this case, the 90 % upper limit φν̄e,90% of
figure 7.5 could be translated into a 90 % upper limit on the DM lifetime τDM .
With the 90 % upper limit φν̄e,90%, the 90 % probability upper limit on the DM self-
annihilation cross section 〈σA v〉 for JUNO is calculated with

〈σA v〉90% (mDM ) = φν̄e,90%(Eν̄e)
6 ·m2

DM

δ(Eν̄e −mDM ) R0 ρ2
0 Javg

(7.12)

following equation 4.1. As discussed in section 4.1, Majorana DM particles annihilat-
ing directly into neutrino-antineutrino pairs in the entire Milky Way, equal neutrino flavor
composition at Earth and the canonical value Javg = 5 of the angular-averaged J-factor are
assumed. The resulting 90 % upper limit on the DM self-annihilation cross section deter-
mined with the JUNO detector is shown in figure 7.6 with the 68 % and 95 % probability
intervals, respectively (the best currently existing 90 % C.L. upper limits of KamLAND
and Super-K presented in section 2.4.2 are also displayed for comparison). Moreover, the
natural scale of the DM self-annihilation cross section 〈σA v〉natural = 3·10−26 cm3/s is also
displayed in figure 7.6 (in the following figures of chapter 7, the natural scale 〈σA v〉natural
is always displayed as gray line).
The 90 % upper limit on the DM self-annihilation cross section for JUNO ranges from
〈σA v〉90% (mDM = 35 MeV) = 1.0 · 10−25 cm3/s to 〈σA v〉90% (mDM = 100 MeV) =
2.5 · 10−25 cm3/s. The limit of the self-annihilation cross section averaged over the DM
mass region from 15 MeV to 100 MeV is 〈σA v〉average90% = 1.633 · 10−25 cm3/s. Annihilation
cross sections greater than the limit shown in figure 7.6 are excluded at 90 % C.L.. The
currently best limits of Super-K can be improved by JUNO in the whole DM mass region
from 15 MeV to 100 MeV, except of 27.5 MeV ≤ mDM ≤ 29.2 MeV (more details about
the comparison of limits between neutrino experiment is given in section 7.3).
The same analysis as described in section 7.1.2 is also performed assuming prior proba-
bilities of the number of background events defined by equation 7.9 with σB = µB/2. So,
it is assumed that the different background contributions are more confined. The 90 %
upper limits averaged over the DM mass region from 15 MeV to 100 MeV of both cases
agree with each other within less than 0.5 %. Therefore, the choice of σB doesn’t affect
the sensitivity of JUNO.
To validate the calculation and analysis described in section 7.1.2 and applied in this thesis,
the 90 % upper limit on the DM self-annihilation cross section is also determined using
the Bayesian Analysis Toolkit (BAT), which is a similar data analysis toolkit based on
Bayes’ Theorem and realized with the use of MCMC (see [294]). The results of the limits
of the DM self-annihilation cross section match within 0.2 % for the two used analysis
packages.

JUNO’s Sensitivity for Different DM Properties

The 90 % upper limit on 〈σA v〉 shown in figure 7.6 is calculated under the assumptions
that the angular-averaged J-factor is Javg = 5 and DM is a Majorana particle.
As discussed in section 4.1, the angular-averaged J-factor strongly depends on the DM
density profile ρ(r) in the Milky Way. Three DM profile models (Kravtsov, NFW, Moore)
were introduced, which result in J-factors of JKravtsovavg = 2.6, JNFWavg = 3.0 and JMoore

avg =
8.0 (see table 4.1). In figure 7.7, the 90 % upper limit on the DM self-annihilation cross
section calculated with equation 7.12 assuming different J-factors is shown. Depending on
the chosen DM profile model, 〈σA v〉90% differs by a factor of around three.
The 90 % upper limit on the DM self-annihilation cross section is moreover calculated
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Figure 7.7.: 90 % probability upper limit on the DM self-annihilation cross section 〈σA v〉
for the JUNO experiment for different assumed DM profile models of the Milky Way.
〈σA v〉90% after 10 years of data taking is displayed assuming JKravtsovavg = 2.6 (green),

JNFWavg = 3.0 (red) and JMoore
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Figure 7.8.: 90 % probability upper limit on the DM self-annihilation cross section 〈σA v〉
for the JUNO experiment assuming Dirac (red) and Majorana (black) DM particles,
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under the assumption that DM particles are Dirac particles instead of Majorana particles
(κ1 = 4 in equation 2.2 for Dirac DM). The resulting limit assuming Dirac DM particles as
well as the limit for Majorana DM particles is shown in figure 7.8 (in both cases Javg = 5
is assumed). If DM particles are Majorana particles, the limit on the self-annihilation
cross section is more stringent by a factor of around two as expected.

JUNO’s Sensitivity for Different PSD Efficiencies

The upper limit on the DM self-annihilation cross section shown in figure 7.6 is analyzed
using the signal and background spectra after the PSD cut specified by the total survival
efficiencies of εPSD,IBD = 97.4 % and εPSD,atmoNC = 5.0 %. These PSD efficiencies yield
the best signal to background ratio S/

√
S +B as described in section 6.2.

To determined the impact of the PSD cut on the resulting 90 % upper limit on the DM
self-annihilation cross section, the analysis described in section 7.1.2 was performed for
each PSD efficiency listed in table 6.2 5. The resulting 90 % upper limits on the DM self-
annihilation cross section for different PSD efficiencies are shown in figure 7.9 together
with 〈σA v〉90% averaged over the DM mass range from 15 MeV to 100 MeV.
The upper limits agree with each other for DM masses above around 35 MeV within
statistical uncertainties. For smaller DM masses, the upper limits vary depending on the
PSD efficiencies. Especially for mDM = 15 MeV, the upper limits differ up to a factor of
3.3, which represents the largest influence of PSD.
The best averaged 90 % upper limit on the DM self-annihilation cross section is achieved
considering the PSD cut specified by the total survival efficiencies of εPSD,IBD = 97.4 %
and εPSD,atmoNC = 5.0 %. So, the PSD efficiencies that result in the largest signal
to background ratio yield the most stringent upper limit on the DM annihilation cross
section. Nevertheless, JUNO’s sensitivity is only slightly decreased (< 0.9 %), if a PSD
cut specified by εPSD,atmoNC = 4.0 %, εPSD,atmoNC = 6.0 % or εPSD,atmoNC = 7.0 % is
applied.

JUNO’s Sensitivity for Different DSNB Models

The analysis described in section 7.1.2 is also performed assuming the low and high case
of the DSNB of section 5.2 (all other spectra and parameters, e.g. total PSD efficiencies
of εPSD,IBD = 97.4 % and εPSD,atmoNC = 5.0 %, remain unchanged). The resulting 90 %
upper limits on the DM self-annihilation cross section are shown in figure 7.10 for the low
and high case, respectively.
The differences of the 90 % upper limit on the DM self-annihilation cross section due to
the assumed DSNB cases is clearly visible in the DM mass region below around 35 MeV.
For the low case, the number of DSNB events is smaller, which results in a better limit
on the DM annihilation cross section. In contrast to that, the number of DSNB events
for the high case is larger resulting in a worse upper limit. Above DM masses of around
75 MeV, the upper limits for the three cases (low, fiducial, high) slightly differ, which is
due to statistical uncertainties and not because of physical effects.

JUNO’s Sensitivity for Different Exposure Times

All limits for JUNO presented above are determined for a total exposure time of t = 10
years. To investigate the dependence of JUNO’s sensitivity on the exposure time, the

5For the PSD cut with total efficiencies of εPSD,IBD = 85.9 % and εPSD,atmoNC = 1.0 %, 〈σA v〉 was
not determined, since the PSD cut suppresses the expected signal for mDM = 15 MeV to a negligible
level (NS(mDM = 15 MeV) = 0.0). For each of the other PSD efficiencies listed in table 6.2, 1,000
datasets were generated according to the specific background-only spectrum, the analysis of section
7.1.2 was applied and S̃90(Eν̄e) was determined. With S̃90(Eν̄e), φν̄e,90%(Eν̄e) and 〈σA v〉90% (mDM )
was calculated for each assumed PSD efficiency.
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Figure 7.9.: 90 % probability upper limit on the DM self-annihilation cross section 〈σA v〉
for the JUNO experiment after 10 years of data taking for different PSD efficiencies.
The upper limits are displayed for εPSD,IBD = 89.2 % and εPSD,atmoNC = 2.0 %,
εPSD,IBD = 92.4 % and εPSD,atmoNC = 3.0 %, εPSD,IBD = 95.4 % and εPSD,atmoNC =
4.0 %, εPSD,IBD = 97.4 % and εPSD,atmoNC = 5.0 %, εPSD,IBD = 98.6 % and
εPSD,atmoNC = 6.0 %, and εPSD,IBD = 99.1 % and εPSD,atmoNC = 7.0 %. Moreover,
〈σA v〉90% averaged over DM masses from 15 MeV to 100 MeV is given for each case.
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analysis presented in section 7.1.2 is also done for total exposure times of t = 1 year,
t = 5 years and t = 20 years, respectively. For each exposure time, the signal and
background spectra are calculated and 1,000 datasets generated from the corresponding
background-only spectrum are analyzed for each assumed DM mass (15 MeV, 20 MeV, ...,
100 MeV). The resulting 90 % upper limit on the DM self-annihilation determined with
JUNO for the different exposure times is presented in figure 7.11. Moreover, figure 7.11
shows the 90 % upper limits averaged over DM masses from 15 MeV to 100 MeV for the
different exposure times.
JUNO’s sensitivity increases, i.e. the 90 % upper limit decreases, for longer exposure times
as expected. Especially by increasing the exposure time, i.e. the lifetime of the detector,
from t = 1 year to t = 5 years, the sensitivity can be significantly improved by a factor of
around 3.3. Above total exposure times of t = 10 years, only a slight improvement of the
sensitivity can be gained.

JUNO’s Discovery Potential

JUNO’s potential to claim the discovery of (or the evidence for) an electron antineutrino
signal from DM self-annihilation in the Milky Way as an excess over backgrounds is
estimated here to finalize the section about the sensitivity of JUNO. JUNO’s discovery
potential is estimated based on the signal to background ratio S/

√
S +B, which can be

related to a significance and interpreted as criterion for claiming the discovery of a signal
in a simplified approach (no detailed analysis to determine the discovery potential was
performed).
The signal to background ratio S/

√
S +B in JUNO is calculated for an annihilation cross

section that corresponds to the best currently existing 90 % C.L. upper limit on the DM
self-annihilation cross section. For all DM masses in the range from 15 MeV to 100 MeV,
Super-K gives the best limit as shown e.g. in figure 7.13. All previously discussed cuts are
applied to get the number of signal and background events after 10 years. The result is
shown in figure 7.12 together with the 3σ and 5σ significance levels.
JUNO’s discovery potential will be between 3σ and 5σ for most DM masses from 15 MeV
to 100 MeV assuming the upper limit on the annihilation cross section of Super-K. For
20 MeV ≤ mDM ≤ 30 MeV, the discovery potential will be below 3σ, whereas for mDM =
50, 55 and 100 MeV a discovery of DM self-annihilation into neutrinos could be claimed
with more than 5σ considering the assumptions made here.

7.3. Discussion and Comparison with Limits from other Experiments

Figure 7.13 shows the 90 % upper limits on the DM self-annihilation cross section of JUNO
together with the limits of the neutrino experiments KamLAND, Super-K and Hyper-K.
The upper limit of JUNO was determined in the previous section and is already shown
in figure 7.6. To determine 〈σA v〉90% of JUNO, the signal and background spectra (fidu-
cial case of DSNB, atmospheric ν̄e CC background on p and 12C, atmospheric NC back-
ground) of IBD events after all described cuts (IBD cut, muon veto cut and PSD cut
with εPSD,IBD = 97.4 %, εPSD,atmoNC = 5.0 % and εPSD,FN = 0.6 %) are analyzed for
a fiducial mass of 14.77 kt and after a total exposure time of 10 years. Moreover, Majo-
rana DM particles are assumed and the parameters of equation 7.12 are set to Javg = 5,
R0 = 8.5 kpc and ρ0 = 0.3 GeV/cm3. The currently existing 90 % upper limits for DM
masses between 10 MeV and 100 MeV of KamLAND [74] and Super-K [4, 75] introduced
in section 2.4.2 are shown in figure 7.13. The prospective upper limits of Hyper-K and
of Hyper-K doped with gadolinium [121] discussed in section 2.4.2 are also displayed in
figure 7.13 for a lifetime of 10 years6.

6The limits of Hyper-K of [121] are determined for a lifetime of 20 years, but scaled here to a lifetime of
10 years for better comparison.
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Figure 7.11.: Left: 90 % probability upper limit on the DM self-annihilation cross section
〈σA v〉 as function of the DM mass for the JUNO experiment for different total exposure
times t. The upper limits are calculated and shown for t = 1 year (red), t = 5 years (blue)
and t = 20 years (green), respectively. For comparison, 〈σA v〉90% for t = 10 years of figure
7.6 is shown in black. Right: 90 % upper limit on the DM self-annihilation cross section
of JUNO averaged over DM masses from 15 MeV to 100 MeV as function of the total
exposure time (and total exposure, respectively).
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as dashed blue line.
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By comparing the upper limits on the DM self-annihilation cross section of the two liquid
scintillator detectors, JUNO will improve the upper limit of KamLAND by a factor of
7 to 33 for DM masses between 15 MeV and 30 MeV. This is mainly due to the larger
exposure of JUNO (147.7 kt yr exposure in JUNO, 4.5 kt yr exposure in KamLAND). It
should be noted here that the DSNB is not considered in the determination of the upper
limit of KamLAND in [74]. Therefore, the upper limit of KamLAND shown in figure 7.13
is slightly overestimated7.

The 90 % upper limit of JUNO will be a factor of 2 to 9 better in the whole DM mass
region from 15 MeV to 100 MeV than the upper limit of Super-K for data of 7.82 years,
although the exposure of Super-K (22.5 kt ·7.82 yr = 176.0 kt yr) is slightly larger than the
exposure of JUNO (147.7 kt yr). Furthermore, JUNO will also improve the 90 % upper
limit of Super-K after 15.43 years of data taking, which corresponds to an exposure of
347 kt yr, by a factor of 2 to 3.5, except of the DM mass region between 27.5 MeV and
29.2 MeV.
The main reason is that non-IBD backgrounds in the LS detector JUNO are reduced very
effectively because of the IBD signal signature. In the water Cherenkov detector Super-K,
the neutron capture signal of the IBD is below the detection threshold and cannot be
measured. Moreover, muons with kinetic energies below 54 MeV produced by atmospheric
neutrinos are invisible in Super-K. Therefore, Michel electrons/positrons from the decay
of invisible muons cause the main background below energies of 50 MeV (details are given
in section 2.4.2). In JUNO, this background can be suppressed to a negligible level, on
the one hand due to the coincident measurement of prompt and delayed signal of the IBD
and, on the other hand, because of the muon veto cut, which identifies such ”invisible”
muons. Another non-IBD background, the atmospheric NC background, can be reduced
more effectively in JUNO because of the ability to measure the coincident prompt and
delayed signal and the strict IBD selection criteria. Furthermore, non-IBD background
events are reduced with the PSD cut in JUNO, which was not applied in the analysis of
Super-K in [75] and [4]. So, backgrounds are reduced more efficiently in JUNO than in
Super-K, which results in a better 90 % upper limit on the DM self-annihilation cross
section. Another minor reason for the worse sensitivity of Super-K is the worse energy
resolution compared to JUNO (σSuper−KE = 14.2 % at 10 MeV, σJUNOE = 0.9 % at 10
MeV), since the peak-like signal spectra are smeared more.
For 27.5 MeV ≤ mDM ≤ 29.2 MeV, the 90 % upper limit of Super-K is better than the
limit of JUNO determined within this thesis because of statistical uncertainties of the
Super-K limit. The limit of Super-K of [4] is derived from the energy spectrum deter-
mined in [117] for neutrino energies between 11 MeV and 31 MeV. In [117], 29 events
are observed in this energy region (in good agreement with the expectations of 33.7± 4.6
background events). Above energies of 25 MeV, the statistics of the energy spectrum is
poor with 0 to 2 events per 1 MeV bin. Therefore, the statistical uncertainty of the upper
limit on the DM self-annihilation cross section presented in [4] derived from this spectrum
is large in this energy and DM mass range, respectively.

The sensitivity of JUNO to measure neutrinos from DM self-annihilation in the Milky
Way will be comparable to the prospective sensitivity of Hyper-K. By only comparing the
exposure of both detectors (1870 kt yr for Hyper-K to 147.7 kt yr for JUNO), the upper
limit of Hyper-K might be expected to be significantly better than the limit of JUNO.
However, due to the same reasons as discussed above for Super-K, backgrounds in JUNO
can be reduced and suppressed better and more effectively than in Hyper-K, which com-

7All other assumptions, like e.g. Javg = 5, are equal for the study of JUNO and KamLAND and the
same background contributions are considered.
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pensates the smaller exposure and yields similar sensitivities. Especially for DM masses
below around 65 MeV, where the sensitivity of Hyper-K is reduced because of background
events caused by invisible muons, JUNO provides the best sensitivity to measure neutrinos
from DM self-annihilation in the Milky Way. As discussed in section 2.4.2, gadolinium
could be added to the target volume in a second future phase of Hyper-K. This would
reduce the background from invisible muons by around 70 % and increase the sensitivity
of Hyper-K for mDM ≤ 65 MeV. However, it has not been decided yet, if gadolinium will
be added to Hyper-K in the future, since it poses a significant technological challenge.

All in all, the JUNO experiment will improve the currently existing 90 % upper lim-
its on the DM self-annihilation cross section for DM masses from 15 MeV to 100 MeV by
a factor of around 2 to 9, except for DM masses between 27.5 MeV and 29.2 MeV. More-
over, JUNO’s sensitivity will be comparable with the predicted sensitivity of Hyper-K and
provide the best sensitivity to measure electron antineutrinos from DM self-annihilation
in the Milky Way for DM masses below around 65 MeV among neutrino detectors built
in the next few years. Furthermore, JUNO’s potential to claim the discovery of an elec-
tron antineutrino signal from DM self-annihilation in the Milky Way as an exess over
backgrounds will be between 3σ and 5σ for most DM masses from 15 MeV to 100 MeV.

7.4. Possible Improvements for Indirect Dark Matter Search with

JUNO

To conclude the chapter about JUNO’s sensitivity for indirect DM search, an outlook
for possible further enhancement of JUNO’s sensitivity is given. Potential changes and
additional studies to improve the sensitivity further are given in the following.

7.4.1. Optimization of Detector Properties

Possible improvements according to changes of the detector’s location, design and setup,
respectively, are:

� The fiducial volume of JUNO, which is defined by R < 16.0 m corresponding to
14.77 kt, could be increased to R < 16.5 m (R < 17.0 m). This would increase the
fiducial mass, and therefore the total exposure, of JUNO by around 10 % to 16.2
kt (by ∼ 20 % to 17.7 kt). However, the background of fast neutrons would also be
increased by a factor of about 2 (4.5). Moreover, total reflection at the acrylic sphere
becomes more likely for R > 16 m and would affect the time-of-flight correction to
determine the pulse shapes, which would slightly decrease the PSD performance. For
R > 16 m, also non-linearity effects of the detector response increase. Nevertheless,
an increase of the fiducial volume could slightly improve JUNO’s sensitivity.

� The change of the location of the detector would enhance the sensitivity, but is not
feasible for JUNO. A change of the location to a location at smaller latitude, e.g. to
INO site at 10◦ N [186], would reduce the atmospheric neutrino flux and, therefore,
the atmospheric CC and NC background (reduction by around 5 % at INO site).
This would slightly improve the sensitivity, especially for mDM & 50 MeV, where
the atmospheric CC background limits the sensitivity.

7.4.2. Additional Detection Channels and Background Reduction Methods

Additional analyses and studies that could be investigated to improve JUNO’s sensitivity
are:
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� In addition to the IBD detection channel considered in this study, the interaction
channel ν̄e+

12C→ e++n+11B could be investigated additionally, since it provides an
IBD-like signal signature (as discussed in section 5.3.2). Considering the interaction
cross section of ν̄e + 12C→ e+ + n+ 11B of [263] and the electron antineutrino flux
from DM self-annihilation in the Milky Way of equation 4.1, the number of signal
events in JUNO would be increased by less than 10 % for mDM . 60 MeV and
by 10 % to around 20 % for 60 MeV ≤ mDM ≤ 100 MeV. However, the visible
energy spectra would be broader and shifted to lower visible energies compared to
the IBD spectra due to the kinematics of the detection channel. The backgrounds
in JUNO, except of the DSNB (the atmospheric ν̄e CC background on 12C is already
considered), would not be affected. The DSNB would only be slightly increased
for visible energies below around 15 MeV due to the kinematics of the interaction.
Therefore, by considering ν̄e + 12C → e+ + n + 11B as second detection channel,
JUNO’s sensitivity could be improved by few percent, especially in the higher DM
mass region.

