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Abstract Neutrinos are among the most abundant fundamental particles in the Universe, produced across
a wide variety of natural sources. Their energies span an immense range, from meV to ultra-high ener-
gies (UHE) in the EeV range. Natural sources include the Sun, Earth’s core, the atmosphere, and other
astrophysical objects. Neutrinos are also generated artificially in nuclear reactors and particle accelerators.
This article provides an overview of these diverse neutrino sources, focusing on the current state of research
and recent advancements in each sector.

1 Introduction

Neutrinos, which are among the most abundant yet elusive particles in the Universe, are produced by a multitude of
natural and human-made sources. An extensive study of each of these sources has contributed to our understanding
of the fundamental properties of these particles. Neutrinos are produced through various processes across the
Universe, with a diverse range of energy and flux, and each source brings unique insights into their nature. Figure 1
summarizes the natural and artificial sources of neutrinos at Earth integrated over directions and summed over
flavors.

Neutrinos were present in the early Universe, produced within the first second after the Big Bang [3]. Their
remnants, known as relic neutrinos or the cosmic neutrino background (CNB), still exist in the Universe today.
They have energies ranging from peV to meV, these neutrinos interact with other matter via the weak force,
which is characterized by extremely small interaction cross sections at these low energies. This renders their direct
detection exceptionally challenging.

Neutrinos are also produced inside our Earth, known as geoneutrinos, which originate from radioactive decay
within Earth’s crust and mantle. These neutrinos have energies in the MeV range. Detection of geoneutrinos helps
quantify our planet’s radiogenic heat production, providing insights into geological processes and Earth’s internal
structure. The Sun is also a major source of neutrinos passing through the Earth. Studies of solar neutrinos have
provided insights into fusion processes within the Sun’s core, validating models of stellar evolution and neutrino
oscillation. Solar neutrinos have energies in the keV to MeV range. The interaction of cosmic rays with atomic nuclei
in the atmosphere also leads to the production of neutrinos, known as atmospheric neutrinos. These neutrinos span
a wide range of energies from GeV to PeV. The study of atmospheric neutrinos has provided critical evidence for
neutrino mass through oscillation studies. Apart from the Earth and the Sun, neutrinos are also produced inside
various celestial bodies or during diverse astrophysical phenomena; a few examples are active galactic nuclei (AGN),
neutron stars, supernova explosions, and gamma-ray bursts (GRBs). During the supernova explosion, protons and
electrons combine through the neutronization process to form neutrons, releasing a vast number of neutrinos. These
neutrinos carry away about 99% of the supernova’s energy. They have energies in the MeV to GeV range. Neutrinos
from other astrophysical sources usually have very high energy, reaching PeV and beyond, known as astrophysical
neutrinos, which offer a new realm of multi-messenger astronomy. Furthermore, cosmogenic neutrinos, produced
by the interactions of ultra-high-energy cosmic rays with the cosmic microwave background (CMB), are expected
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Fig. 1 A representation of the Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated across all directions and
summed over all neutrino flavors. The flavor conversion between the source and the detector does not impact this depiction.
Solid lines denote the neutrino flux, while dashed or dotted lines correspond to the antineutrino flux. Superimposed dashed
and solid lines depict sources of both neutrino and antineutrino. This figure is taken from Ref. [1], which was originally
adapted from Ref. [2]

to appear at even higher energies (extending into the EeV regime). Their detection promises to provide unique
insights into the propagation and composition of ultra-high-energy cosmic rays and the extreme environments that
accelerate them.

Neutrinos are also generated artificially in nuclear reactors and particle accelerators. Reactor neutrinos, emerging
from nuclear fission in power plants, have been proven instrumental in measuring the mixing angle 6,5 [4-6] and
refining our understanding of neutrino oscillation. These neutrinos typically have energies in the MeV range.
Accelerator-generated neutrinos are produced by high-energy proton beams impacting fixed targets composed
of nuclei (containing both protons and neutrons). In these proton—nucleus collisions, pions are generated via
interactions with the target nucleons, and their subsequent decays yield neutrinos. An additional neutrino flux
arises from the decay of muons produced in the pion decay process. (see Eq. 1). The well-controlled neutrino beam
from the accelerator is observed at the detector placed at a fixed baseline, providing insight into the neutrino
oscillation phenomena with precise measurements of oscillation parameters, including mass-squared differences
and mixing angles.