� Other PSD methods, e.g. based on machine learning algorithms, could be applied
to further improve the PSD performance of IBD events against atmospheric NC
and fast neutron background events. This could increase JUNO’s sensitivity by few
percent, especially for mDM . 40 MeV, where the atmospheric NC background
dominates the visible energy spectrum. To estimate JUNO’s sensitivity according
to a further improved PSD performance, perfect PSD, i.e. εPSD,IBD = 100 %,
εPSD,atmoNC = 0 % and εPSD,FN = 0 %, is assumed. This would lead to a signal to
background ratio of S/

√
S +B = 4.450 (compared to S/

√
S +B = 4.281 of the PSD

cut applied in this study in chapter 6). So, the signal to background ratio would be
increased by 4 %. This can be translated to an improvement of the upper limit on
the DM self-annihilation cross section by approximately 4 % assuming perfect PSD.

� An additional suppression method, besides PSD, of the atmospheric NC background
is to search for the coincidence of atmospheric NC events with the subsequent decay
of corresponding residual isotopes [179]. Since some of the resulting final isotopes of
IBD-like atmospheric NC events are not stable (e.g. 11C, see figure 5.13 for the most-
frequent channels), they could decay temporally delayed to the neutron capture. This
would cause a triple coincidence signature in the detector of prompt signal, delayed
signal from neutron capture and further delayed decay of the residual isotope [295].
This triple coincidence signature can be used to discriminate atmospheric NC events
and IBD events. In [179], it was determined that atmospheric NC events of reaction
νi + 12C → νi + n + 11C can be reduced by 77 % by applying a triple coincidence
cut. This would reduce the total atmospheric NC background by 18 %. IBD events,
signal and background, would be reduced by around 6 % [179]. The resulting signal to
background ratio after the PSD cut of section 6.2 and the described triple coincidence
cut would be reduced by 2.6 % to S/

√
S +B = 4.169 (compared to the signal

to background ratio after PSD without applying the triple coincidence cut), since
the signal inefficiency decreases the signal to background ratio. Therefore, a triple
coincidence cut would not improve JUNO’s sensitivity.

7.4.3. Directional Information in JUNO

In the sensitivity study presented so far, the whole Milky Way is considered as source for
neutrinos from DM self-annihilation. In contrast to that, also only neutrinos originating
from a specific region at the sky can be studied. The basic idea is to use the directional in-
formation of the incoming ν̄e’s to determine signal events and reduce isotropic background
events. This might lead to an increased signal to background ratio and could improve the
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sensitivity.
Since the DM density increases towards the galactic center and, therefore, DM annihila-
tion is more likely in a region around the galactic center, electron antineutrinos produced
in DM self-annihilation in a region around the galactic center are studied here and the
effect on the sensitivity by restricting the acceptance to a region around the galactic center
is estimated. The study aims to evaluate JUNO’s ability to benefit from the directional in-
formation and to improve its sensitivity compared to the sensitivity considering the whole
Milky Way.
To roughly estimate JUNO’s potential, the following assumptions are made8: The model
of Moore represents the most cuspy model of the models introduced in section 4.1. There-
fore, it is used to parameterize the DM density profile ρ(r) of the Milky Way. Moreover,
it is assumed that the direction of the positron produced in the IBD reaction can be re-
constructed perfectly in JUNO resulting in a perfect angular resolution (σθ = 0◦) of the
JUNO detector.
The ν̄e flux from DM self-annihilation (given in equation 4.1 for the entire Milky Way)
can be expressed as function of the angle ψ between the galactic center and the direction
of the incoming electron antineutrino by:

dφDMν
dEν

=
〈σA v〉
2m2

DM

1

3
δ(Eν −mDM )R0 ρ

2
0 Jψ (7.13)

with the J-factor Jψ depending on ψ:

Jψ =

∫ +1

cosψ
J(ψ′) d(cosψ′) =

1

2R0 ρ2
0

∫ +1

cosψ

∫ lmax

0
ρ2(r) dl d(cosψ′). (7.14)

J(ψ) for the DM density profile model of Moore is shown in figure 7.14. More than 99 %
of all neutrinos from DM self-annihilation are produced within an zenith angle of ψ < 10◦

assuming the Moore profile model. The angular distribution of the incoming electron
antineutrinos in JUNO is defined by J(ψ) and their directions, i.e. the zenith angle ψ
between galactic center and neutrino, are sampled from J(ψ). Due to the cuspy Moore
model and the resulting shape of J(ψ) shown in figure 7.14, the ν̄e direction with respect
to the galactic center is very well confined.

The direction of the incoming ν̄e in JUNO cannot be directly measured, but it is correlated
to the direction of the positron produced in IBD interaction by the angle θ, which is
defined as angle between ν̄e and e+. This correlation is determined by the kinematics of
the IBD reaction and given by the differential IBD interaction cross section dσ/d cos(θ)
of equation 4.6. The differential IBD interaction cross section depends on the neutrino
energy Eν̄e and is shown in figure 7.14 as function of θ exemplarily for Eν̄e = 20 MeV,
60 MeV and 100 MeV. The correlation between ν̄e and e+ direction in IBD interactions
and, therefore, the directional information about the incoming ν̄e strongly depends on the
neutrino energy and increases for increasing energies as indicated in figure 7.14. Especially
for Eν̄e . 30 MeV, the directional information is very poor.
The convolution of J(ψ) and dσ(θ,Eν̄e)/d cos(θ) results in a distribution f(η,Eν̄e), where
η is defined as zenith angle of the positron direction with respect to the galactic center.
The procedure to determine f(η,Eν̄e) is described in the following:
1,000 values of ψ are generated from J(ψ) defined in equation 7.14 and shown in figure 7.14.
For each value of ψ and for a set electron antineutrino energy, for example Eν̄e = 15 MeV,

8All assumptions made in this section are optimistic and will overestimate JUNO’s sensitivity. So, this
study yields the best possible sensitivity of JUNO considering neutrinos from DM annihilation in a
region around the galactic center.
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Figure 7.14.: Left: Galactic J(ψ) as function of the angle ψ to the galactic center for
the DM density profile model of Moore. For ψ < 0.1◦, a flat core is assumed to avoid
divergences by integrating J(ψ). Right: Differential interaction cross section dσ/d cos(θ)
of IBD as function of the angle θ between positron and neutrino direction. The differential
cross section is shown exemplarily for Eν̄e = 20 MeV, 60 MeV and 100 MeV. The cross
sections are scaled to 1 for θ = 0◦ for better comparison.

10,000 values of θ are generated from dσ(θ, Eν̄e)/d cos(θ) and 10,000 values of the azimuth
angle ϕ are generated uniformly distributed between 0◦ and 360◦. For each (θ, ϕ)-pair and
angle ψ, the angle η is calculated resulting in a distribution f(η,Eν̄e) for the set electron
antineutrino energy9. With f(η,Eν̄e), the survival efficiency εS,dir of signal events to a
direction cut according to a maximal angle ηmax is calculated:

εS,dir(ηmax, Eν̄e) =

∫ 2π
0

∫ ηmax
0 f(η,Eν̄e) sin η dη dϕ∫ 2π

0

∫ π
0 f(η,Eν̄e) sin η dη dϕ

. (7.15)

This survival efficiency describes the ratio of number of IBD signal events with η < ηmax
with respect to the direction to the galactic center to the total number of signal events.
Averaged over the lifetime of JUNO, all background contributions in JUNO (DSNB and
atmospheric CC and NC background) are isotropic. Therefore, the survival efficiency εB,dir
of background events to a direction cut according to ηmax is

εB,dir(ηmax) =

∫ 2π
0

∫ ηmax
0 sin η dη dϕ∫ 2π

0

∫ π
0 sin η dη dϕ

=
1− cos ηmax

2
. (7.16)

The resulting number of signal and background events expected in JUNO after 10 years of
data taking are defined as Ndir

S = εS,dir(ηmax, Eν̄e) ·NPSD
S (Eν̄e) and Ndir

B = εB,dir(ηmax) ·[
Nfid,PSD
DSNB +NPSD

atmoCC,ν̄e+p
+NPSD

atmoCC,ν̄e+12C +NPSD
atmoNC

]
considering the number of signal

and background events after the PSD cut presented in section 6.3. The survival efficiencies
of signal and background events, respectively, are calculated for the set electron antineu-
trino energy and for different values of ηmax = 10◦, 30◦, 50◦, 70◦, 90◦, 100◦, 110◦, 120◦,
130◦, 150◦.
The described procedure is performed for mDM = Eν̄e = 15, 20, ..., 100 MeV. So, the sur-
vival efficiencies of signal and background events to a direction cut are calculated for a set
of Eν̄e and a set of ηmax.

9Since ψ is well confined by J(ψ) assuming the DM density profile model of Moore, η and the angular
distribution f(η,Eν̄e) is mainly dominated by the distribution of θ and strongly depends on Eν̄e .
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The best signal to background ratio of S/
√
S +B = 5.372 (averaged over DM masses

from 15 MeV to 100 MeV) is achieved for ηmax = 120◦. Following the Bayesian analysis of
section 7.1, the 90 % upper limit S̃90(mDM ) on the number of signal events is calculated
for the signal and background spectra after considering the direction cut with ηmax = 120◦

described above. The 90 % upper limit on the electron antineutrino flux is given by

φν̄e,90%(Eν̄e) =
S̃90(Eν̄e)

σIBD(Eν̄e) Np t εIBD εµ veto εPSD,IBD(Eν̄e) εS,dir(Eν̄e)
(7.17)

similar to equation 7.10. Following equation 7.13, the resulting 90 % probability upper
limit on the DM self-annihilation cross section 〈σA v〉 for JUNO is

〈σA v〉90% (mDM ) = φν̄e,90%(Eν̄e)
6 ·m2

DM

δ(Eν̄e −mDM ) R0 ρ2
0 Jψ

. (7.18)

In figure 7.15, the 90 % upper limit on the DM self-annihilation cross section for JUNO
after a lifetime of 10 years and taking into account the directional information of the elec-
tron antineutrino signal is shown for ηmax = 120◦. 〈σA v〉90% considering DM annihilation
in the whole Milky Way (ηmax = 180◦ and JMoore

avg = 8, see figure 7.7) is shown for com-
parison. The same analysis as described above was also performed assuming ηmax = 30◦

and ηmax = 90◦. The resulting upper limit on 〈σA v〉 for ηmax = 90◦ is also shown in figure
7.15.
The best 90 % upper limit on the DM self-annihilation cross section taking into account
the directionality of the neutrino signal is achieved for ηmax = 120◦ for DM masses from
15 MeV to 90 MeV. For ηmax = 90◦, where the hemisphere with respect to the galactic
center is considered as region of interest, the sensitivity is slightly decreased by around
15 % compared to the sensitivity for ηmax = 120◦ (except for mDM > 90 MeV, where a
direction cut with ηmax = 90◦ yields the best sensitivity). For angles of ηmax . 60◦, the
sensitivity of JUNO decreases significantly (e.g. by a factor of 5 comparing the sensitivities
for ηmax = 30◦ and ηmax = 120◦), since directional information of dσ/d cos θ and therefore
of f(η) is poor. So, too many signal events are cut away for ηmax . 60◦ , which strongly
reduces the signal to background ratio S/

√
S +B compared to larger angles of ηmax.

However, considering the whole Milky Way as potential source for neutrinos from DM
self-annihilation yields the most stringent limit on the DM self-annihilation cross section
for mDM = Eν̄e ≤ 65 MeV (see figure 7.15). In this energy region, the directional informa-
tion about incoming neutrinos is poor due to the kinematics of the IBD reaction shown
in figure 7.14 and JUNO’s sensitivity cannot be improved by using the directionality. In
contrast to that, the directional information about the neutrino signal could be used to
improve JUNO’s sensitivity for mDM = Eν̄e > 65 MeV. As shown in figure 7.15, 〈σA v〉90%

could be improve by around 10 % compared to the upper limit considering the whole Milky
Way. So, JUNO could benefit from the directional information for these higher energies
and DM masses, respectively.
Nevertheless, the reconstruction of the positron direction in JUNO is assumed to be per-
fect for the presented study (i.e. θreco = θreal and ϕreco = ϕreal). In reality, the angular
resolution of JUNO for positron events with 10 MeV ≤ Ee ≤ 100 MeV is up to around 80◦

(at 1σ) [296]. So, the sensitivity of JUNO presented in this section would be decreased
considering the angular resolution. Moreover, the sensitivity would be decreased, if the
NFW or Kravtsov model of the galactic DM density profile is assumed, since the angular
distribution J(ψ) for these models is broader than for the Moore model.

The limitation of JUNO to use the directional information of the neutrino signal is dom-
inated by the angular distribution of the IBD. So far, only the direction of the positron is
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Figure 7.15.: 90 % probability upper limit on the DM self-annihilation cross section 〈σA v〉
for the JUNO experiment including a cut on the direction of the antineutrinos for ηmax =
90◦ (blue) and ηmax = 120◦ (red), respectively. For comparison, the limit considering
annihilation in the whole Milky Way (i.e. ηmax = 180◦ and JMoore

avg = 8) of figure 7.7 is
shown in black. All limits are determined assuming the DM density profile of Moore.

utilized to get information about the direction of the incoming neutrino. In [297,298], the
angular distribution between the ν̄e direction and the vector ~Xe+,n = ~Xe+ − ~Xn between
the position of the positron’s energy deposition and the neutron capture is studied for reac-
tor electron antineutrinos with Eν̄e . 12 MeV. The resulting angular distribution is shown
in figure 7.16. Compared to the angular distribution of the IBD given by dσ/d cos(θ)
for a comparable energy Eν̄e = 15 MeV, the angle between neutrino and ~Xe+,n is more
confined. Using this approach and the angular distribution of [297, 298], the 90 % upper
limit on the DM self-annihilation cross section in JUNO for mDM = 15 MeV assuming
ηmax = 90◦ and ηmax = 120◦ is calculated similar to the description above10. The results
are displayed in figure 7.16 for ηmax = 90◦, ηmax = 120◦ and assuming the whole Milky
Way (ηmax = 180◦). For ηmax = 120◦ (ηmax = 90◦), the upper limit on the DM self-
annihilation cross section is improved by around 3 % (6 %) using the approach of [298]
compared to limits shown in figure 7.15, since the angular distribution between neutrino
direction and ~Xe+,n is more confined. Therefore, JUNO’s sensitivity for mDM = 15 MeV
could be slightly improved by using the approach of [298].

10A reasonable comparison of the two approaches is only valid for mDM = Eν̄e = 15 MeV, since the
approach of [298] was only investigated for Eν̄e . 12 MeV.
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The general approach for the design of neutrino detectors, which house a light-producing
target in a large-scale photon detector, has achieved exceptional success in the field of
neutrino physics [299]. Up to now, mainly two detector concepts characterized by their
target materials provide the best ability to detect neutrinos and measure their properties:
water Cherenkov detectors and liquid scintillator detectors.
Large water Cherenkov detectors such as Super-Kamiokande and the proposed Hyper-
Kamiokande experiment benefit from the long attenuation length and relatively low cost
of ultra-pure water, which allows to realize large-scale detection volumes. Moreover, water
Cherenkov detectors provide a good directional resolution and particle identification power
by measuring the emitted Cherenkov light. Disadvantages of water Cherenkov detectors
are the low photon light yields, which result in a worse energy resolution, and the inability
to detect particles with energies below a comparably high threshold (Eth. ≈ 4.5 MeV for
Super-K, for details see section 2.4.2). Therefore, for example, neutron capture on hydro-
gen releasing Eγ = 2.2 MeV cannot be tagged, which reduces the IBD detection efficiency
and prevents the suppression of invisible muons as background for indirect DM or DSNB
searches [6].
In contrast to that, liquid scintillator detectors such as KamLAND, Borexino, SNO+
and JUNO have low energy thresholds, which allows the detection of neutron capture on
hydrogen, and provide very good energy resolutions due to the large light yield of the scin-
tillator. Moreover, pulse shape discrimination can be used to reduce background events
(see chapter 6). Disadvantages compared to water Cherenkov detectors are the poor direc-
tional information due to nearly isotropic light emission and the limitation of the detector
size because of light attenuation (for details see section 2.4.2 and chapter 3). The use
of organic liquid scintillators also introduces issues of cost and undesirable environmental
and safety problems [6].

The development of new technologies, especially in the area of novel scintillating liquids,
opens up the possibility to combine different features of water Cherenkov and liquid scintil-
lator detectors into a new kind of large-scale neutrino detectors, the so-called water-based
liquid scintillator detectors [6, 300].
By introducing a small amount, typically 1 % to 10 %, of liquid scintillator into water1,
the light yield can be adjusted and increased compared to water Cherenkov detectors to
improve the energy resolution and to allow the detection of particles below Cherenkov

1For details about the chemistry of WbLS and the technology to produce WbLS, see [300].
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threshold, while not sacrificing directional resolution [6]. The cost of such water-based
liquid scintillators is still relatively low and environmental and safety problems can be
significantly reduced compared to pure liquid scintillators, since only a small amount of
LS is added to the water volume.
Furthermore, the properties of water-based liquid scintillators (WbLS) together with the
development of new advanced photodetection and reconstruction capabilities enable the
possibility to discriminate between scintillation and Cherenkov photons [114] based on
three approaches:

� The emission of Cherenkov light is faster than the excitation and de-excitation of
LS molecules responsible for the scintillation light emission [6]. Therefore, fast light
sensors that are able to resolve this temporal difference permit the identification
of Cherenkov photons arriving nanoseconds before the scintillation photons [301].
This can be realized by fast, high QE PMTs [302] and additionally be improved by
using Large Area Picosecond Photo-Detectors (LAPPDs), which are newly developed
20 cm x 20 cm imaging photosensors with single photo-electron time resolution below
100 picoseconds and sub-cm spatial resolution (for details about LAPPDs see [303,
304]).

� Scintillation light is emitted in a narrow wavelength band in the near-UV region
(typically between≈ 350 nm and≈ 500 nm), whereas the Cherenkov photon emission
spectrum spans a broad wavelength region [305]. Wavelength-sensitive photosensors,
e.g. dichroic filters or dichroicons [306], could distinguish scintillation photons from
the blue-green lower end of the Cherenkov spectrum and discriminate these two
types [307].

� The characteristic angular dependency of Cherenkov light emission causes a ring-
shaped pattern on top of the isotropic scintillation light emission [301]. Advanced
reconstruction techniques aim to resolve these underlying patterns to discriminate
Cherenkov from scintillation photons. Two complementary approaches to recon-
struction in WbLS detectors are a likelihood ansatz like e.g. developed in Super-K
and a three-dimensional topological reconstruction, which is e.g. implemented in
JUNO (for details see [6, 308,309]).

The ability to discriminate scintillation and Cherenkov light allows to reconstruct the di-
rection of the particle and to distinguish between e-like and µ-like particles by measuring
its Cherenkov ring pattern. Moreover, the ratio between Cherenkov and scintillation light
of an event represents a unique parameter to separate different event types.

All new technologies introduced above, i.e. a water-based liquid scintillator target, fast,
high QE and wavelength-sensitive photo-sensors and new advanced reconstruction tech-
niques, could be realized in the proposed THEIA detector (for detailed information about
THEIA see [6]).

This chapter aims to study THEIA’s sensitivity for neutrinos from dark matter self-
annihilation and extends the indirect DM search with neutrinos to the newly developed
water-based liquid scintillator detectors. Section 8.1 introduces the general detector con-
cept of THEIA and the proposed detector configuration used to predict THEIA’s sensi-
tivity for the indirect DM search within this thesis. The expected neutrino signal from
DM self-annihilation in THEIA is presented in section 8.2, followed by the description
and determination of background sources in THEIA in section 8.3. Techniques to reduce
background events in THEIA are presented in section 8.4. Finally, THEIA’s sensitivity to
measure neutrinos from DM annihilation as an excess over backgrounds is elaborated in
section 8.5.
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8.1. The THEIA Detector

THEIA would be the first large-volume WbLS detector that has been suggested as part of
the Advanced Scintillator Detection Concept [299]. The proposed detector would combine
a large WbLS target volume with fast, high QE PMTs, newly developed LAPPDs and
dichromatic photosensors and could separate between Cherenkov and scintillation light
at a certain level as described above. Two distinct detector configurations are proposed
in [6]: THEIA25 and THEIA100. THEIA25 would contain 25 kt WbLS as target and could
potentially be located at SURF at a depth of 1,490 m. The large scale follow-up detector of
THEIA25 might be realized in THEIA100 with 100 kt WbLS target volume. Both detector
configurations would house WbLSs with 1 % to 10 % LAB-based LS and ultra-pure water.
Due to the novel detector technologies, the large size and location deep underground,
THEIA25 and THEIA100 could cover a broad neutrino physics and astrophysics program
that will be shortly listed here (for an exhaustive description see [6]):

� Long baseline neutrino program with high sensitivity to measure neutrino oscillation
parameters, neutrino mass ordering and CP violation by operating in an on-axis
beam;

� atmospheric neutrino measurements;

� search for nucleon decay, especially for p→ K+ + ν̄ and N → 3ν;

� solar neutrinos: detection of CNO neutrinos as well as providing high statistics and
low threshold (∼ 3 MeV) measurements of the shape of 8B solar neutrinos;

� geo-neutrinos from the Earth’s crust and mantle;

� supernova neutrinos;

� world-leading sensitivity to detect the DSNB ν̄e-flux [301];

� search for neutrino-less double beta decay in future phases.

Since THEIA is just in its early design stages2, the exact specifications of the detector
including the concrete geometry, the mixture of the WbLS and the different used photo-
sensors are not finally decided. Therefore, one potential detector configuration of THEIA
based on reliable and validated measurements is used for the study within this thesis to
predict THEIA’s detector response and described in the following.

Detector Configuration of THEIA25

The determination of THEIA’s sensitivity is based on the detector configuration of THEIA25.
The detector simulation is realized with the RAT-PAC simulation and analysis tool [315]
built with Geant4 [219], ROOT [119] and C++. Within the RAT-PAC framework, MC
simulations of the THEIA25 detector including its geometry, characteristics of WbLS tar-
get and properties of the used photosensors as well as its response to particles interacting
in the target volume are performed.
For the simulation, THEIA25 is assumed as right cylindrical volume with height and di-
ameter of 31.8 m containing 25 kt WbLS. The total target volume of 25 kt is defined by
the volume enclosed by the photosensors and no veto or buffer volume is considered.
To provide an assumed photocathode coverage of 25 %, the detector is equipped with

2There is an active R&D effort for all technologies used in THEIA, for example WbLS development at
BNL [310], characterization and optimization with the CheSS detector at UC Berkeley and LBNL [311],
fast photon sensor development [303] and development of reconstruction algorithms [6]. There is also
a strong connection with other, already existing, experiments like ANNIE [312], SNO+ [313] and
WATCHMAN [314].
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Figure 8.1.: Properties of the 3 % WbLS model implemented into the RAT-PAC simulation
for THEIA25. Left: Scintillation and Cherenkov light emission spectra in red and blue,
respectively, with the re-emission probability in green as function of the photon wavelength.
The quantum efficiency of the implemented Hamamatsu R11780 HQE PMTs is shown in
black. Right: Rayleigh scattering length Lscat and absorption length Labs as dashed
blue and dashed green line, respectively. The resulting attenuation length Latt defined as
L−1
att = L−1

scat + L−1
abs is displayed in red. The QE of the implemented PMTs is shown in

black.

19,773 12-inch Hamamatsu R11780 HQE PMTs characterized in [302]. These fast and
high QE PMTs reach a maximum QE of 32 % at a wavelength of λ = 370 nm (see figure
8.1) and have TTS of 1.29±0.14 ns defined as σ of the transit time distribution. Moreover,
the single p.e. spectrum measured in [302] is implemented into the simulation to consider
the charge response of the PMTs. In this detector configuration of THEIA25, no LAPPDs
and no wavelength-sensitive photosensors are implemented.

The WbLS model used in the simulation consists of 3 % liquid scintillator (LAB + PPO)
and 97 % ultra-pure water, which is a much studied mixture validated by measurements
(see [316]) and results in an expected scintillation photon light yield of LYscin. ≈ 500
photons per MeV 3. Scintillation light generation, photon absorption and re-emission of
the LS is implemented based on [316] and [317]. Cherenkov light production is integrated
by the G4Cerenkov class of Geant4. The scintillation and Cherenkov emission spectra as
well as the re-emission probability implemented into the simulation are displayed in figure
8.1. Most of the emitted short-wavelength (λ . 340 nm) Cherenkov light is absorbed and
re-emitted by the LS as figure 8.1 illustrates.
The time profile of scintillation light emission is parametrized by equation 3.14 similar to
JUNO, but with one set of time constants and corresponding weights for all particles [316]
(τ1 = 2.005 ns, ω1 = 98.7 %, τ2 = 12.5 ns, ω2 = 1.2 %, τ3 = 127.66 ns, ω3 = 0.1 %), since
no validated measurements of time profiles of different particles in WbLS exist up to now.
This is also the case for quenching effects in WbLS targets. Therefore, values of the Birks
constants of pure LAB are assumed.
The absorption length is determined by a combination of the absorption length of LAB
+ PPO measured at BNL and of the absorption length of water of [318, 319]. Moreover,
Rayleigh scattering of 3 % WbLS is implemented based on internal THEIA collaboration
communication with BNL. The absorption length and Rayleigh scattering length, together
with the resulting attenuation length is shown in figure 8.1.

3WbLS with LS fraction less than 3 % provide a lower light yield and are more suitable for high energy
neutrino measurements [6]
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8.2. Antineutrino Signal from Galactic Dark Matter Annihilation in
THEIA

To determine THEIA’s sensitivity for neutrinos from DM self-annihilation in the DM halo
of the Milky Way, the same assumptions are made as presented in chapter 4. Therefore,
electron antineutrinos from direct DM self-annihilation, DM + DM → ν + ν̄, of light
DM particles with masses from 10 MeV to 100 MeV detected via the inverse β decay are
studied within this section.
The expected monoenergetic electron antineutrino energy spectrum measured via IBD in
the described THEIA25 detector configuration is based on equation 4.3 using the ν̄e flux
at Earth of equation 4.1 with the same assumptions as in section 4.1:

dNS(Eν̄e)

dEν̄e
= σIBD(Eν̄e)

dφDMν̄e (Eν̄e)

dEν̄e
Ntarget t εIBD εµ veto εe−like. (8.1)

The IBD interaction cross section σIBD is given in equation 4.4. The number of target
protons Ntarget per kt of a WbLS with 3 % LAB-based LS is Ntarget/M = 6.7 · 1031 kt−1

resulting in Ntarget = 1.68 ·1033 free protons for the 25 kt target mass of THEIA25. A total
exposure time of t = 10 years is assumed. The efficiency due to the application of the muon
veto is εµ veto = 99.0 % (for details see section 8.3.5) and the efficiency of the discrimination
between e-like and µ-like events is εe−like = 99.4 %, which is discussed explicitly in section
8.3.3. The total IBD detection efficiency of THEIA25 is εIBD = 69.7 % determined by
simulations with the introduced RAT-PAC simulation framework. These parameters are
always used in this chapter, if not stated otherwise.

In the following, the simulation, analysis and IBD selection cuts to determine the IBD
detection efficiency εIBD of THEIA25 are presented. THEIA25’s detector response for
20,000 IBD events is simulated with the RAT-PAC simulation framework. The electron
antineutrino energy is sampled from a uniform distribution from 10 MeV to 100 MeV and
the kinetic energies of positron and neutron are calculated according to equations 4.5, 4.6
and 4.7 similar to section 4.3.
The light yield of the THEIA25 detector configuration with a 3 % WbLS target is elab-
orated from the simulation data4. The total light yield defined by the total measured
charge Q by the PMTs in p.e. per MeV for the THEIA25 detector is LY = 74 p.e./MeV.
The light yield LY sets the energy resolution of THEIA25 to σE/E = 1/

√
LY · E ≈

11.6 %/
√
E[MeV] and, moreover, allows to convert the total measured charge in p.e.

into visible energy in MeV with Evis = 1/LY · Q due to the linear correlation between
charge and visible energy. The individual light yields of IBD events for scintillation,
Cherenkov and re-emission light are LYscin = 41 p.e./MeV, LYCheren = 9 p.e./MeV and
LYreem = 24 p.e./MeV, respectively. Cherenkov light measured at the PMTs is strongly
reduced compared to initially produced Cherenkov photons, since most short-wavelength
Cherenkov photons are absorbed and re-emitted by the LS as indicated in figure 8.1.
The MC truth data of the detector simulation is analyzed based on the IBD selection cri-
teria listed in table 8.1. These cut parameters lead to the best signal to background ratio
NS/
√
NS +NB. The distributions of the simulation data as well as the IBD selection cut

acceptance windows of table 8.1 are shown in section C.1 of the appendix. The volume cut
on the prompt signal position, the energy cut on the prompt signal and the total delayed
cut (containing a time difference cut, multiplicity cut, delayed energy cut, distance cut
and volume cut on the delayed signal position) are applied independently on all 20,000

4The expected scintillation photon light yield of around 500 produced scintillation photons per MeV of
section 8.1 agrees well the scintillation light yield of 530 photons per MeV given from the simulation
data.
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Table 8.1.: Selection criteria and cut parameters for IBD events, together with the result-
ing cut efficiencies ε and the total IBD detection efficiency εIBD of THEIA25. The cut
efficiencies are determined by the analysis of IBD events simulated with the RAT-PAC
simulation framework for THEIA25. The consecutively applied cuts of the delayed cut
are listed from (a) to (e) and their efficiencies are labeled as εj . The number of events
Nbefore the cut is applied to, the number of events Nafter that pass the applied cut and
the statistical errors ∆ε and ∆εj of each cut efficiency are also shown.

selection criteria and cut parameters Nbefore Nafter ε±∆ε in % εj ±∆εj in %

Volume cut on prompt signal:
20,000 14,904 74.5± 0.8

ρprompt < 14.4 m, |zprompt| < 14.4 m

Energy cut on prompt signal:
20,000 19,408 97.0± 1.0

740 p.e. ≤ Qprompt ≤ 7400 p.e.

Total delayed cut: 20,000 19,028 95.1± 1.0

(a) Time difference cut:
20,000 19,463 97.3± 1.0

1.0 µs ≤ ∆t ≤ 1.0 ms
(b) Multiplicity cut:

19,463 19,439 99.9± 1.0
Nmult = 1

(c) Energy cut on del. signal:
19,439 19,377 99.7± 1.0

1.7 MeV ≤ Edel ≤ 2.8 MeV
(d) Distance cut:

19,377 19,297 99.6± 1.0
d < 1.0 m

(e) Volume cut on del. signal:
19,297 19,028 98.6± 1.0

ρdel < 15.9 m, |zdel| < 15.9 m

Total IBD detection efficiency 20,000 13,948 69.7± 0.8
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simulated events similar to section 4.3.
The reconstructed position of the prompt signal is defined by the initial position of the
event from MC truth data smeared with the expected vertex resolution for THEIA25.
In [305], the vertex resolution of THEIA-like detectors with different target masses, LS
fractions, PMT coverages and TTS are investigated. The most conservative result of [305]

is a vertex resolution of σvertex =
√
σ2
x + σ2

y + σ2
z ≈ 17.5 cm, which is assumed for the

THEIA25 detector considered here. The volume cut on the position of the prompt signal

is ρprompt =
√
x2
smeared + y2

smeared < 14.4 m and |zprompt| < 14.4 m and reduces the fiducial

volume of THEIA25 to 18.7 kt. This corresponds to an outer layer between PMT surface
and fiducial volume of 1.5 m width that is rejected and reduces surface backgrounds, bor-
der effects and the background imposed by fast neutrons (see section 8.3.5).
For the energy cut on the prompt signal, the registered charge of all PMTs in the prompt
time window between 0 ns and 1.0 µs is summed up. This represents the total measured
charge Qprompt of the prompt signal, which can be converted into a visible energy of the
prompt signal by considering the light yield of THEIA25 of LY = 74 p.e./MeV as dis-
cussed above. The accepted prompt energy region is set from 10 MeV to 100 MeV, which
corresponds to a charge region between 740 p.e. and 7400 p.e..
The total delayed cut describes the consecutive application of the time difference, multi-
plicity, delayed energy, distance and delayed volume cut. The time ∆t between prompt
and delayed signal is defined by the neutron capture time of the MC truth data and only
events with 1.0 µs ≤ ∆t ≤ 1.0 ms pass the time difference cut. The number of delayed
signals within this time window represents the multiplicity of the event and, since only one
delayed signal is expected for IBD events, a multiplicity cut of Nmult = 1 is set. The energy
of the delayed signal is given by the energy emitted in the neutron capture process smeared
with THEIA25’s energy resolution of 11.6 % at 1 MeV. Only delayed signals with energies
between 1.7 MeV and 2.8 MeV, i.e. neutrons being captured on hydrogen, pass the cut.
Due to the spatial correlation of IBD events, the distance between reconstructed position
of the prompt signal and reconstructed position of the delayed signal must be smaller than
1.0 m. The reconstructed position of the delayed signal is given by the position of neutron
capture from MC truth data smeared with the vertex resolution of THEIA25 introduced
above. To pass the volume cut on the delayed signal, the reconstructed position of the
delayed signal needs to lie inside the total detector volume specified by ρdel =< 15.9 m
and |zdel| < 15.9 m.
These IBD selection criteria are applied to all 20,000 simulated IBD events and result in
individual cut efficiencies defined as ε = Nafter/Nbefore. Nbefore represents the number of
events the cut is applied to, while Nafter are the number of events that pass the applied
cut. The efficiencies of each single cut with their statistical errors are compiled in table
8.1. The volume cut on the prompt signal reduces the detection efficiency the most due
to the strict cut criterion, which is set to decrease fast neutron and external background
events (see section 8.3.5). The efficiency of the total delayed cut of εdel = (95.1 ± 1.0) %
is very high despite the stringent selection cuts and only significantly reduced by the time
difference cut. The cuts on the multiplicity, delayed energy and distance between prompt
and delayed signal all provide survival efficiencies close to 100 %. The total IBD detection
efficiency5 in THEIA25 is determined to εIBD = (69.7± 0.8) % and used to calculate the
neutrino energy spectrum of equation 8.1.

The visible energy spectrum of electron antineutrinos from DM self-annihilation in the
Milky Way expected in THEIA25 is calculated with equation 8.1 considering the IBD
kinematics of equation 4.5 and the energy resolution of THEIA25 following the same

5The determined IBD detection efficiency in THEIA25 doesn’t depend on the visible energy of the prompt
signal. Therefore, an energy-independent IBD detection efficiency is used in this study.
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Figure 8.2.: Visible energy spectra dNS/dEvis of electron antineutrinos produced by DM self-
annihilation in the Milky Way and detected via IBD reactions in THEIA25. As example,
DM masses of 20 MeV, 30 MeV, 40 MeV, 50 MeV, 60 MeV, 70 MeV, 80 MeV, 90 MeV
and 100 MeV are assumed. All spectra are calculated for a total exposure time of 10
years considering an efficiency due to the application of the muon veto of εµ veto = 99.0
%, a discrimination efficiency between e-like and µ-like events of εe−like = 99.4 % and a
total IBD detection efficiency of εIBD = 69.7 %. Moreover, an angular-averaged J-factor of
Javg = 5.0 and the currently most stringent 90 % C.L. upper limits of the annihilation cross
section from Super-K [4, 75] for each DM mass are assumed. Furthermore, the expected
number of signal events NS for each assumed DM mass is displayed.

procedure as introduced in section 4.4 6. In figure 8.2, the resulting visible energy spec-
tra as well as the expected number of signal events NS in THEIA25 after a lifetime of
10 years and for a fiducial mass of 18.7 kt are shown exemplarily for different assumed
DM masses. The number of signal events ranging from NS(mDM = 30 MeV) = 9.7 to
NS(mDM = 100 MeV) = 61.1 considering the currently most stringent 90 % C.L. upper
limits of the annihilation cross section from Super-K. Therefore, these numbers of signal
events represent the largest event numbers expected in THEIA25 that are still allowed
within the latest constraints discussed in section 2.4.2.

Compared to JUNO, the number of signal events expected in THEIA25 is increased by
around 20 %. The main reason is the larger number of free protons in the fiducial volume
of THEIA25 due to the larger fiducial mass of 18.7 kt compared to the fiducial mass of
JUNO of 14.77 kt. This increases the number of signal events by around 17 %. The
slightly larger efficiencies of THEIA25 according to the IBD detection, application of the
muon veto and discrimination between e-like and µ-like events account for the remaining
3 % increase.
The shapes of the signal spectra in THEIA25 for mDM . 30 MeV are broader than in
JUNO because of the worse energy resolution of THEIA25 (the FWHM of these spectra
are increased up to around 30 % compared to JUNO). Nevertheless, this effect becomes
negligible for larger DM masses, where the widths of the spectra are dominated by the
IBD kinematics.

6As expected, the FWHM of a signal spectrum is broadened by the energy resolution by σE = 11.6 % ·√
Evis[MeV] compared to the spectrum, where only IBD kinematics are considered.
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8.3. Background Sources in THEIA

The maximal expected number of signal events in THEIA25 determined in section 8.2 are
around 1 to 6 events per year depending on the DM mass. Therefore, THEIA’s sensitivity
to measure these electron antineutrino signal events as an excess over backgrounds strongly
depends on the knowledge, precise prediction and reduction of all background events oc-
curring in the region of interest between neutrino energies of 10 MeV and 100 MeV.
This section covers the determination of all potential background sources for the indirect
DM search with THEIA, which can be separated into indistinguishable IBD backgrounds,
like the reactor neutrino background (see section 8.3.1), the DSNB (see section 8.3.2) and
atmospheric ν̄e’s interacting via CC on free protons (see section 8.3.3), and into IBD-like
backgrounds, such as atmospheric neutrino CC interactions on 12C and 16O (see section
8.3.3), atmospheric NC background events (see section 8.3.4) and muon-induced back-
grounds (see section 8.3.5).

8.3.1. Reactor Neutrino Background

Reactor electron antineutrinos constitute the dominant artificial background source for
neutrino detectors and limit THEIA’s detection potential for energies below 10 MeV (de-
tailed information about reactor neutrinos is given in section 3.1.2 and 5.1).
The total reactor neutrino background rate R = 32.0 NIU 7 at the location of THEIA25 at
SURF is calculated in [320] for Eν̄e < 10 MeV assuming the IBD interaction cross section
of equation 4.4. This results in an estimated background rate for THEIA25 with a 3 %
WbLS target of

Rreactor = R ·Ntarget = 32.0 NIU · 6.7 · 1031 protons

yr
= 21.4

evts

kt yr
. (8.2)

Around Nreactor = 4, 000 reactor background events measured via IBD below 10 MeV are
expected for THEIA25 after 10 years of data taking and for a fiducial mass of 18.7 kt,
which is factor of 30 smaller than the expected event number for the JUNO detector
(Nreactor,JUNO ≈ 120, 000 events below 10 MeV after 10 years). Translating this ratio
to visible energies above 10 MeV, the expected number of reactor background events
in THEIA25 is Nreactor,THEIA25(Evis > 10 MeV) ≈ 1.7. This number is comparably
small and around 99 % of the reactor background events are below visible energies of 10
MeV. Therefore, the reactor electron antineutrino background is neglected for THEIA25.
Nevertheless, the reactor neutrino background sets the lower edge of the observational
energy window to 10 MeV.

8.3.2. Diffuse Supernova Neutrino Background

The expected electron antineutrino flux φDSNBν̄e of the diffuse supernova neutrino back-
ground (DSNB) at Earth is presented and discussed in detail in section 5.2. THEIA would
have an excellent sensitivity to measure diffuse supernova neutrinos [179,301]. Therefore,
the DSNB will cause an IBD background for the indirect DM search with THEIA25.
The electron antineutrino flux φDSNBν̄e of the DSNB at THEIA’s location is given by equa-
tion 5.5 following section 5.2. Again three different cases of the flux (low, fiducial and high
case) are assumed to take into account the large uncertainties of the astrophysical inputs.
The neutrino energy spectrum of the DSNB in THEIA25 measured via IBD reactions is

dNDSNB (Eν̄e)

dEν̄e
= σIBD (Eν̄e)

dφDSNBν̄e (Eν̄e)

dEν̄e
Ntarget t εIBD εµ veto εe−like. (8.3)

7The neutrino interaction unit NIU is defined as 1 NIU = 1 event
1032 protons·yr

.
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Figure 8.3.: Total expected visible energy spectrum of IBD events in THEIA25 after
10 years of data taking, for fiducial mass of 18.7 kt and for visible energies between 10
MeV and 100 MeV. All events pass the IBD selection criteria listed in table 8.1. The
diffuse supernova neutrino background (DSNB) discussed in section 8.3.2 is shown in blue,

where the solid blue line represents the fiducial case with Nfid
DSNB = 18.3 ± 7.3, while

the blue region is confined by the high and low case, respectively. The atmospheric CC
background of ν̄e’s interacting with free protons of section 8.3.3 is shown as dark green line
(NatmoCC,ν̄e+p = 86.9± 21.7), whereas the atmospheric CC background of ν̄e’s interacting
with 16O nuclei is displayed as light green line (NatmoCC,ν̄e+16O = 17.9±4.5). The IBD-like
atmospheric NC background studied in section 8.3.4 is shown in orange with NatmoNC =
2054.8± 595.9. The fast neutron background (NFN = 22.9± 4.5) is introduced in section
8.3.5 and shown in magenta. The electron antineutrino signal spectrum calculated in
section 8.2 with the currently best 90 % C.L. upper limit of the DM annihilation cross
section of 〈σA v〉Super−K (mDM = 50 MeV) = 1.1 ·10−24 cm3/s is shown in red exemplarily
for mDM = 50 MeV resulting in NS = 48.7.

The visible energy spectrum of the DSNB in THEIA25 for a total runtime of 10 years and
a fiducial mass of 18.7 kt is shown in figure 8.3 for energies between 10 MeV and 100 MeV.
It is generated with equation 8.3 considering the IBD kinematics and the energy resolution
of THEIA25 following the similar procedure as introduced in section 5.1.
In the presented energy region and assuming a total uncertainty of 40 %, N low

DSNB =

10.9 ± 4.4 events, Nfid
DSNB = 18.3 ± 7.3 events and Nhigh

DSNB = 27.0 ± 10.8 events are
expected in THEIA25 for the low, fiducial and high case, respectively. This yields an
expected event rate in THEIA25 for the fiducial case of RfidDSNB = (0.10±0.04) yr−1 kt−1.

8.3.3. Atmospheric Charged Current Background

Charge current interactions of atmospheric neutrinos and antineutrinos with nucleons and
nuclei of the WbLS target constitute backgrounds in THEIA. Atmospheric neutrinos and
antineutrinos of all three flavors are interacting via the exchange of a charged W+/W− bo-
son with free protons, 12C and 16O nuclei resulting in various interaction channels present
in the detector8:

8Atmospheric neutrinos and antineutrinos can also interact via CC on electrons of the target material:
νe/ν̄e + e− → e− + νe/ν̄e and νµ/ντ + e− → νe + µ−/τ−. Nevertheless, these interaction channels do
not contribute to the atmospheric CC neutrino background, since they do not mimic IBD events and
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� ν̄e + p→ e+ + n,

� νe/ν̄e + 12C→ e−/e+ + 12N∗/12B∗,

� νe/ν̄e + 16O→ e−/e+ + 16F∗/16N∗,

� ν̄µ + p→ µ+ + n,

� νµ/ν̄µ + 12C→ µ−/µ+ + 12N∗/12B∗,

� νµ/ν̄µ + 16O→ µ−/µ+ + 16F∗/16N∗,

� ν̄τ + p→ τ+ + n,

� ντ/ν̄τ + 12C→ τ−/τ+ + 12N∗/12B∗,

� ντ/ν̄τ + 16O→ τ−/τ+ + 16F∗/16N∗.

The atmospheric flux at the location of the THEIA25 detector as well as each of these
interaction channels are shortly introduced and discussed in this section and the resulting
atmospheric CC background for the indirect DM search with THEIA25 is estimated.
At production, atmospheric neutrinos are mostly electron and muon (anti)neutrinos, but
also tau (anti)neutrinos are expected at THEIA site due to neutrino oscillations. Never-
theless, the CC tau neutrino cross section is strongly suppressed at low neutrino energies
because of the large mass of the tau lepton relative to the electron and muon [321]. There-
fore, and following the estimations presented in section 5.3.2, the atmospheric ντ/ν̄τ CC
interaction background is neglected in this study.

Atmospheric Neutrino Flux at SURF

THEIA25 would be most likely located at SURF at 44.35◦N and 103.75◦W [322]. The
atmospheric neutrino flux of νe, ν̄e, νµ and ν̄µ without considering neutrino oscillations is
simulated by Honda et al. for the location of SURF for neutrino energies from 100 MeV to
10 TeV [256]. For lower neutrino energies, i.e. from 10 MeV to 944 MeV, the atmospheric
neutrino flux of νe, ν̄e, νµ and ν̄µ is predicted by FLUKA simulations, but for the location
of Gran Sasso at 42.5◦N, 13.0◦O [260]. Since the atmospheric flux increases with larger
geographic (geomagnetic) latitude, the FLUKA fluxes are scaled in a similar way like
described in section 5.3.1 to agree with the fluxes of Honda in the overlapping energy region
from 100 MeV to 944 MeV. This results in scaling factors of fνe ≈ fν̄e ≈ fνµ ≈ fν̄µ ≈ 1.4.
Therefore, the expected atmospheric neutrino fluxes (for νi = νe, ν̄e, νµ, ν̄µ) at SURF
without considering neutrino oscillations are approximated with

φνi,THEIA(Eνi) =

{
1.4 · φνi,Gran Sasso, FLUKA , forEνi < 100 MeV,

φνi,SURF, Honda , forEνi ≥ 100 MeV.
(8.4)

The resulting atmospheric neutrino fluxes at SURF are shown in figure 8.4 for neutrino
energies from 10 MeV to 10 GeV.
In order to take into account neutrino oscillations, the oscillation probabilities introduced
in section 5.3.1 are considered to predict the atmospheric neutrino and antineutrino fluxes
of all three flavors at SURF. It should be noted here that, due to the larger geomagnetic
latitude, the atmospheric flux at SURF is about a factor of 2 larger than at JUNO site
(22.0◦N) and around a factor of 1.7 larger than at the location of Super-K (36.4◦N) for
neutrino energies between 10 MeV and 10 GeV.

the interaction cross sections for Eν ≥ 10 MeV are comparably small as shown in figure 3.5 exemplarily
for νe + e− → e− + νe.
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Figure 8.4.: Atmospheric neutrino flux of νe, ν̄e, νµ and ν̄µ at SURF and at JUNO site for
neutrino energies from 10 MeV to 10 GeV without considering neutrino oscillations. The
fluxes at SURF are displayed as solid lines. The atmospheric neutrino fluxes at JUNO
site are shown for comparison and displayed as dashed lines.

Atmospheric Charged Current νe/ν̄e Background

Atmospheric electron neutrinos and antineutrinos can interact via charged current with
free protons, 12C and 16O nuclei of the WbLS target of THEIA25.

Electron antineutrinos interacting with free protons ν̄e+p→ e+ +n pose the most danger-
ous reaction channels and represent an indistinguishable IBD background. The expected
neutrino energy spectrum of this channel in THEIA25 is

dNatmoCC,ν̄e+p (Eν̄e)

dEν̄e
= σIBD (Eν̄e)

dφatmoν̄e (Eν̄e)

dEν̄e
Ntarget t εIBD εµ veto εe−like (8.5)

with the atmospheric electron antineutrino flux φatmoν̄e ≈ 0.67 · φν̄e + 0.17 · φν̄µ considering
neutrinos oscillations.
The visible energy spectrum of the atmospheric CC ν̄e background on free protons in
THEIA25 is given by equation 8.5 considering the IBD kinematics and THEIA25’s en-
ergy resolution and displayed in figure 8.3 as dark green line. Assuming a total uncer-
tainty of 25 % [260], NatmoCC,ν̄e+p = 86.9 ± 21.7 events are expected for visible ener-
gies between 10 MeV and 100 MeV, which results in an event rate of RatmoCC,ν̄e+p =
(0.46 ± 0.12) yr−1 kt−1. Therefore, the atmospheric CC ν̄e background on free protons
is one of the main backgrounds for indirect DM search with neutrinos in THEIA25 for
energies above around 35 MeV.

Furthermore, CC interactions of electron neutrinos and antineutrinos on the nuclei of
the WbLS can be background sources of IBD-like events.
To estimate the background contribution of atmospheric νe/ν̄e interacting with 12C, only
reaction channels with exactly one neutron in the final state are considered to ensure their
IBD-like signal signature9: νe+12C→ e−+n+X and ν̄e+12C→ e+ +n+X (X represents

9In principle, channels with two (or more) neutrons in the final state could also cause IBD-like background
events, if one (or more) neutrons leave the detector without being captured. However, the probability
for this to happen and, moreover, the interaction cross section for such channels is small. Therefore,
these channels are neglected in this study.
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11N, 11B or lighter isotopes with additional p, α, etc.). The event numbers of these channels
for visible energies between 10 MeV and 100 MeV are estimated with N = σ · φ ·N12C · t,
where σ is the interaction cross section from [263], φ the atmospheric νe and ν̄e flux,
respectively, considering neutrino oscillation as described above, N12C = 3.25 · 1031 the
number of 12C nuclei in the 25 kt WbLS target with 3 % LS of THEIA25 and t the ex-
posure time of 10 years. In total, only N ≈ 0.8 events are expected in THEIA25 after
10 years and for energies from 10 MeV to 100 MeV due to the lower interaction cross
sections compared to the IBD cross section (see figure 5.5) and the comparably small
number of 12C nuclei because of the small LS fraction in the studied WbLS. The number
of events mimicking an IBD signal is even less than 0.8 events, since no IBD detection ef-
ficiency is considered in this background estimation. So, this background can be neglected.

A similar approach is applied to estimate the background of atmospheric νe/ν̄e inter-
acting via CC on 16O nuclei. In [323], interaction cross sections of νe/ν̄e on 16O with
one neutron in the final state are calculated, which are used to predict the number of
background events in THEIA25. The only reaction channel with significant event rate is
ν̄e + 16O→ e+ + n+ 15N. The neutrino energy spectrum of this channel in THEIA25 is

dNatmoCC,ν̄e+16O (Eν̄e)

dEν̄e
= σCC,ν̄e+16O (Eν̄e)

dφatmoν̄e (Eν̄e)

dEν̄e
Ntarget t εIBD εµ veto εe−like (8.6)

with the interaction cross section σCC,ν̄e+16O of [323], the atmospheric ν̄e flux φatmoν̄e at
SURF and the number of 16O nuclei in the 25 kt WbLS target Ntarget = 8.0 · 1032. To
estimate the detection efficiency of this channel, the IBD detection efficiency of εIBD =
69.7 % is taken as conservative assumption, since the 15N isotope only slightly affects the
event signature. The number of events as function of the visible energy is generated using
equation 8.6 and considering THEIA25’s energy resolution and a simple assumption of the
kinematics of the reaction ν̄e+16O→ e+ +n+15N. It is assumed that the emitted neutron
and 15N isotope are at rest10.
The resulting visible energy spectrum of ν̄e+ 16O→ e+ +n+ 15N in THEIA25 for energies
between 10 MeV and 100 MeV is shown in figure 8.3 as light green line. NatmoCC,ν̄e+16O =
17.9± 4.5 events are expected in THEIA25 that mimic an IBD signal assuming an overall
uncertainty of 25 %. The event rate is RatmoCC,ν̄e+16O = (0.10 ± 0.02) yr−1 kt−1. So,
the atmospheric CC electron neutrino and antineutrino background on 16O needs to be
considered in the search for neutrinos from DM self-annihilation with THEIA25, since it
affects the visible energy spectrum especially in the higher energy region.

Atmospheric Charged Current νµ/ν̄µ Background

Atmospheric muon neutrinos and antineutrinos also interact via CC interactions with free
protons, 12C and 16O nuclei inside the THEIA25 detector by producing muons. Such µ-like
events are also a background source and could cause IBD-like background events for the
indirect DM search with THEIA.
To estimate the total number of µ-like events in THEIA25 for visible energies between
10 MeV and 100 MeV, interaction cross sections of ν̄µ + p → µ+ + n, νµ/ν̄µ + 12C →
µ−/µ+ + ... and νµ/ν̄µ+ 16O→ µ−/µ+ + ... provided by GENIE [266] and the atmospheric
νµ/ν̄µ flux at SURF considering neutrino oscillations, φatmoνµ/ν̄µ

≈ 0.41 ·φνµ/ν̄µ + 0.17 ·φνe/ν̄e ,
are used. The total number of µ-like events of all presented channels is then given by
Nµ−like =

∑
i σi·φatmoνµ/ν̄µ

·Ntarget·t with the respective number of free protonsNp = 1.68·1033,

10Therefore, the kinetic energy of the positron is Ee,kin = Eν̄e +m16O−mn−me−m15N ≈ Eν̄e −14 MeV.
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12C nuclei N12C = 3.25 · 1031 and 16O nuclei N16O = 8.0 · 1032 in the 25 kt target volume
of THEIA25 and for t = 10 years. The visible energy spectrum is generated according to
the kinematics of the reaction channel assuming that the produced neutron and residual
isotopes are at rest. Moreover, it is assumed that the kinetic muon energy is completely
visible inside the detector. These assumptions result in Nµ−like ≈ 750 events for visible
energies from 10 MeV to 100 MeV. It must be noted here that no IBD selection cuts are
applied on the µ-like events. Therefore, only a fraction of these events act as IBD-like back-
ground in THEIA25. Nevertheless, the number of µ-like events must be suppressed further.

To reduce this background, e-like events, i.e. events with energy deposition of electrons
and positrons, need to be discriminated from µ-like events. In LS detectors such as JUNO,
this is realized with the cut parameter σ(tpe) as discussed in section 5.3.2, whereas in water
Cherenkov detectors like Super-K, e-like and µ-like events are separated due to different
ring pattern11 inside the detector [113].
Both discrimination approaches are possible for THEIA25, since it combines the char-
acteristics of LS and water Cherenkov detectors. However, the separation based on the
scintillation light is challenging because of the small light yield and small scintillation pho-
ton statistics. Therefore, the very effective discrimination based on the differences in the
ring pattern investigated in Super-K (see [113]) is translated to THEIA25 to estimate the
efficiency of the discrimination of e-like and µ-like events. In [113], likelihood methods
are used to separate µ+/µ− and e+/e−/γ by algorithms based on the diffuseness of the
edge of the Cherenkov rings. This results in a mis-identification probability between µ-
like and e-like events of 0.6 % ± 0.1 % for events with visible energies between 30 MeV
and 1.33 GeV [113]. This means that only 0.6 % of all µ-like events are mis-identified as
e-like events and are a potential background, while εe−like = 99.4 % of all e-like events are
correctly identified as e-like events and survive this discrimination cut.
This discrimination efficiency can be translated to THEIA25, since the fiducial mass,
photocathode coverage and detection efficiency is similar to Super-K, resulting in a total
number of µ-like events of Nµ−like ≈ 4.5 events in THEIA25. Taking into account the
strict IBD selection criteria presented in section 8.2, the number of IBD-like µ-like events
is even less and therefore negligible for the study performed within this thesis.

One of the main backgrounds of water Cherenkov detectors are invisible muons produced
by atmospheric muon neutrinos and antineutrinos (see section 2.4.2). Muons with kinetic
energies below the Cherenkov threshold, e.g. Eµ,thr. = 54 MeV for Super-K, are invisible in
water Cherenkov detectors. They can decay at rest by emitting Michel electron/positrons,
which cannot be distinguished from the prompt positron signal of the IBD reaction. How-
ever, this background source is completely suppressed in THEIA, since such muons can
be detected due to the scintillation light component and are no longer invisible to the
detector.

8.3.4. Atmospheric Neutral Current Background

In this section, neutral current (NC) interactions of atmospheric neutrinos and antineu-
trinos with the WbLS target of THEIA25 are studied. Neutrinos and antineutrinos of all
flavors can interact via exchange of a Z0 boson with protons, 12C nuclei, 16O nuclei and
electrons of the WbLS. The corresponding reaction channels are (νi = νe, ν̄e, νµ, ν̄µ, ντ , ν̄τ ):

� νi + e− → νi + e−,

� νi + p→ νi + p,

11µ-like events are identified by a sharp Cherenkov ring, while e-like events produce a more diffuse
Cherenkov ring pattern.
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� νi + 12C→ νi + ...,

� νi + 16O→ νi + ...

NC reactions on electrons cannot mimic IBD signals in THEIA25, since no neutron is pro-
duced and a delayed signal is missing. Nevertheless, the electron could potentially knock
out neutrons of the nuclei of the WbLS, which can be captured and produce delayed sig-
nals. However, the interaction cross section of neutrinos on electrons is comparably small
above neutrino energies of 10 MeV (as shown in figure 3.5). Therefore, atmospheric neu-
trinos interacting via NC on electrons is neglected as IBD-like background in this study.
In contrast to that, NC interactions on 12C can pose IBD-like background events as dis-
cussed in section 5.3.3. The fraction of NC interactions on 12C to the total number of NC
interactions in a WbLS target with 3 % LS is calculated assuming the atmospheric neutrino
flux at SURF of section 8.3.3 and NC interaction cross sections of GENIE. Only 2.5 % of
all NC reactions in THEIA25 are on 12C nuclei mainly due to the small LS fraction of the
WbLS. So, NC interactions on 12C are neglected in the following and only atmospheric
NC events produced in interactions with water (free protons and 16O) are further studied
in detail.

Event Rate of Atmospheric NC Background in THEIA25

The expected event rate of atmospheric NC background events on protons and 16O in
THEIA25 is calculated assuming the atmospheric neutrino fluxes φatmoνi at SURF (see figure
8.4) and the NC interaction cross sections on protons, σNC,νi+p, and 16O, σNC,νi+16O, from
GENIE (gxspl-FNALsmall.xml, [267,269,270]):

dNatmoNC(Eν)

dt
= Np

(
3∑
i=0

φatmoνi (Eν)σNC,νi+p

)
+N16O

(
3∑
i=0

φatmoνi (Eν)σNC,νi+16O

)
.

(8.7)

Np = 1.6 ·1033 is the number of free protons and N16O = 8.0 ·1032 the number of 16O nuclei
in the water component of the 25 kt target of THEIA25. The neutrino flavor is specified
by i (ν0 = νe, ν1 = ν̄e, ν2 = νµ, ν3 = ν̄µ). The non-oscillated atmospheric neutrino fluxes
can be used to calculate the event rate similar to equation 5.16.
The event rate of atmospheric NC neutrino interactions on water in THEIA25 for neutrino
energies from 10 MeV to 10 GeV is 8.05 · 10−5 s−1, resulting in 25398.0 events in a lifetime
of 10 years.

Simulation of Atmospheric NC Background in THEIA25

To estimate the IBD-like background caused by NC interactions of atmospheric neutrinos
in THEIA25, NC reactions on water, possible de-excitations of residual isotopes and the
detector response of THEIA25 to the final reaction products are simulated in this study.
The NC interactions of atmospheric neutrinos and antineutrinos with water, i.e. protons
and 16O nuclei, of the WbLS of THEIA25 are simulated with GENIE (version: 3.0.6) for
neutrinos energies from 10 MeV to 10 GeV. The LS component of the WbLS is neglected
due to its small fraction as discussed above. The atmospheric neutrino fluxes of νe, ν̄e, νµ
and ν̄µ at SURF without considering neutrino oscillations described in section 8.3.3 are
used as input for the simulation. The NC interaction cross sections in GENIE contain
QES, DIS and RES [267,269,270].
In NC interactions on 16O nuclei, neutrons and/or protons can be knocked out and leave
the residual isotopes in ground or an excited state. The de-excitation probability and
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Figure 8.5.: Fractions of atmospheric NC interaction channels on free protons and 16O
nuclei. The interactions are simulated with GENIE considering potential de-excitations
of the residual isotopes. The seven most frequent channels with an integrated fraction of
67.5 % are shown. Additional γ’s and π0’s are not listed here.

the corresponding de-excitation processes for QE NC events12 are considered according to
calculations and measurements of [324–326]. The probability that a nucleon is knocked out
of the s1/2, p3/2 or p1/2 shell of the 16O nuclei is assumed as P (s1/2) = 25 %, P (p3/2) = 50 %
and P (p1/2) = 25 % (for details see [324]). If the nucleon is knocked out from the p1/2

shell, the residual isotope is in ground state and no de-excitation needs to be considered.
If the nucleon is knocked out from the p3/2 shell, the residual isotope de-excites via γ
emission [324, 325]. The de-excitation γ energy (and the corresponding branching ratio)
is 6.32 MeV (87.2 %) or 9.93 MeV (6.4 %) in case of proton knock-out, and 6.18 MeV
(100 %) in case of neutron knock-out [326]. If the nucleon is knocked out from the s1/2

shell, several de-excitation channels with gamma and nucleon emission are possible. The
corresponding de-excitation channels and branching ratios considered here are based on
the measurement of [325]. The same model is assumed for proton and neutron knock-out.
All final particles that are produced via NC interactions of atmospheric neutrinos and
antineutrinos on free protons and 16O and through potential de-excitation of residual
isotopes are used as input for the THEIA25 detector simulation with the described RAT-
PAC simulation tool. The most frequent final NC reaction channels are displayed in
figure 8.5. The detector response of THEIA25 of 104,940 atmospheric NC events have
been simulated, which is equivalent to data of more than 40 years taking into account the
expected event rate from above.

Analysis of Atmospheric NC Background in THEIA25

The simulation sample of 104,940 atmospheric NC events on free protons and 16O in
THEIA25 is analyzed to estimate the number of NC background events that mimic an
IBD signal. Therefore, the IBD selection cuts described in section 8.2 and summarized
in table 8.1 are applied on the simulated NC events in the exact same way like on the
simulated IBD events. The distribution of the simulation data as well as the IBD selection

12Potential de-excitations for NC events from DIS or RES interactions are not considered in this study,
since no validated measurements of the de-excitation probabilities and de-excitation channels exist.
Therefore, a reliable prediction of the de-excitation is not possible. Moreover, only 29 % of all simulated
NC events are from DIS and RES interactions and just a portion of that would further de-excite. So,
not considering de-excitation for DIS and RES interactions only leads to a minor uncertainty.
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Table 8.2.: IBD selection criteria together with the resulting cut efficiencies and the total
detection efficiency εatmoNC of atmospheric NC events on free protons and 16O. The cut
efficiencies are determined by the analysis of atmospheric NC events simulated with the
RAT-PAC simulation tool for THEIA25 (middle column). The cuts of the delayed cut are
listed from (a) to (e) and applied consecutively. For comparison, the cut efficiencies and
the total IBD detection efficiency of IBD events from table 8.1 are shown (right column).
The statistical errors ∆ε of each cut efficiency are also listed.

εatmoNC ±∆εatmoNC in % εIBD ±∆εIBD in %

Volume cut on prompt signal 74.1± 0.5 74.5± 0.8
Energy cut on prompt signal 43.7± 0.2 97.0± 1.0
Total delayed cut: 30.9± 0.3 95.1± 1.0

(a) Time difference cut 58.2± 0.4 97.3± 1.0
(b) Multiplicity cut 61.6± 0.5 99.9± 1.0
(c) Energy cut on del. signal 99.8± 1.0 99.7± 1.0
(d) Distance cut 88.2± 0.9 99.6± 1.0
(e) Volume cut on del. signal 98.2± 1.0 98.6± 1.0

Total efficiency 8.2± 0.1 69.7± 0.8

cut acceptance windows are shown in section C.2 of the appendix. The volume cut on the
position of the prompt signal, the energy cut on the prompt signal and the total delayed
cut are applied independently on all 104,940 atmospheric NC events. The total delayed
cut contains the time difference cut, multiplicity cut, delayed energy cut, distance cut and
volume cut on the delayed signal, which are applied sequentially.

The resulting cut efficiencies of atmospheric NC background events for the IBD selection
cuts and their statistical errors are shown in table 8.2 together with the cut efficiencies
of the simulated IBD events already presented in table 8.1 for comparison. Atmospheric
NC events that pass all IBD cuts mimic an IBD signal in THEIA25 and are an IBD-like
background for the indirect DM search with THEIA.
The efficiency of the volume cut on the position of the prompt signal is similar for atmo-
spheric NC and IBD events, since both are simulated uniformly distributed within the
detector volume and the cut efficiency is dominated by the geometric reduction of the de-
tector volume. The largest suppression of the atmospheric NC background is given by the
total delayed cut with a survival efficiency of εdelayed = (30.9± 0.3) % due to strict selec-
tion criteria of IBD signals because of the temporal and spatial coincidence of prompt and
delayed signal. Moreover, the multiplicity cut with an efficiency of εmult = (61.6± 0.5) %
reduces atmospheric NC events very efficiently compared to IBD events, since NC events
often contain more than one neutron being captured and, therefore, more than one delayed
signal.
In total, only 8,576 atmospheric NC events of the 104,940 simulated events mimic an IBD
event signature in THEIA25 resulting in a total cut efficiency of εatmoNC = (8.2± 0.1) %.
The most frequent NC interaction channels that mimic an IBD signal in THEIA25 are
shown in figure 8.6. The most crucial reaction channels is νi + 16O → νi + p + n + 14N
with an expected frequency of 52.5 %, followed by the channel νi + 16O→ νi + +n+ 15O
with 27.8 %. Only 0.9 % of all IBD-like NC events are associated with interactions on free
protons. Nevertheless, many different interaction channels can create IBD-like signals in
the THEIA25 detector, which makes the simulation of the atmospheric NC background
essential to study THEIA’s sensitivity for indirect DM search.
Considering the event rate of atmospheric NC events calculated above, the efficiency due
to the application of the muon veto εµ veto = 99.0 % and an assumed total uncertainty
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Figure 8.6.: Fractions of atmospheric NC interaction channels on protons and 16O that
mimic IBD signals in the THEIA25 detector. The nine most frequent channels producing
IBD-like events (with an integrated fraction of 94.0 %) are NC interactions on 16O (νi +
16O→ νi + ...) and displayed here. Additional γ’s and π0’s are not shown.

of 29 % [74], NatmoNC = 2054.8 ± 595.9 atmospheric NC background events mimic an
IBD signal in THEIA25 for visible energies from 10 MeV to 100 MeV. The event rate of
IBD-like atmospheric NC events in THEIA25 is RatmoNC = (11.0 ± 3.2) yr−1 kt−1. The
resulting visible energy spectrum of the IBD-like atmospheric NC background is shown in
figure 8.3 and represents the dominant background spectrum for the search for neutrinos
from DM self-annihilation with THEIA25. It overwhelms the expected DM signal by at
least one order of magnitude, but differs significantly in the spectral shape.

8.3.5. Muon-induced Background

Cosmic muons and their spallation products can induce background events in the THEIA25
detector by producing secondary particles in the rock surrounding the detector as well as
in the detector itself.
The preferred location of THEIA25 would be SURF at a depth of 4,300 m.w.e. [6], where
the cosmic muon flux is φµ = 4.2 · 10−9 cm−2 s−1 with a mean muon energy of 〈Eµ〉 =
293 GeV [6]. The muon-induced backgrounds from cosmogenic isotopes and fast neutrons
in THEIA25 will be discussed in the following.

Background from Cosmogenic Isotopes

Cosmogenic isotopes are produced by muon spallation on 16O and 12C nuclei of the WbLS
target of THEIA. These isotopes can decay by emitting a β particle (i.e. electron or
positron) and a neutron, and can therefore mimic an IBD signal signature in the THEIA25
detector.
The only isotope produced at a relevant cross section with a Q value above 10 MeV is
9Li (see [179, 301]). 9Li decays with a half-life of T1/2 = 178.0 ms via the decay chan-
nels 9Li → ν̄e + e− + 9Be (with branching ratio of 49.2 %) and 9Li → ν̄e + e− + n + 2α
(with branching ratio of 50.8 %) [274]. The Q value of the β-neutron emission of 9Li is
Q = 11.9 MeV [274]. So, 9Li isotopes decaying via the emission of an electron and neutron
could mimic IBD signals in THEIA25 in the visible energy region above 10 MeV and
represent an IBD-like background.
To estimate the expected event rate in THEIA25, 9Li production yields measured in
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the liquid scintillator detector Borexino, Y9Li,LS = (2.9± 0.3) · 10−7
(
µ g/cm2

)−1
with

〈Eµ,Borexino〉 = 283 GeV [327], and in the water Cherenkov detector Super-K, Y9Li,H2O =

(5.1± 1.6) · 10−8
(
µ g/cm2

)−1
with 〈Eµ,SuperK〉 = 270 GeV [328], are adopted.

Since the production cross section of cosmogenic isotopes scales with the muon energy
σ ∝ E0.75

µ [329,330], the total 9Li yield for THEIA25 is estimated to

Y9Li,THEIA25 = 0.03 ·
〈Eµ,THEIA〉0.75

〈Eµ,Borexino〉0.75Y9Li,LS + 0.97 ·
〈Eµ,THEIA〉0.75

〈Eµ,SuperK〉0.75 Y9Li,H2O

≈ 0.03 · 1.03 · Y9Li,LS + 0.97 · 1.06 · Y9Li,H2O

≈ 6.2 · 10−8
(
µ g/cm2

)−1
(8.8)

considering a WbLS target with 3 % LS and 97 % water. So, the total 9Li production
rate in the THEIA25 detector is R9Li,THEIA25 = Y9Li,THEIA25 ·φµ ≈ (8.1± 2.1) kt−1 yr−1.
Taking into account the branching ratio of β-neutron emission of 9Li of 50.8 %, the 9Li
background rate reduces to R9Li,THEIA25 ≈ (4.1± 1.1) kt−1 yr−1.
The resulting number of β-neutron emitting 9Li isotopes in THEIA25 with a target mass
of 25 kt measured after 10 years of data taking and for visible energies above 10 MeV is
N9Li ≤ 162.3± 43.5 13.

To suppress the background of cosmogenic 9Li isotopes, a muon veto cut is introduced
for THEIA25 similar to the considerations for JUNO discussed in section 5.4.1. So, a
cylindrical volume with radius Rcut = 5 m around the muon track is vetoed for a time of
Tcut = 2 s. This provides an excellent veto efficiency of more than 99 % due to the short
half-life of 9Li of 178.0 ms compared to Tcut = 2 s and the expected lateral production
profile (for details see [331]). Therefore, the cosmogenic 9Li background can be reduced
to Nµ veto

9Li
≤ 1.6± 0.4 and neglected in this study.

The loss of exposure for THEIA25 of such a muon veto with Rcut = 5 m and Tcut = 2 s
is less than 1 %. Therefore, an efficiency (in terms of exposure) due to the application of
the muon veto of εµ veto = 99.0 % is conservatively assumed for THEIA25.

Fast Neutron Background

Fast neutrons that are produced through spallation processes of cosmic muons14 in the
rock around the THEIA25 detector can enter the detector unnoticed and, furthermore,
can mimic IBD events (details about the fast neutron background are given in section
5.4.2). The IBD-like background of fast neutrons in THEIA25 is discussed in the follow-
ing.
The estimation of the fast neutron background in THEIA25 uses simulation results from
a similar study performed for LENA [332] and follows the work of [179].
In [332], a simulation of the fast neutron background is performed in limestone rock
(CaCO3, ρ = 2.74 g/cm3), for a mean muon energy of 〈Eµ〉 = 300 GeV and a muon
flux of φµ,LENA = 5.6 · 10−9 cm−2 s−1 at depth of 4,000 m.w.e.. It is assumed that all
muon tracks are vertically due to the large and homogeneous rock overburden. Only neu-
trons in a 4 m thick cylinder around the detector volume has been simulated in [332], since

13To conservatively calculate N9Li for visible energies above 10 MeV, a rectangular β-spectrum is assumed.
This overestimates the number of β-neutron emitting 9Li isotopes in THEIA25, for what reason N9Li ≤
162.3± 43.5 is given as upper limit.

14Fast neutrons can also be produced by spontaneous fission of 238U, 235U and 232Th in the rock, and by
(α, n) reactions, where α particles emitted in the decay of uranium, thorium and their daughter products
interact with lighter isotopes and produce neutrons [275]. Since these fast neutrons are negligible above
visible energies of 10 MeV, this section only discusses muon-induced fast neutrons.
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the mean free path length of fast neutrons in the rock is below 1 m. The simulation results
in a neutron yield for energies above 10 MeV of

Yn,LENA(E > 10 MeV) = 2.8 · 10−4 (µ g/cm2)−1. (8.9)

Assuming the cylindrical detector geometry of THEIA25 with d = h = 31.8 m, it can be
approximated that Rµ,THEIA25 ≈ 6 · 105 muons per year traverse a 4 m thick cylinder
volume around the detector volume. Since the neutron production rate Rµn,THEIA25 per
muon scales with the mean muon energy (and the average rock density at SURF is similar
to ρCaCO3 [333]), it is given by [179]

Rµn,THEIA25 = Yn,LENA(E > 10 MeV) ·ρCaCO3 ·31.8 m ·
(

293 GeV

300 GeV

)0.75

≈ 2.4 n/µ. (8.10)

So, in total, Rn,THEIA25 = Rµn,THEIA25 · Rµ,THEIA25 ≈ 1.4 · 106 neutrons per year with
energies above 10 MeV are produced by cosmic muons in a 4 m thick surrounding volume
of THEIA25.
This results in NFN,THEIA25 ≈ 347± 69 fast neutron events in the THEIA25 detector for
visible energies from 10 MeV to 100 MeV and after 10 years of data taking following the
calculations of [179]. Here, a total uncertainty of 20 % and a flat energy distribution for
fast neutron events is assumed.
To reduce the fast neutron background in THEIA25, a volume cut on the position of the
prompt signal of fast neutron events of ρ =

√
x2 + y2 < 14.4 m and |z| < 14.4 m is applied.

This reduces the fast neutron IBD-like background15 between 10 MeV and 100 MeV to
NFN,18.7 kt = 22.9±4.5 (for details see [179]). The corresponding fast neutron background
spectrum is shown in figure 8.3.

8.3.6. Summary of Backgrounds in THEIA

A summary of all IBD and IBD-like backgrounds in THEIA25 for visible energies between
10 MeV and 100 MeV is given in this section. Table 8.3 summarizes the event numbers
of all background contributions before and after the different applied cuts. In figure 8.3,
the total expected visible energy spectra of IBD and IBD-like backgrounds in THEIA25
as well as the expected ν̄e signal from DM annihilation assuming mDM = 50 MeV are
shown.
The reactor electron antineutrino background is neglected above Evis > 10 MeV due to the
small event number of Nreactor < 1.2, but sets the lower edge of the visible energy window
to 10 MeV. The DSNB is present for visible energies from 10 MeV to around 35 MeV
and results in Nfid

DSNB = 18.3 ± 7.3 background events for the fiducial case. Atmospheric
ν̄e interacting via CC on protons are the dominant IBD background for Evis & 30 MeV
with an expected event number of NatmoCC,ν̄e+p = 86.9±21.7. The atmospheric νe/ν̄e CC
background on 16O with NatmoCC,ν̄e+16O = 17.9±4.5 occurs for Evis & 45 MeV. In contrast
to that, atmospheric νe/ν̄e interacting through CC on 12C with NatmoCC,νe/ν̄e+12C � 0.6
are negligible in THEIA25. The CC background of atmospheric νµ/ν̄µ can be neglected is
this study after applying the discrimination cut between e-like and µ-like events. Atmo-
spheric NC events represent the dominant background in the whole visible energy region
from 10 MeV to 100 MeV. NatmoNC = 2054.8 ± 595.9 IBD-like background events are
expected in THEIA25. The muon-induced background of cosmogenic isotopes due to 9Li

15The efficiency due to the application of the muon veto εµ veto = 99.0 % and the discrimination efficiency
between e-like and µ-like events εe−like = 99.4 % is also considered.
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only occurs for Evis < 12 MeV and is reduced to a negligible level of N9Li < 1.6 events
after applying the muon veto cut introduced in section 8.3.5. The fast neutron background
with NFN = 22.9± 4.5 events is present in the whole visible energy region.

The number of background events in THEIA25, except of the fast neutron background,
is increased by a factor of 1.2 to 3 compared to JUNO mainly because of two reason:
the fiducial volume and the atmospheric neutrino flux. Due to the larger number of free
protons in the larger fiducial volume of THEIA25, the number of DSNB and atmospheric
CC and NC background events is increased by around 20 %. The atmospheric CC and NC
background is furthermore enhanced because of the two times larger atmospheric neutrino
flux at SURF compared to the location of JUNO. The detection efficiencies of IBD and
atmospheric NC events are very similar for THEIA25 and JUNO and don’t yield larger
background contributions. The fast neutron background in THEIA25 is smaller than in
JUNO, since the muon flux is smaller because of the larger rock overburden at SURF.

8.4. Background Reduction in THEIA

Backgrounds still dominate the visible energy spectrum of THEIA25 despite the reduction
due to the application of IBD selection cuts, the discrimination cut between e-like and
µ-like events, and the muon veto cut. Therefore, additional methods to further reduce
background events were studied in this thesis. These additional background reduction
methods could suppress non-IBD backgrounds by around 99 %, while the survival effi-
ciency of IBD events would exceed 97 %.
The basic approach is to use THEIA’s capability to separate Cherenkov from scintillation
light to discriminate between IBD and IBD-like events, especially between the IBD signal
and IBD-like atmospheric NC and fast neutron events. This allows on the one hand the
reconstruction of the Cherenkov ring pattern, which will be discussed in detail in section
8.4.1, and on the other hand the evaluation of the ratio of reconstructed Cherenkov to
scintillation photons, which will be presented in section 8.4.2.

In a WbLS detector such as THEIA, there are three different properties that can be
used to effectively and precisely separate Cherenkov and scintillation light as introduced
in the beginning of the chapter: the time difference between Cherenkov and scintillation
photons at the photosensor16, the wavelength difference of a fraction of Cherenkov photons
to scintillation photons, and the difference between the Cherenkov ring pattern and the
isotropic scintillation light emission. A combination of these three properties and suit-
able fast and wavelength-sensitive photosensors provide an excellent separation power [6].
Therefore, perfect separation between Cherenkov and scintillation photons is assumed for
THEIA’s sensitivity estimation in this work.

8.4.1. Cherenkov Ring Counting

The number of Cherenkov rings created by the prompt signal of an event can be used to
discriminate IBD against IBD-like background events. For an IBD event, one Cherenkov
ring is expected. In contrast to that, no Cherenkov rings are expected for atmospheric NC
and fast neutron events [301]. A Cherenkov ring produced by a simulated IBD event in
THEIA25 is shown in figure D.11 of the appendix as example.
In IBD events, a single Cherenkov ring is created due to the energy deposition of the
charged positron.
In contrast to that, an uncharged fast neutron doesn’t create Cherenkov photons itself.

16The separation performance due to the time difference strongly depends on the TTS of the photosensors,
which smears the hit times of Cherenkov and scintillation photons.
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Nevertheless, a proton that is scattered off a fast neutron in the detector could create
Cherenkov photons and a Cherenkov ring, if its kinetic energy is above the Cherenkov
threshold of Ep,th. ≈ 460 MeV for protons in THEIA17. Moreover, neutrons can scat-
ter on 16O nuclei and excite the oxygen nuclei. Gammas with around 6 MeV emitted
in the de-excitation of 16O (more details are given in section 8.3.4) can scatter on free
electrons due to the Compton effect. These electrons can have kinetic energies to exceed
the Cherenkov threshold for electrons of Ee,th. ≈ 0.25 MeV in THEIA25 and produced
Cherenkov photons. Since most of the recoiling protons of fast neutron events are below
the Cherenkov threshold and the number of Cherenkov photons produced by electrons is
usually too small to reconstruct a Cherenkov ring, no Cherenkov rings are expected in
general per fast neutron event.
IBD-like atmospheric NC events can contain multiple final products, mainly neutrons,
protons and gammas (see section 8.3.4), that deposit energy in the prompt time window.
Protons (and protons being scattered off neutrons) must have kinetic energies above the
Cherenkov threshold of around 460 MeV to create Cherenkov rings in THEIA. Gammas
can scatter on free electrons due to the Compton effect, which create Cherenkov photons
as discussed above. However, the number of produced Cherenkov photons is usually too
small to create a Cherenkov ring.

The efficiency of a cut on the number of Cherenkov rings per event to reduce non-IBD
backgrounds in THEIA25 is determined in the following. Therefore, IBD and atmospheric
NC events that passed the IBD selection cuts described in section 8.2 and 8.3.4 are ana-
lyzed further. Additionally, 5,000 neutron events representing the fast neutron background
have been simulated with the RAT-PAC simulation tool for the THEIA25 detector con-
figuration. This results in around 2,700 neutron events with visible energies (quenched
deposited energies) from 10 MeV to 100 MeV and within a fiducial volume defined by
ρ < 14.4 m and |z| < 14.4 m.
A simple approach to determine the number of Cherenkov rings per event is used here,
since a detailed reconstruction of the event topology goes beyond the possibilities of this
study. So, the number of p.e. from Cherenkov light Npe,cheren in the prompt time window
for each initial particle of an event is calculated from the simulation data. The condition
that a Cherenkov ring is discernible in THEIA25 is set to Npe,cheren > 90 p.e.. It is as-
sumed that a positron with Evis = 10 MeV creates a sufficiently bright Cherenkov ring.
Such positron produces on average 90 p.e. from Cherenkov light due to the Cherenkov
light yield of LYcheren = 9 p.e./MeV in THEIA25.

The number of Cherenkov rings per event is calculated for IBD, atmospheric NC and fast
neutron events based on the condition defined above and listed in table 8.4.
Only events with exactly one Cherenkov ring pass the Cherenkov ring counting cut. This
results in total survival efficiencies of εIBD,ring = 98.7 % for IBD events, εatmoNC,ring =
2.9 % for atmospheric NC events and εFN,ring = 10.0 % for fast neutron events and agrees
well with the expectations. The cut efficiencies as function of the visible energy are shown
in figure 8.7.
The survival efficiency of IBD events due to Cherenkov ring counting cut is only reduced
from 100 % for events with Evis . 15 MeV, since some of these lower energetic events
don’t fulfill the Cherenkov ring condition. Fast neutron and especially atmospheric NC
background events are strongly suppressed by the Cherenkov ring counting cut in the

17The criterion for the emission of Cherenkov photons in a medium is v > c/n with the velocity of the
particle in this medium v, the speed of light in vacuum c and the refractive index of the medium
n [334]. Due to the refractive index of the WbLS in THEIA25 of n = 1.347 at wavelength of 380 nm,
the threshold velocity is vth. ≈ 2.22 · 108 m/s. The threshold for the kinetic energy of a particle to

produce Cherenkov light is then Ekin,th. =
[
(1− (vth./c)

2)−1/2
]
m0c

2, which results in a Cherenkov

threshold for the kinetic energy of a proton of Ep,th. ≈ 460 MeV.
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Table 8.4.: Number of IBD, atmospheric NC and fast neutron events depending on the
number of Cherenkov rings Nring per event. The condition that a Cherenkov ring is dis-
cernible in THEIA25 is set to Npe,cheren > 90 p.e.. In total, 13948 IBD, 8576 atmospheric
NC and 2701 fast neutron events were analyzed.

events with Nring = 0 events with Nring = 1 events with Nring ≥ 2

IBD 179 13769 0
Atmo. NC 8324 252 0
Fast neutron 2430 271 0

whole visible energy region from 10 MeV to 100 MeV.

With the energy-dependent cut efficiencies εring(Evis) shown in figure 8.7, the resulting
signal and background spectra after the Cherenkov ring counting cut are calculated with
the spectra shown in figure 8.3. The cut efficiency εIBD,ring for IBD events is applied
to the signal spectra and the IBD backgrounds (DSNB and atmospheric CC background
of ν̄e + p). Moreover, it is also applied to the atmospheric CC background of ν̄e on 16O,
since the prompt signal is mainly caused by the energy deposition of the positron similar
to IBD events. This conservative assumption might slightly overestimate the atmospheric
CC background on 16O. The cut efficiency εatmoNC,ring is applied to the atmospheric NC
background spectrum, whereas εFN,ring is applied to the fast neutron background spec-
trum. The total spectrum in THEIA25 after the Cherenkov ring counting cut is shown in
figure 8.8.
The resulting event numbers are Nfid,ring

DSNB = 16.7 ± 6.7 events for the fiducial case of the

DSNB (low case: N low,ring
DSNB = 9.9±4.0, high case: Nhigh,ring

DSNB = 24.8±9.9), N ring
atmoCC,ν̄e+p

=

86.8± 21.7 for the atmospheric CC background of ν̄e + p, N ring
atmoCC,ν̄e+16O

= 17.9± 4.5 for

the atmospheric CC background of ν̄e + 16O, N ring
atmoNC = 60.4± 17.5 for the atmospheric

NC background and N ring
FN = 1.5± 0.3 for the fast neutron background.

As a result, atmospheric NC and fast neutron events can be significantly reduced by the
discussed Cherenkov ring counting cut without any relevant loss (only 1.3 %) in IBD signal
efficiency. Even if Cherenkov and scintillation photons could not be perfectly separated,
advanced reconstruction methods should be able to resolve the ring pattern and the number
of Cherenkov rings per event. Nevertheless, since no reconstruction of the event topology
is performed in this study, the condition for a Cherenkov ring of Npe,cheren > 90 p.e. might
be optimistic and the cut efficiencies overestimated. More robust cut efficiencies of the
Cherenkov ring counting cut in THEIA25 can only be determined after reconstructing the
ring pattern.

8.4.2. Cherenkov to Scintillation Ratio

Besides the Cherenkov ring counting cut, WbLS detectors like THEIA provide a unique
discrimination technique based on the C/S ratio. It is defined as the ratio of the total
number of p.e. from Cherenkov light in the prompt time window to the total number of
p.e. from scintillation light in the prompt time window and depends on the particle type.
The prompt positron of IBD events features a comparably high C/S ratio. In contrast to
that, the final products of atmospheric NC events are mostly hadronic and emit no or com-
parably few Cherenkov photons like discussed in the previous section. This is also the case
for fast neutron events. So, comparably small C/S ratios are expected in general for atmo-
spheric NC and fast neutron events, which allows to discriminate them against IBD events.



8.4. Background Reduction in THEIA 139

740 1480 2220 2960 3700 4440 5180 5920 6660 7400
Charge in p.e.

0

20

40

60

80

100
Cu

t e
ffi

cie
nc

y 
in

 p
er

ce
nt

IBD events: < >  = 98.7 %
neutron events: < >  = 10.0 %
atmoNC events: < >  = 2.9 %

10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0
Visible energy in MeV

Figure 8.7.: Cherenkov ring counting cut efficiencies in THEIA25 of IBD, IBD-like at-
mospheric NC and fast neutron events as function of the charge and visible energy, re-
spectively. Only events with one single Cherenkov ring pass the cut. The total efficiency
averaged over the visible energy region 〈ε〉 is shown for each event type. The efficiencies
are displayed in bins of 74 p.e. corresponding to 1 MeV.
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Figure 8.8.: Total expected visible energy spectrum after the Cherenkov ring counting cut
in THEIA25 for 10 years of data taking, a fiducial volume of 18.7 kt and visible energies
from 10 MeV to 100 MeV. All events pass the Cherenkov ring counting cut and the IBD
selection cuts. The DSNB is shown in blue (solid line represents fiducial case, blue region
is confined by low and high case), atmospheric CC background of ν̄e + p is displayed in
dark green and atmospheric CC background of νe/ν̄e + 16O is shown in light green. The
atmospheric NC background and the fast neutron background are shown in orange and
magenta, respectively. The signal spectrum assuming the currently best 90 % C.L. upper
limit of the DM annihilation cross section of Super-K is displayed in red exemplarily for
mDM = 50 MeV.
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To determine the discrimination power of THEIA25 due to the C/S ratio, two independent
studies have been performed. In the first study, the C/S ratio of IBD, atmospheric NC
and fast neutron events that pass the IBD selection cuts are studied. The Cherenkov ring
counting cut is not taken into account to evaluate the discrimination efficiencies of the
C/S ratio independently. In the second study, only events that pass both cuts, the IBD
selection cuts as well as the Cherenkov ring counting cut, are considered.

C/S Ratio Cut only

Here, the C/S ratio is calculated from the simulation data for each IBD, atmospheric NC
and fast neutron event that passes the IBD selection cuts of section 8.2. The C/S ratios of
IBD and IBD-like atmospheric NC events18 are displayed as function of the charge/visible
energy in figure 8.9. For visible energies above around 23 MeV (=̂1700 p.e.), the C/S
ratios show the expected behavior and IBD events with larger C/S ratios can be clearly
separated from atmospheric NC events with smaller C/S ratios. Below around 23 MeV
(=̂1700 p.e.), most of the atmospheric NC events can also be clearly discriminated from
IBD events, but some atmospheric NC events have C/S ratios similar to IBD events. In
these events, the energy deposition in the prompt time window is dominated by gammas
emitted in the de-excitation processes of 16O described in section 8.3.4. These gammas can
scatter on free electrons due to the Compton effect, which produce Cherenkov photons.
This leads to a C/S ratio comparable to IBD events.

To specify the discrimination power of THEIA25, event selection criteria based on the C/S
ratio distributions of figure 8.9 are determined with the goal to maximize the signal to
background ratio S/

√
S +B 19. Due to the C/S ratio distributions shown in figure 8.9, a

cut function f(Q) is defined as function of the charge Q to discriminate between IBD and
atmospheric NC events:

f(Q) =

{
a+ b ·Q , forQ < Q1,

c , forQ ≥ Q1.
(8.11)

A constant cut function f(Q) = c is assumed for Q ≥ Q1, since C/S ratios of IBD and
atmospheric NC events clearly differ above charges of around 1700 p.e.. For Q < Q1, a
linear cut function specified by the cut parameters a and b is assumed. The cut parameter
b is given as b = (c− a)/Q1 to ensure that f(Q1) = a+ b ·Q1 = c.
The parameter c is set to c = 0.101. Then, six different values of Q1 = 1500 p.e., 1600 p.e.,
1700 p.e., 1800 p.e., 1900 p.e., 2000 p.e. are tested. For each value of Q1, the cut parameter
a is scanned from 0.101 to 0.3 in steps of 0.001 to find the value of a that maximizes
S/
√
S +B.

As a result, the best signal to background ratio of S/
√
S +B = 2.291 and therefore

the most efficient discrimination based on the C/S ratio cut can be achieved with Q1 =
1, 700 p.e., a = 0.196 and c = 0.101 (b is then given by b = −5.59 · 10−5 p.e.−1).
The resulting cut function f(Q) is also displayed in figure 8.9. All events with C/S
ratios above this cut function pass the C/S ratio cut. The survival efficiencies cor-
responding to the determined cut function are shown in figure 8.9 as function of the
charge/visible energy. Here, also the cut efficiency of fast neutron events is displayed.
The total cut efficiencies of the C/S ratio cut are εIBD,C/S = 12995/13948 = 93.2 % for
IBD events, εatmoNC,C/S = 26/8576 = 0.3 % for IBD-like atmospheric NC events and
εFN,C/S = 5/2701 = 0.2 % for fast neutron events.

18The C/S ratios of neutron events are distributed similar to C/S ratios of atmospheric NC events and are
not shown in figure 8.9 for reasons of clarity.

19S and B represent the number of signal and background events after applying the C/S ratio cut.
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Figure 8.9.: Left: C/S ratio of IBD and atmospheric NC events as function of the charge
and visible energy, respectively. IBD events are shown as red dots, atmospheric NC events
as black dots. The cut function f(Q) = 0.196− 5.59 · 10−5 ·Q[p.e.] for Q < 1700 p.e. and
f(Q) = 0.101 for Q ≥ 1700 p.e. is displayed as blue line. Right: C/S ratio cut efficiencies
in THEIA25 of IBD, IBD-like atmospheric NC and fast neutron events as function of the
charge and visible energy, respectively. The cut efficiencies are determined with the cut
function from above. The total efficiency averaged over the visible energy region 〈ε〉 is
shown for each event type. The efficiencies are displayed in bins of 74 p.e. corresponding
to 1 MeV.
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Figure 8.10.: Total expected visible energy spectrum after the C/S ratio cut in THEIA25
for 10 years of data taking, a fiducial volume of 18.7 kt and visible energies from 10 MeV
to 100 MeV. All events pass the C/S ratio cut and the IBD selection cuts. The DSNB is
shown in blue (solid line represents fiducial case, blue region is confined by low and high
case), atmospheric CC background of ν̄e + p is displayed in dark green and atmospheric
CC background of νe/ν̄e + 16O is shown in light green. The atmospheric NC background
is shown in orange. The signal spectrum assuming the currently best 90 % C.L. upper
limit of the DM annihilation cross section of Super-K is displayed in red exemplarily for
mDM = 50 MeV.
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The background of fast neutron and atmospheric NC events can be efficiently reduced
by the C/S ratio cut in the whole visible energy region between 10 MeV and 100 MeV.
Especially above visible energies of around 23 MeV (=̂1700 p.e.), IBD events and IBD-
like background events can be nearly perfectly separated as figure 8.9 indicates. For
Evis . 23 MeV, the discrimination power decreases, since C/S ratios of IBD and atmo-
spheric NC events overlap. Therefore, the survival efficiency of IBD events decreases from
23 MeV to 10 MeV.

The energy-dependent cut efficiencies εC/S(Evis) of figure 8.9 and the spectra shown in
figure 8.3 are used to calculate the signal and background spectra after the C/S ratio cut
(similar to section 8.4.1). The resulting spectra in THEIA25 after 10 years of data taking
are shown in figure 8.10.

The numbers of background events are N
fid,C/S
DSNB = 11.3 ± 4.5 events for the fiducial

case of the DSNB (low case: N
low,C/S
DSNB = 6.7 ± 2.7, high case: N

high,C/S
DSNB = 17.2 ± 6.9),

N
C/S
atmoCC,ν̄e+p

= 86.2±21.5 for the atmospheric CC background of ν̄e+p, N
C/S
atmoCC,ν̄e+16O

=

17.9 ± 4.5 for the atmospheric CC background of ν̄e + 16O, N
C/S
atmoNC = 6.2 ± 1.8 for the

atmospheric NC background and N
C/S
FN < 0.1 for the fast neutron background.

IBD-like atmospheric NC backgrounds events can be reduced very effectively with the
C/S ratio cut. The background spectrum after the C/S ratio cut only appears at visible
energies below around 30 MeV. Furthermore, the fast neutron background is suppressed
to a negligible level by the C/S ratio cut. So, the C/S ratio cut of THEIA25 provides an
excellent discrimination power of IBD events against atmospheric NC and fast neutron
events. In this study, the C/S ratio cut is applied solely without taking into account the
Cherenkov ring counting cut, which shows THEIA’s ability to reduce background events
even without reconstructing the Cherenkov ring pattern.

Cherenkov Ring Counting and C/S Ratio Cut

Here, the C/S ratios of events that have passed the Cherenkov ring counting cut, i.e.
events with one single Cherenkov ring specified by Np.e.,cheren ≥ 90 p.e. as described in
section 8.4.1, are analyzed. The C/S ratios of these IBD, atmospheric NC and fast neu-
tron events are calculated and displayed in figure 8.11 as function of the charge and visible
energy, respectively. By comparing the C/S ratios of figure 8.9 and 8.11, the reduction
due to the Cherenkov ring counting cut is clearly visible. Atmospheric NC events with
C/S ratios smaller than 0.02 as well as events with visible energies below around 30 MeV
and comparably small C/S ratios (about 0.05 to 0.1) are cut away by the Cherenkov ring
counting cut, since too few Cherenkov photons are produced to create a Cherenkov ring.
To specify the discrimination power of THEIA25 due to the C/S ratios of figure 8.11,
an event selection condition is determine to maximize the signal to background ratio
S/
√
S +B. Therefore, a constant cut function g(Q) = c is defined to discriminate IBD

against atmospheric NC and fast neutron events. To determine the cut parameter c that
maximizes the signal to background ratio, c is scanned from 0.05 to 0.20 with steps of
0.001. A maximal signal to background ratio of S/

√
S +B = 2.293 is achieved with the

cut function g(Q) = 0.104, which is also shown in figure 8.11. Only events with C/S
ratio above the cut function pass the C/S ratio cut. The total cut efficiencies of the C/S
ratio cut introduced here and the Cherenkov ring counting cut of section 8.4.1 are dis-
played in figure 8.11 as function of the charge and visible energy, respectively. Most of
atmospheric NC and fast neutron background events are cut away, especially above visible
energies of 30 MeV. The cut efficiency of IBD events is nearly 100 % in the whole visible
energy region, only slightly decreasing for Evis . 20 MeV. Particularly below 30 MeV,
the combined Cherenkov ring counting and C/S ratio cut provides a much better IBD cut
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Figure 8.11.: Left: C/S ratio of IBD, atmospheric NC and fast neutron events as function
of the charge and visible energy, respectively. All events have passed the IBD selection
cuts described in section 8.2 and the Cherenkov ring counting cut introduced in section
8.4.1. IBD events are shown as red dots, atmospheric NC events as black dots and fast
neutron events as magenta dots. The cut function g(Q) = 0.104 is displayed as blue line.
Right: Total cut efficiencies of Cherenkov ring counting and C/S ratio cut in THEIA25
of IBD, IBD-like atmospheric NC and fast neutron events as function of the charge and
visible energy, respectively. The total efficiency averaged over the visible energy region 〈ε〉
is shown for each event type. The efficiencies are displayed in bins of 74 p.e. corresponding
to 1 MeV.

740 1480 2220 2960 3700 4440 5180 5920 6660 7400
Charge in p.e.

10 2

10 1

100

101

102

103

Ex
pe

ct
ed

 sp
ec

tru
m

 d
N/

dE
 in

 e
ve

nt
s/

bi
n

(b
in

-w
id

th
 =

 7
4.

0 
p.

e.
)

Signal from DM annihilation (N = 48.1)
DSNB (N = 16.2)
Atmo. CC background on p (N = 86.1)
Atmo. CC background on 16O (N = 17.8)
Atmo. NC background (N = 13.2)

10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0
Visible energy in MeV

Figure 8.12.: Total expected visible energy spectrum after the Cherenkov ring counting
and C/S ratio cut in THEIA25 for 10 years of data taking, a fiducial volume of 18.7 kt and
visible energies from 10 MeV to 100 MeV. All events pass the Cherenkov ring counting cut,
C/S ratio cut and the IBD selection cuts. The DSNB is shown in blue (solid line represents
fiducial case, blue region is confined by low and high case), atmospheric CC background of
ν̄e + p is displayed in dark green and atmospheric CC background of νe/ν̄e + 16O is shown
in light green. The atmospheric NC background is shown in orange. The signal spectrum
assuming the currently best 90 % C.L. upper limit of the DM annihilation cross section
of Super-K is displayed in red exemplarily for mDM = 50 MeV.
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efficiency than the C/S ratio cut only. The total cut efficiencies averaged over the visible
energy region from 10 MeV to 100 MeV are εIBD,ring+C/S = 13570/13948 = 97.3 % for
IBD events, εatmoNC,ring+C/S = 55/8576 = 0.6 % for IBD-like atmospheric NC events and
εFN,ring+C/S = 22/2701 = 0.8 % for fast neutron events.

The energy-dependent total cut efficiencies εring+C/S and the spectra after the IBD selec-
tion cuts of figure 8.3 are used to calculate the signal and background spectra after the
Cherenkov ring counting and C/S ratio cut (similar to section 8.4.1 and the first study
of section 8.4.2). The resulting spectra represent the signal and background spectra for
THEIA25 after applying all discussed cuts and are shown in figure 8.12 (the signal spectrum
is shown exemplarily for a DM mass of 50 MeV. In section E of the appendix, the total ex-
pected spectra in THEIA25 for DM masses from 15 MeV to 100 MeV are displayed.) The

numbers of background events are N
fid,ring+C/S
DSNB = 16.1 ± 6.4 events for the fiducial case

of the DSNB (low case: N
low,ring+C/S
DSNB = 9.6±3.9, high case: N

high,ring+C/S
DSNB = 24.0±9.6),

N
ring+C/S
atmoCC,ν̄e+p

= 86.1±21.5 for the atmospheric CC background of ν̄e+p, N
ring+C/S
atmoCC,ν̄e+16O

=

17.8± 4.5 for the atmospheric CC background of ν̄e + 16O, N
ring+C/S
atmoNC = 13.2± 3.8 for the

atmospheric NC background and N
ring+C/S
FN < 0.2 for the fast neutron background. So,

IBD-like atmospheric NC background events can be efficiently reduced by the described
cut, especially for Evis & 30 MeV. Moreover, the fast neutron background is reduced to a
negligible level without any relevant loss (only 2.7 %) in IBD signal efficiency. So, non-IBD
backgrounds in THEIA25 can be reduced very efficiently by combining the Cherenkov ring
counting and C/S ratio cut. It must be mentioned here, that the discrimination power
of THEIA25 due to presented C/S ratio cut might slightly decrease, if Cherenkov and
scintillation photons are not separated perfectly. However, the discrimination efficiencies
could be further improved by using not a simple linear, but more complex, cut function.

As a summary, the numbers of background events in THEIA25 before and after applying
the described cuts are listed in table 8.5 for visible energies between 10 MeV and 100 MeV
and after 10 years of data taking. Non-IBD backgrounds in THEIA25 can be reduced with
excellent efficiency by applying the Cherenkov ring counting and C/S ratio cut. Moreover,
the signal to background ratios S/

√
S +B of each cut are presented. By combining the

Cherenkov ring counting cut and the C/S ratio cut, the signal to background ratio can
be increased by a factor of 3.6 compared to the signal to background ratio after IBD,
muon veto and discrimination cut between e-like and µ-like events. So, THEIA25 strongly
profits from its novel technologies like the WbLS target and the fast and wavelength-
sensitive photo-sensors, which allows the separation between Cherenkov and scintillation
light and the application of selection cuts on the C/S ratio and the number of Cherenkov
rings.
Non-IBD backgrounds, especially the atmospheric NC background, could be reduced even
more effectively than by PSD in the LS detector JUNO presented in chapter 6. However, it
must be noted that perfect separation between Cherenkov and scintillation light is assumed
and only the detector simulation of THEIA25 is performed in contrast to JUNO, where
also electronics simulation and waveform, vertex and energy reconstruction is considered.
The signal to background ratio of THEIA25 is by a factor of around 2 smaller than the
signal to background ratio of JUNO mainly because of the comparably larger atmospheric
neutrino flux at SURF, which yields the larger irreducible atmospheric CC background
in THEIA25. Nevertheless, the WbLS detector THEIA25 would be an excellent detector
for indirect DM search with neutrinos because of its exceptional background reduction
capability.
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Table 8.5.: Number of background events in THEIA25 for visible energies between 10 MeV
and 100 MeV, a fiducial mass of 18.7 kt and after 10 years of data taking. The table
summarizes IBD backgrounds (fiducial case of the DSNB, atmo. CC of ν̄e + p) and IBD-
like backgrounds (atmo. CC of ν̄e + 16O, atmo. NC, fast neutron) that pass the IBD
selection cuts, the muon veto cut and the discrimination cut between e-like and µ-like
events. The corresponding event numbers are listed in the second column. In the third
column, the event numbers after applying the Cherenkov ring counting cut are listed. The
fourth column represents the event numbers after applying the C/S ratio cut (without
taking into account the Cherenkov ring cut). In the fifth column, the event numbers after
applying all cuts, including Cherenkov ring counting and C/S ratio cut, are shown. The
last column represents the visible energy region, where the background events occur.

before ring
ring cut C/S cut all cuts

typ. visible

and C/S cut energies

DSNB (fid.) 18.3 16.7 11.3 16.1 10 MeV ≤ Evis . 35 MeV

Atmo. CC
86.9 86.8 86.2 86.1 15 MeV . Evis ≤ 100 MeV

(ν̄e + p)

Atmo. CC
17.9 17.9 17.9 17.8 45 MeV . Evis ≤ 100 MeV

(νe/ν̄e + 16O)

Atmo. NC 2054.8 60.4 6.2 13.2 10 MeV ≤ Evis . 30 MeV

Fast neutron 22.9 1.5 < 0.1 < 0.2

S/
√
S +B 0.635 2.029 2.291 2.293

8.5. THEIA’s Sensitivity for Indirect Dark Matter Search

In this section, the sensitivity of THEIA25 to measure electron antineutrinos from DM
self-annihilation in the Milky Way via the IBD detection channel as an excess over back-
grounds is presented.
The upper limit on the number of signal events from DM self-annihilation in THEIA25 is
calculated in section 8.5.1 based on the Bayesian analysis of section 7.1. Section 8.5.2
presents the resulting upper limits on the electron antineutrino flux and on the DM
self-annihilation cross section for THEIA25. A comparison of the limit on the DM self-
annihilation cross section of THEIA25 with limits of other neutrino experiments is given
in section 8.5.3

8.5.1. Bayesian Analysis for THEIA

In order to calculate the upper limit on the number of signal events in THEIA25, the
Bayesian analysis introduced in section 7.1 is applied. The sensitivity of THEIA25 is
determined for a set of DM masses ranging from mDM = 15 MeV to mDM = 100 MeV (in
steps of 5 MeV) and for visible energies from 12 MeV to 100 MeV 20. The procedure to
calculate the upper limit in THEIA25 is similar to the determination of the upper limits
in JUNO. Therefore, only the differences to section 7.1 are described here.
The background-only spectrum of THEIA25 after the Cherenkov ring counting and C/S
ratio cut (see section 8.4.2), for the fiducial case of the DSNB and after 10 years of data

20This visible energy region corresponds to a charge region from 888 p.e. to 7400 p.e.. The lower edge of
the visible energy window is increased from 10 MeV to 12 MeV which suppresses the reactor background
to a negligible level without reducing the signal efficiency.



146 8. Indirect Dark Matter Search with THEIA

888 1480 2220 2960 3700 4440 5180 5920 6660 7400
Charge in p.e.

10 2

10 1

100

101

102

103

Ex
pe

ct
ed

 sp
ec

tru
m

 d
N/

dE
 in

 e
ve

nt
s/

bi
n

(b
in

-w
id

th
 =

 7
4.

0 
p.

e.
)

DSNB (fiducial case)
Atmo. CC background on p
Atmo. CC background on 16O
Atmo. NC background
total background spectrum

12.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0
Visible energy in MeV

Figure 8.13.: Expected background-only spectrum in THEIA25 after Cherenkov ring count-
ing and C/S ratio cut for a lifetime of 10 years, a fiducial mass of 18.7 kt and visible
energies between 12 MeV and 100 MeV. The background spectra are equal to the spectra
shown in figure 8.12 (the fiducial case of the DSNB is displayed). The total survival ef-
ficiencies of the Cherenkov ring counting and C/S ratio cut are εIBD,ring+C/S = 97.3 %,
εatmoNC,ring+C/S = 0.6 % and εFN,ring+C/S = 0.8 %.

taking is shown in figure 8.13 and used to generate datasets of THEIA25. In contrast to
JUNO, where CC interactions of atmospheric ν̄e’s on 12C cause background events, the
atmospheric CC background on 16O is considered for THEIA25. So, the expected number
of events per bin λi and the posterior probability p (S,B|spectrum) for THEIA25 depend
on the total number of signal and background events S, BDSNB , BatmoCC+p, BatmoCC+16O

and BatmoNC . The marginalization of the posterior probability for the set of DM masses
given above results in an upper limit on the number of signal events S̃90(mDM ) = S̃90(Eν̄e)
as function of the DM mass and electron antineutrino energy, respectively. This 90 %
upper limit S̃90(Eν̄e) is shown in figure 8.14 together with the 68 % and 95 % probability
intervals.

8.5.2. Sensitivity of THEIA25

The 90 % upper limit on the monoenergetic ν̄e flux φν̄e,90%(Eν̄e) in THEIA25 is calculated

with the 90 % upper limit S̃90 using equation 8.1 and considering the survival efficiency
εIBD,ring+C/S of IBD events due to the application of the Cherenkov ring counting and
C/S ratio cut shown in figure 8.11:

φν̄e,90%(Eν̄e) =
S̃90(Eν̄e)

σIBD(Eν̄e) Np t εIBD εµ veto εe−like εIBD,ring+C/S(Eν̄e)
. (8.12)

The resulting 90 % upper limit on the electron antineutrino flux for THEIA25 is shown
in figure 8.15 together with the 68 % and 95 % probability intervals. It represents a
model-independent upper limit on a monoenergetic ν̄e flux at Earth.

The 90 % upper limit 〈σA v〉90% (mDM ) on the DM self-annihilation cross section for
THEIA25 can then be calculated with equation 7.12. It is shown in figure 8.16 together
with the best currently existing 90 % upper limits of KamLAND and Super-K and with the
natural scale of the annihilation cross section 〈σA v〉natural = 3 · 10−26 cm3/s (〈σA v〉natural
is always shown as gray line in following figures).
The 90 % upper limit on the DM self-annihilation cross section for THEIA25 ranges
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Figure 8.14.: Mean value of the 90 % upper limit on the number of signal events S̃90 in
THEIA25 as well as the 68 % and 95 % probability interval as function of the neutrino
energy. The mean values and probability intervals are analyzed for DM masses and neu-
trino energies, respectively, from 15 MeV to 100 MeV in 5 MeV steps.
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Figure 8.15.: 90 % probability upper limit on a monoenergetic electron antineutrino flux
in THEIA25 as function of the neutrino energy. The mean values of φν̄e,90% are displayed
in black, the 68 % probability interval is shown in green and the 95 % probability interval
in yellow. The mean values and probability intervals are analyzed for neutrino energies
from 15 MeV to 100 MeV with steps of 5 MeV.
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Figure 8.16.: 90 % probability upper limit on the DM self-annihilation cross section 〈σA v〉
for the THEIA25 detector. 〈σA v〉90% for THEIA25 after 10 years of data taking is displayed
in black and analyzed for DM masses from 15 MeV to 100 MeV with steps of 5 MeV. The
68 % probability interval is shown in green and the 95 % probability interval in yellow.
The best currently existing 90 % C.L. upper limits of KamLAND and Super-K discussed
in section 2.4.2 are shown in red. The natural scale of the DM self-annihilation cross
section 〈σA v〉natural = 3 · 10−26 cm3/s is displayed as gray line.
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Figure 8.17.: 90 % probability upper limit on the DM self-annihilation cross section 〈σA v〉
for the THEIA25 detector for different assumed DM profile models of the Milky Way.
〈σA v〉90% after 10 years of data taking is displayed assuming JKravtsovavg = 2.6 (green),

JNFWavg = 3.0 (red) and JMoore
avg = 8.0 (blue), respectively. The 90 % upper limit of figure

8.16, where Javg = 5 is assumed, is shown in black for comparison.
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Figure 8.18.: 90 % probability upper limit on the DM self-annihilation cross section 〈σA v〉
for the THEIA25 detector assuming Dirac (red) and Majorana (black) DM particles,
respectively. The 90 % upper limit for Majorana particles is also shown in figure 8.16.

from 〈σA v〉90% (mDM = 30 MeV) = 9.6 · 10−26 cm3/s to 〈σA v〉90% (mDM = 100 MeV) =
3.3 · 10−25 cm3/s. The upper limit averaged over the DM mass region from 15 MeV to
100 MeV is 〈σA v〉average90% = 1.914 · 10−25 cm3/s.
The described analysis was also performed assuming prior probabilities of the number of
background events defined by equation 7.9 with σB = µB/2, i.e. it is assumed that the
uncertainties of the different background contributions are smaller. The resulting 90 %
upper limits averaged over the DM mass region from 15 MeV to 100 MeV of both cases
match with each other within 0.3 %. So, the choice of σB doesn’t affect the sensitivity of
THEIA25.

THEIA25’s Sensitivity for Different DM Properties

〈σA v〉90% shown in figure 8.16 is calculated under the assumptions that Javg = 5 and DM
particles are Majorana particles.
The 90 % upper limit on the DM self-annihilation cross section is also calculated assuming
different DM profile models (JKravtsovavg = 2.6, JNFWavg = 3.0 and JMoore

avg = 8.0), which is
shown in figure 8.17. 〈σA v〉90% differs by a factor of around 3 depending on the chosen
DM profile model.
The 90 % upper limit on the DM self-annihilation cross section is moreover calculated
under the assumption that DM particles are Dirac instead of Majorana particles. The
resulting limit assuming Dirac DM particles as well as the limit for Majorana DM particles
is shown in figure 8.18 (in both cases Javg = 5 is assumed). If DM particles are Majorana
particles, the limit on the self-annihilation cross section is more stringent by a factor of
around two as expected.

THEIA25’s Sensitivity for Different Applied Cuts

The upper limit on the DM self-annihilation cross section of figure 8.16 is analyzed using
the signal and background spectra after applying the Cherenkov ring counting and the C/S
ratio cut. Applying both cuts leads to the best signal to background ratio of S/

√
S +B =

2.293 as compiled in table 8.5.
To determine the impact of the two different cuts on the resulting 90 % upper limit
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Figure 8.19.: 90 % probability upper limit on the DM self-annihilation cross section 〈σA v〉
for the THEIA25 detector applying only the Cherenkov ring counting cut and only the C/S
ratio cut, respectively. The upper limits are displayed for applying only the Cherenkov
ring counting cut (blue) and for only applying the C/S ratio cut (red). For comparison,
〈σA v〉90% after applying both cuts already shown in figure 8.16 is displayed in black.
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Figure 8.20.: 90 % probability upper limit on the DM self-annihilation cross section 〈σA v〉
for the THEIA25 detector for the low (blue) and high (red) case of the DSNB. The 90 %
upper limit for the fiducial case (black) of figure 8.16 is also shown.
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independently, the analysis described in section 8.5.1 was also performed on the one hand
after only applying the Cherenkov ring counting cut introduced in section 8.4.1 and on the
other hand after only applying the C/S ratio cut discussed in section 8.4.2. The resulting
90 % upper limits on the DM self-annihilation cross section for the different applied cuts
are shown in figure 8.19.
The best 90 % upper limit could be achieved after applying both cuts, the Cherenkov ring
counting and C/S ratio cut. The limits after applying the C/S ratio cut only and after
applying both cuts agree with each other for mDM ≥ 20 MeV. For mDM = 15 MeV, the
limit after only applying the C/S ratio cut is increased by a factor of 1.4. So, the upper
limit for these small DM masses is improved by applying the Cherenkov ring counting cut
additionally to the C/S ratio cut. The 90 % upper limit after only applying the Cherenkov
ring counting cut is by around 10 % worse than the limit after applying both cuts.

THEIA25’s Sensitivity for Different DSNB models

So far, the 90 % upper limits for THEIA25 are determined assuming the fiducial case of
the DSNB. The same analysis was also performed assuming the low and high case of the
DSNB and the resulting 90 % upper limits on the DM self-annihilation cross section are
shown in figure 8.20.
The 90 % upper limits clearly differ for DM masses below 35 MeV for the different assumed
DSNB models. For the low (high) case, the number of DSNB events is smaller (larger),
which results in a better (worse) limit on the DM annihilation cross section. For mDM >
35 MeV, the limits aren’t affected by the choice of the DSNB model as expected.

THEIA25’s Sensitivity for Different Exposure Times

Here, the dependence of THEIA25’s sensitivity on the exposure time is investigated. There-
fore, the analysis presented in section 8.5.1 is applied for total exposure times of t = 1 year,
t = 5 years and t = 20 years, respectively. The resulting 90 % upper limit on the DM
self-annihilation determined with THEIA25 for the different exposure times is presented
in figure 8.21. Furthermore, figure 8.21 shows the 90 % upper limits averaged over DM
masses from 15 MeV to 100 MeV as function of the exposure times.
The sensitivity of THEIA25 increases, i.e. the 90 % upper limit decreases, for longer ex-
posure times. Especially by increasing the exposure time, i.e. the lifetime of the detector,
from t = 1 year to t = 5 years, the sensitivity could be significantly improved by a factor of
3. Above total exposure times of t = 10 years, only a slight improvement of the sensitivity
could be gained.

8.5.3. Discussion and Comparison with Limits of other Experiments

Figure 8.22 shows the 90 % upper limits on the DM self-annihilation cross section of
THEIA25 and JUNO, which were, for the first time, determined within this thesis. The
upper limit of THEIA25 was calculated in this section and shown in figure 8.16. The upper
limit of JUNO for a lifetime of 10 years was determined in chapter 7 and presented in
figure 7.6. The best currently existing limits in the DM mass region from 10 MeV and
100 MeV of KamLAND and Super-K as well as the prospective upper limit of Hyper-K
for a total exposure time of 10 years discussed in section 2.4.2 are also displayed in figure
8.22 for comparison.

THEIA25 could provide an upper limit, which would be a factor of 9 to 37 better than
the upper limit of KamLAND in the DM mass region from 15 MeV to 30 MeV mainly
because of its larger exposure of 187 kt yr.
Furthermore, the 90 % upper limit on the DM self-annihilation cross section of THEIA25
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Figure 8.21.: Left: 90 % probability upper limit on the DM self-annihilation cross section
〈σA v〉 as function of the DM mass for the THEIA25 detector for different total exposure
times t. The upper limits are calculated and shown for t = 1 year (red), t = 5 years (blue)
and t = 20 years (green), respectively. For comparison, 〈σA v〉90% for t = 10 years of figure
7.6 is shown in black. Right: 90 % upper limit on the DM self-annihilation cross section
of THEIA25 averaged over DM masses from 15 MeV to 100 MeV as function of the total
exposure time (and total exposure, respectively).
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Figure 8.22.: 90 % probability upper limit on the DM self-annihilation cross section 〈σA v〉
for the THEIA25 detector compared to limits of JUNO, KamLAND, Super-K and Hyper-
K. 〈σA v〉90% for THEIA25 (black) and JUNO (green), respectively, after a lifetime of 10
years and determined within this thesis are analyzed for DM masses from 15 MeV to
100 MeV with steps of 5 MeV. The 90 % C.L. upper limits of KamLAND (dotted) and
Super-K (dashed and solid) discussed in section 2.4.2 are shown in red. The predicted
90 % C.L. upper limit of Hyper-K for a lifetime of 10 years of [121] is displayed in blue.
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would be a factor of 2.5 to 11 better than the upper limits of Super-K for 7.82 years and
15.43 years of data taking, respectively (except of the DM mass region between 27.5 MeV
and 29.2 MeV due to statistical uncertainties of the Super-K limit, see section 7.3). It was
demonstrated that the WbLS detector THEIA25 could reduce non-IBD backgrounds very
efficiently compared to Super-K, since it would be able to measure the delayed neutron
capture signal of the IBD reaction and, therefore, would benefit from the coincidence be-
tween prompt and delayed signal. Moreover, due to the ability to separate Cherenkov from
scintillation light, THEIA25 could further reduce non-IBD background events by applying
a cut on the number of reconstructed Cherenkov rings per event and by applying a cut
on the ratio between Cherenkov and scintillation photons. So, backgrounds in the WbLS
detector THEIA25 could be reduced more efficient than in the water Cherenkov detector
Super-K, which would yield a better 90 % upper limit on the DM self-annihilation cross
section.
The expected sensitivity of THEIA25 would be very similar to JUNO’s sensitivity. Below
DM masses of 35 MeV, THEIA25 would be slightly more sensitive (by a factor of around
1.3) to measure neutrinos from DM self-annihilation than JUNO, since IBD and atmo-
spheric NC events could be discriminated more effectively in THEIA25. The discrimination
performance of the Cherenkov ring counting and C/S ratio cut in THEIA25 described in
section 8.4 would be superior to the discrimination performance of the PSD cut in JUNO.
It must be mentioned here, that the efficiencies of the Cherenkov ring counting and C/S
ratio cut are determined assuming perfect separation between Cherenkov and scintillation
light. This might overestimate the discrimination power and, therefore, could slightly
overestimate the sensitivity of THEIA25. Above mDM = 35 MeV, JUNO provides the
better 90 % upper limit on the DM self-annihilation cross section (by a factor of around
1.3) because of the smaller atmospheric CC background. The atmospheric neutrino flux
at JUNO site is a factor of around 2 smaller than the atmospheric neutrino flux at SURF
(see section 8.3.3), which results in a smaller atmospheric CC background. Nevertheless,
THEIA25 with its remarkable background reduction capabilities, which are attributed to
the novel used technologies, would provide a sensitivity comparable to JUNO in the ob-
served DM mass region.
THEIA25’s sensitivity would be comparable to the sensitivity of the water Cherenkov de-
tector Hyper-K. THEIA25 would profit from the very efficient reduction of background
events due to the IBD signal coincidence and the ability to separate between Cherenkov
and scintillation light. This would compensate the smaller total exposure (187 kt yr
for THEIA25 and 1870 kt yr for Hyper-K) and yield similar sensitivities. Especially for
mDM < 60 MeV, THEIA25 could provide a higher sensitivity as Hyper-K, since the back-
ground of invisible muons can be reduced to a negligible level in THEIA25.

In summary, the proposed detector configuration of THEIA25 described in this thesis
would yield a 90 % upper limit on the DM self-annihilation cross section in the DM mass
region from 15 MeV to 100 MeV that is a factor of 2.5 to 37 better than the upper limits
of KamLAND and Super-K (except for 27.5 MeV≤ mDM ≤ 29.2 MeV). Moreover, the
sensitivity of THEIA25 would be comparable to the sensitivities of JUNO and Hyper-K.





9. Summary

In this work, the sensitivities of the future neutrino detectors JUNO and THEIA for in-
direct search of light DM particles with masses ranging from 15 MeV to 100 MeV were
determined in detail for the first time. For this purpose, the sensitivities of these two de-
tectors to measure a potential monoenergetic electron antineutrino flux originating from
DM self-annihilation in the Milky Way as an excess over backgrounds were studied. It
was assumed that DM particles directly annihilate into neutrino-antineutrino pairs with
a branching ratio of 100 %. The results of this work demonstrate for the first time that
JUNO will provide the highest sensitivity for indirect DM search in the DM mass region
between 15 MeV and 100 MeV among existing neutrino detectors. In case of no excess sig-
nal is observed, JUNO will set the most stringent upper limit on the DM self-annihilation
cross section into neutrinos in the above-mentioned DM mass region. Therefore, JUNO
will take a leading role in the indirect search for dark matter particles in the upcoming
years. Moreover, it was first shown in this work that the prospective THEIA detector
could reach a sensitivity for indirect DM search comparable to JUNO.

In the main part of this work, JUNO’s sensitivity for indirect DM search was studied.
Electron antineutrinos can be measured with the JUNO detector via the IBD interaction
channel with excellent efficiency because of the distinct signature and comparably large
neutrino interaction cross section of the IBD. The detection efficiency of IBD events with
visible energies between 10 MeV and 100 MeV was determined by simulations of JUNO’s
detector response done within this work. An IBD detection efficiency of εIBD = 67.0 %
is achieved with JUNO as result of the analysis applied on the simulated data. JUNO
moreover profits from its large 20 kt liquid scintillator target and its high energy resolu-
tion. 7.8 to 50.2 IBD signal events from self-annihilation of DM particles with masses
between 15 MeV and 100 MeV are expected in JUNO for 10 years of data taking and an
annihilation cross section that corresponds to the best currently existing 90 % C.L. upper
limit on the DM self-annihilation cross section. The spectral shape of the DM signal is a
peak in the visible energy spectrum.
Furthermore, a complete study of all potential backgrounds in JUNO in the region of in-
terest between visible energies of 10 MeV and 100 MeV was performed in this work. These
backgrounds can be divided into IBD and IBD-like backgrounds. IBD backgrounds sum-
marize all backgrounds produced in IBD interactions and state irreducible backgrounds,
since they cannot be distinguished from the IBD signal from DM self-annihilation. They
include the CC background of atmospheric ν̄e interacting with protons, the DSNB and the
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reactor electron antineutrino background. IBD-like backgrounds describe all backgrounds
that can mimic an IBD signal. IBD-like backgrounds in JUNO can be the atmospheric
NC background, CC backgrounds of atmospheric νe/ν̄e interacting with 12C and of at-
mospheric νµ/ν̄µ, muon-induced backgrounds like fast neutrons, cosmogenic isotopes and
decaying muons, and non-correlated backgrounds of accidental coincidences.
A detailed simulation of the atmospheric NC background in JUNO was performed in this
work, since it exceeds the expected DM signal by at least one order of magnitude in
the whole visible energy region from 10 MeV to 100 MeV. These simulated atmospheric
NC events were analyzed and IBD selection cuts were applied to determine the back-
ground events that mimic IBD signals. As a result of the analysis, the atmospheric NC
background is reduced by 92.2 % after applying the IBD selection cuts. This shows the
excellent capability of JUNO to reduce the atmospheric NC background effectively due
to the distinct IBD signature of prompt and delayed signal coincident in time and space.
Furthermore, a veto cut on tracks of cosmic muons in the detector volume was introduced
in this work, which reduces backgrounds of cosmogenic isotopes and decaying muons to
a negligible level. The fast neutron background is suppressed by 92.5 % due to a cut on
the fiducial volume. Moreover, background events of atmospheric νµ/ν̄µ interacting via
CC can be reduced to a negligible level because of JUNO’s ability to distinguish between
muon and positron events.
IBD-like backgrounds of atmospheric NC and fast neutron events in JUNO can be further
reduced using pulse shape discrimination (PSD). The pulse shape is defined as time profile
of the photon emission in the liquid scintillator. It depends on the particle type and can
be analyzed to discriminate IBD against IBD-like events. Therefore, an advanced pulse
shape discrimination of IBD events and IBD-like atmospheric NC and fast neutron events
was performed in this work. Realistic pulse shapes were calculated based on the simula-
tion of the detector and electronics response of JUNO and on the reconstruction of PMT
waveforms, vertex and energy of each event. It was demonstrated that a simple method
only based on the tail-to-total ratio yields excellent background reduction. The PSD sur-
vival efficiencies that lead to the best signal to background ratio were determined to be
εPSD,IBD = 97.4 % , εPSD,atmoNC = 5.0 % and εPSD,FN = 0.6 %. Thus, atmospheric NC
and fast neutron background events are very efficiently reduced in JUNO after applying
the studied PSD cut.
The total number of background events in JUNO in the visible energy region from 10
MeV to 100 MeV can be reduced to 85.9 ± 24.9 events for a lifetime of 10 years af-
ter applying the described cuts. The remaining background contributions are the atmo-
spheric NC background (NatmoNC = 37.1 ± 10.8), the DSNB (Nfid

DSNB = 12.6 ± 5.0 for
the fiducial case) and the atmospheric CC background of ν̄e’s interacting with protons
(NatmoCC,ν̄e+p = 30.3± 7.6) and with 12C (NatmoCC,ν̄e+12C = 5.9± 1.5). The atmospheric
CC background dominates the background spectrum above visible energies of around 35
MeV, while atmospheric NC background and DSNB events have typical visible energies
of 10 MeV ≤ Evis . 50 MeV and 10 MeV ≤ Evis . 35 MeV, respectively. The spectral
shapes of the backgrounds are broad compared to the sharp DM signal. Therefore, a
potential DM signal can be well identified as an excess over backgrounds.
The sensitivity of JUNO was calculated within this work using a Bayesian analysis and
MCMC sampling. It is the first detailed determination of JUNO’s sensitivity for indirect
DM search in the DM mass range from 15 MeV to 100 MeV. In case of no excess signal is
observed, JUNO will set a 90 % C.L. upper limit on the electron antineutrino flux in the
neutrino energy region between 15 MeV and 100 MeV from φν̄e,90%(Eν̄e = 100 MeV) = 0.05
cm−2s−1 to φν̄e,90%(Eν̄e = 15 MeV) = 1.55 cm−2s−1, which provides a model-independent
upper limit on a monoenergetic ν̄e flux at Earth. Furthermore, JUNO will improve the
best currently existing 90 % C.L. upper limit on the DM self-annihilation cross section
of neutrino detectors by a factor of 2 to 9 in the considered DM mass region after 10
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years of data taking. The 90 % C.L. upper limit determined in this work ranges from
〈σA v〉90% (mDM = 35 MeV) = 1.04 · 10−25 cm3/s to 〈σA v〉90% (mDM = 100 MeV) =
2.51 · 10−25 cm3/s. JUNO’s sensitivity will moreover be comparable to the sensitivity
of the prospective Hyper-Kamiokande detector. Possible improvements for indirect DM
search with JUNO were also studied in this work. The directional information of the
electron antineutrino signal with respect to the galactic center could be used to improve
JUNO’s sensitivity by around 10 % for mDM ≥ 65 MeV assuming perfect angular resolu-
tion of the JUNO detector and a DM density profile of the Milky Way described by the
Moore model. A larger fiducial volume and the consideration of an additional detection
channel, e.g. ν̄e+12C→ e+ +n+11B, could increase the sensitivity by few percent. A pos-
sible improvement of the sensitivity due to an even more efficient PSD was estimated by
assuming perfect PSD between IBD events and atmospheric NC and fast neutron events.
For perfect PSD, i.e. εPSD,IBD = 100 %, εPSD,atmoNC = 0 % and εPSD,FN = 0 %, JUNO’s
sensitivity would be further improved by around 4 %.
JUNO’s potential to discover an electron antineutrino signal from DM self-annihilation
in the Milky Way as an excess over backgrounds was also estimated in this work for
the first time. As a result, JUNO’s discovery potential will be between 3σ and 5σ for
most DM masses from 15 MeV to 100 MeV assuming an annihilation cross section that
corresponds to the 90 % C.L. upper limit on the DM annihilation cross section of Super-K.

As another part of this work, a similar sensitivity study was performed for the prospec-
tive THEIA detector. THEIA would be the first large-scale water-based liquid scintillator
detector and would combine different features of water Cherenkov and liquid scintillator
detectors. The main advantage of THEIA for the indirect DM search with neutrinos
compared to water Cherenkov detectors would be its ability to measure the prompt and
delayed signal coincidence of the IBD signal. Moreover, the novel technologies used in
THEIA could allow the separation of Cherenkov and scintillation light.
In this work, the sensitivity of the THEIA25 detector configuration with a 25 kt target
containing WbLS with 3 % LS fraction was studied. The detection efficiency of IBD events
for THEIA25 was determined based on simulations resulting in εIBD = 69.7 % for visible
energies between 10 MeV and 100 MeV. 9.6 to 61.1 IBD signal events from electron an-
tineutrinos produced in DM self-annihilation in the Milky Way are expected for THEIA25
in the DM mass range from 15 MeV to 100 MeV after 10 years of data taking and for the
currently existing 90 % C.L. limits on 〈σA v〉.
Moreover, potential backgrounds in the visible energy region from 10 MeV to 100 MeV
were studied in detail in this work. Atmospheric electron antineutrinos interacting via CC
with protons as well as the DSNB would cause irreducible IBD backgrounds, while the
reactor ν̄e background can be neglected in this energy region. The atmospheric NC back-
ground in THEIA25 was determined in this work for the first time based on simulations of
a dedicated THEIA25 detector simulation. As a result, atmospheric NC background events
could be suppressed by 91.8 % due to the application of IBD selection cuts. Muon-induced
cosmogenic isotopes could be reduced to a negligible level by applying a muon veto cut.
The same applies for the CC background of atmospheric νµ/ν̄µ after a discrimination cut
between e-like and µ-like events.
Additional approaches to further reduce atmospheric NC and fast neutron backgrounds
based on the unique feature of THEIA25 to separate Cherenkov and scintillation light
were studied in this work. The C/S ratio is defined as ratio of measured Cherenkov light
to measured scintillation light and represents an ideal parameter to distinguish between
IBD signal events and atmospheric NC and fast neutron background events. In addition
to that, a cut on the number of Cherenkov rings in each event was introduced in this work.
To estimate the discrimination performance of both methods, the THEIA25 detector sim-
ulation was used. The application of cuts on the C/S ratio and the number of Cherenkov
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rings elaborated in this work results in survival efficiencies of εIBD,ring+C/S = 97.3 % ,
εatmoNC,ring+C/S = 0.6 % and εFN,ring+C/S = 0.8 %. Therefore, atmospheric NC and fast
neutron background events could be reduced with excellent efficiency in THEIA25.
The total number of background events in THEIA25 could be reduced to 133.2 ± 36.2
events for 10 years of data taking. The atmospheric CC background of ν̄e on protons
and of ν̄e on 16O would dominate the background spectrum for Evis & 30 MeV with
NatmoCC,ν̄e+p = 86.1 ± 21.5 events and NatmoCC,ν̄e+16O = 17.8 ± 4.5 events, respectively.
Below visible energies of around 30 MeV, the background spectrum would mainly be com-
posed of the DSNB (Nfid

DSNB = 16.1±6.4 events for the fiducial case) and the atmospheric
NC background (NatmoNC = 13.2± 3.8 events).
The sensitivity of THEIA25 for the indirect DM search was determined in the same anal-
ysis framework as for JUNO. In case of no excess signal is observed, the 90 % C.L. upper
limit of THEIA25 on a model-independent monoenergetic ν̄e flux at Earth for neutrino
energies between 15 MeV and 100 MeV would range from φν̄e,90%(Eν̄e = 100 MeV) = 0.07
cm−2s−1 to φν̄e,90%(Eν̄e = 15 MeV) = 1.15 cm−2s−1. Moreover, THEIA25 would set a
90 % C.L. upper limit on the DM self-annihilation cross section in the DM mass region
from 15 MeV to 100 MeV ranging from 〈σA v〉90% (mDM = 30 MeV) = 9.59 · 10−26 cm3/s
to 〈σA v〉90% (mDM = 100 MeV) = 3.33 · 10−25 cm3/s. Thus, THEIA25’s sensitivity to
measure neutrinos from DM self-annihilation in the Milky Way as an excess over back-
grounds would be comparable to the sensitivities of JUNO and Hyper-Kamiokande in the
DM mass range from 15 MeV to 100 MeV.



Appendix

A. Distributions of the Simulation Data from the JUNO Simulation
Framework

A.1. Distributions of Simulated IBD Events
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Figure A.1.: Distributions of 20,000 IBD events simulated with JUNO’s detector simulation
DetSim (version J18v1r1-Pre1). Distributions of the smeared radial position of the prompt
signals (upper left), the visible energy of the prompt signals (upper right) and the smeared
times, where the delayed signals begin (bottom left) and end (bottom right), are displayed
(details about the simulation and analysis are given in section 4.3). Moreover, the IBD
selection cut parameters of table 4.1 and the mean values of begin and end time of the
delayed signals are shown.
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Figure A.2.: Distributions of 20,000 IBD events simulated with JUNO’s detector simulation
DetSim (version J18v1r1-Pre1). Distributions of the visible energy of the delayed signals
(upper left), the multiplicity of delayed signals (upper right), the distance between the
smeared positions of prompt and delayed signals (bottom left) and the smeared radial
position of the delayed signals (bottom right) are displayed (details about the simulation
and analysis are given in section 4.3). The IBD selection cut parameters of table 4.1 are
also shown.
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A.2. Distributions of Simulated Atmospheric NC Events
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Figure A.3.: Distributions of 400,000 atmospheric NC events simulated with JUNO’s detec-
tor simulation DetSim (version J18v1r1-Pre1). Distributions of the smeared radial position
of the prompt signals (upper left), the visible energy of the prompt signals (upper right)
and the smeared times, where the delayed signals begin (bottom left) and end (bottom
right), are displayed (details about the simulation and analysis are given in section 5.3.3).
Moreover, the IBD selection cut parameters of table 4.1 and the mean values of begin and
end time of the delayed signals are shown.
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Figure A.4.: Distributions of 400,000 atmospheric NC events simulated with JUNO’s de-
tector simulation DetSim (version J18v1r1-Pre1). Distributions of the visible energy of
the delayed signals (upper left), the multiplicity of delayed signals (upper right), the dis-
tance between the smeared positions of prompt and delayed signals (bottom left) and the
smeared radial position of the delayed signals (bottom right) are displayed (details about
the simulation and analysis are given in section 5.3.3). The IBD selection cut parameters
of table 4.1 are also shown.
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B. Total Visible Energy Spectra in JUNO
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Figure B.5.: Total expected visible energy spectra after applying IBD and PSD cuts in
JUNO for 10 years of data taking, a fiducial mass of 14.77 kt and visible energies from
10 MeV to 100 MeV. The IBD selection criteria and PSD cuts are described in section
4.3 and 6.2, respectively. The electron antineutrino signal spectra from DM annihilation
and the expected number of signal events are shown in red for DM masses of 15 MeV,
20 MeV, 25 MeV, 30 MeV, 35 MeV, 40 MeV, 45 MeV, 50 MeV, 55 MeV and 60 MeV
assuming the currently most stringent 90 % C.L. upper limits of the annihilation cross
section from Super-K for each DM mass. The fiducial case of the DSNB is displayed in
blue with Nfid,PSD

DSNB = 12.6 ± 5.0. The atmospheric CC neutrino background spectra on
free protons (NPSD

atmoCC,ν̄e+p
= 30.3 ± 7.6) and on 12C (NPSD

atmoCC,ν̄e+12C = 5.9 ± 1.5) are
shown as solid green and dashed green line, respectively. In orange, the atmospheric NC
neutrino background spectrum withNPSD

atmoNC = 37.1±10.8 is shown. The total background
spectrum is displayed in black.
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Figure B.6.: Total expected visible energy spectra after applying IBD and PSD cuts in
JUNO for 10 years of data taking, a fiducial mass of 14.77 kt and visible energies from 10
MeV to 100 MeV. The IBD selection criteria and PSD cuts are described in section 4.3
and 6.2, respectively. The electron antineutrino signal spectra from DM annihilation and
the expected number of signal events are shown in red for DM masses of 65 MeV, 70 MeV,
75 MeV, 80 MeV, 85 MeV, 90 MeV, 95 MeV and 100 MeV assuming the currently most
stringent 90 % C.L. upper limits of the annihilation cross section from Super-K for each DM
mass. The fiducial case of the DSNB is displayed in blue with Nfid,PSD

DSNB = 12.6± 5.0. The
atmospheric CC neutrino background spectra on free protons (NPSD

atmoCC,ν̄e+p
= 30.3± 7.6)

and on 12C (NPSD
atmoCC,ν̄e+12C = 5.9 ± 1.5) are shown as solid green and dashed green

line, respectively. In orange, the atmospheric NC neutrino background spectrum with
NPSD
atmoNC = 37.1± 10.8 is shown. The total background spectrum is displayed in black.
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C. Distributions of the Simulation Data for THEIA25 from the RAT-
PAC Simulation Framework

C.1. Distributions of Simulated IBD Events
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Figure C.7.: Distributions of 20,000 IBD events simulated with the RAT-PAC simulation
framework for the THEIA25 detector configuration. Distributions of the smeared radial
position ρ =

√
x2 + y2 of the prompt signals (upper left), the smeared z position of the

prompt signals (upper right), the total charge of the prompt signals (bottom left) and the
smeared neutron capture times (bottom right) are displayed (details about the simulation
and analysis are given in section 8.2). Moreover, the IBD selection cut parameters of table
8.1 and the mean value of neutron capture times of the delayed signals are shown.
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Figure C.8.: Distributions of 20,000 IBD events simulated with the RAT-PAC simulation
framework for the THEIA25 detector configuration. Distributions of the visible energy
of the delayed signals (upper left), the multiplicity of delayed signals (upper right), the
distance between the smeared positions of prompt and delayed signals (middle left), the
smeared radial position ρ of the delayed signals (middle right) and the smeared z position
of the delayed signals (bottom left) are displayed (details about the simulation and analysis
are given in section 8.2). The IBD selection cut parameters of table 8.1 are also shown.
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C.2. Distributions of Simulated Atmospheric NC Events
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Figure C.9.: Distributions of 104,940 atmospheric NC events simulated with the RAT-
PAC simulation framework for the THEIA25 detector configuration. Distributions of the
smeared radial position ρ =

√
x2 + y2 of the prompt signals (upper left), the smeared z

position of the prompt signals (upper right), the total charge of the prompt signals (bottom
left) and the smeared neutron capture times (bottom right) are displayed (details about
the simulation and analysis are given in section 8.3.4). Moreover, the IBD selection cut
parameters of table 8.1 and the mean value of neutron capture times of the delayed signals
are shown.
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Figure C.10.: Distributions of 104,940 atmospheric NC events simulated with the RAT-
PAC simulation framework for the THEIA25 detector configuration. Distributions of the
visible energy of the delayed signals (upper left), the multiplicity of delayed signals (upper
right), the distance between the smeared positions of prompt and delayed signals (middle
left), the smeared radial position ρ of the delayed signals (middle right) and the smeared
z position of the delayed signals (bottom left) are displayed (details about the simulation
and analysis are given in section 8.3.4). The IBD selection cut parameters of table 8.1 are
also shown.
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D. Cherenkov Ring in THEIA25
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Figure D.11.: Cherenkov ring of a simulated IBD event in THEIA25. The Cherenkov light
pattern of a simulated IBD event with visible energy of Evis = 79.2 MeV and measured
charge from Cherenkov photons of Qpe,cheren = 824 p.e. is displayed as example. The
positions of PMTs that detected a Cherenkov photon are shown as blue points. The size
of the points scales with the number of p.e. measured by the PMT. The top (bottom) plot
shows the x and y position of the PMTs on the top (bottom) surface of the detector. The
middle plot shows the z position of the PMTs as function of the arc of the PMT position
in x and y direction on the side surface of the detector.
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Figure E.12.: Total expected visible energy spectra after applying IBD, Cherenkov ring
counting and C/S ratio cuts in THEIA25 for 10 years of data taking, a fiducial mass
of 18.7 kt and visible energies from 10 MeV to 100 MeV. The IBD selection criteria,
Cherenkov ring counting cut and C/S ratio cut are described in section 8.2, 8.4.1 and
8.4.2, respectively. The electron antineutrino signal spectra from DM annihilation and the
expected number of signal events are shown in red for DM masses of 15 MeV, 20 MeV,
25 MeV, 30 MeV, 35 MeV, 40 MeV, 45 MeV, 50 MeV, 55 MeV and 60 MeV assuming
the currently most stringent 90 % C.L. upper limits of the annihilation cross section
from Super-K for each DM mass. The fiducial case of the DSNB is displayed in blue

with N
fid,ring+C/S
DSNB = 16.1 ± 6.4. The atmospheric CC neutrino background spectra on

free protons (N
ring+C/S
atmoCC,ν̄e+p

= 86.1 ± 21.5) and on 16O (N
ring+C/S
atmoCC,ν̄e+16O

= 17.8 ± 4.5)
are shown as solid green and dashed green line, respectively. In orange, the atmospheric

NC neutrino background spectrum with N
ring+C/S
atmoNC = 13.2 ± 3.8 is shown. The total

background spectrum is displayed in black.
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Figure E.13.: Total expected visible energy spectra after applying IBD, Cherenkov ring
counting and C/S ratio cuts in THEIA25 for 10 years of data taking, a fiducial mass
of 18.7 kt and visible energies from 10 MeV to 100 MeV. The IBD selection criteria,
Cherenkov ring counting cut and C/S ratio cut are described in section 8.2, 8.4.1 and
8.4.2, respectively. The electron antineutrino signal spectra from DM annihilation and the
expected number of signal events are shown in red for DM masses of 65 MeV, 70 MeV,
75 MeV, 80 MeV, 85 MeV, 90 MeV, 95 MeV and 100 MeV assuming the currently most
stringent 90 % C.L. upper limits of the annihilation cross section from Super-K for each DM

mass. The fiducial case of the DSNB is displayed in blue with N
fid,ring+C/S
DSNB = 16.1± 6.4.

The atmospheric CC neutrino background spectra on free protons (N
ring+C/S
atmoCC,ν̄e+p

= 86.1±
21.5) and on 16O (N

ring+C/S
atmoCC,ν̄e+16O

= 17.8±4.5) are shown as solid green and dashed green
line, respectively. In orange, the atmospheric NC neutrino background spectrum with

N
ring+C/S
atmoNC = 13.2± 3.8 is shown. The total background spectrum is displayed in black.
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