Each of these diverse neutrino sources probes different aspects of neutrino physics, from the study of neutrino
flavor oscillations to investigating various astrophysical events where neutrinos play a crucial role. Also, the study
of neutrino sources offers excellent opportunities to test various fundamental theories in physics. By leveraging
the complementarity among solar, reactor, atmospheric, accelerator, geoneutrino, astrophysical, and cosmogenic
neutrinos, the scientific community can achieve unparalleled sensitivity in probing the remaining unknowns of the
three-neutrino oscillation paradigm. In this review, we will explore the status of neutrino research across these
varied sources, highlighting the latest experimental results, challenges, and future directions.

2 Relic neutrinos

In the early Universe (temperature, T > 1 MeV), all the fundamental particles, including photons, electrons,
neutrinos, and nucleons, were in thermal equilibrium, forming a dense plasma of particles. With the expansion of
the Universe, as its temperature dropped below 1 MeV, neutrinos decoupled from the other particles in thermal
equilibrium, once the weak interaction rate fell below the Hubble expansion rate. Following decoupling, neutrinos
propagated unimpeded throughout the cosmos, establishing the relic neutrino background. Contemporary cos-
mological models predict an average density of approximately 114 relic neutrinos per flavor per cubic centimeter
across the Universe [7]. However, for neutrino masses in the sub-eV range, these particles exhibit kinetic energies
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on the order of 10* eV. This extremely low energy severely limits their interactions with matter, rendering direct
detection exceptionally challenging.

Direct detection of the relic neutrinos has not been possible yet. However, proposed experiments like
PTOLEMY (Princeton Tritium Observatory for Light, Early-Universe, Massive-Neutrino Yield) [8] may observe
relic neutrinos through their capture in the beta-decaying nucleus. Also, ongoing experiments like KATRIN are
expected to play an important role in this direction and have put a constraint on the local relic neutrino background
overdensity [9].

3 Geoneutrinos

Geoneutrinos are antineutrinos produced by the radioactive decay of long-lived isotopes within Earth’s interior,
particularly uranium-238 (23®U), thorium-232 (232Th), and potassium-40 (*°K). These isotopes, with half-lives
on the order of Earth’s age (4.543 billion years), contribute both to geoneutrino production and to the planet’s
radiogenic heat output. Because both the antineutrino flux and heat generation arise from the same decay processes,
measurements of the geoneutrino flux provide valuable constraints on the radiogenic heat output of otherwise
inaccessible regions within the Earth [10].

The first successful geoneutrino measurements were made by the KamLAND [11] and Borexino [12] experiments.
Both detectors utilize inverse beta decay (IBD) reactions on free protons to capture antineutrinos. In 2005, Kam-
LAND, situated in Japan, made the pioneering geoneutrino measurement, recording 25 events over approximately
749 days of detector live-time [11]. However, reactor antineutrinos, whose energy spectrum partially overlaps with
geoneutrinos, pose a significant background. The reactor antineutrino flux varies with power plant output, while
geoneutrino contributions remain constant. By jointly analyzing both sources, KamLAND has refined estimates
of the geoneutrino flux and advanced understanding of neutrino oscillation parameters.

In 2010, Borexino, an Italy-based detector initially designed for low-energy solar neutrino detection, made
its first geoneutrino measurement [13]. Approximately 25 to 85% of Borexino’s geoneutrino signal comes from
Earth’s crustal lithosphere, with contributions from the mantle requiring accurate modeling of the lithospheric
signal. Ongoing and future experiments, including SNO+ [14] and JUNO [15], aim to further enhance geoneutrino
research. SNO+, a 780 t liquid scintillator detector at Canada’s SNOLAB, will provide the first measurement of
uranium/thorium geoneutrino flux from the North American Plate and the Western Hemisphere [16]. Although
current SNO+ data does not yet allow precise geoneutrino measurements, future measurements are expected to
play a crucial role in global Earth model studies.

JUNO, located in South China, is a 20 kt liquid scintillator detector with unprecedented sensitivity and scale.
JUNO'’s capabilities could yield 300-500 geoneutrino interactions annually [17], rapidly surpassing the current
global sample of recorded events, which remains under 220. This will significantly improve statistical analyses of
Earth’s radiogenic heat sources.

Another major development in geoneutrino research is the proposed Jinping Neutrino Experiment in China’s
Sichuan province [18], located on the Himalayas’ slopes — the region with the Earth’s thickest continental crust.
Jinping is expected to observe a geoneutrino signal predominantly from the lithosphere, with only 15% coming
from the mantle. Although it may not directly clarify mantle heat production, data from Jinping will complement
multi-site studies across other detectors.

To isolate mantle signals, researchers have proposed deploying detectors in oceanic regions, where the thinner,
uranium and thorium-poor oceanic crust minimizes lithospheric contributions. Originally conceptualized as the
“Hanohano” experiment, this idea has been revitalized by the Ocean Bottom Detector (OBD) project, a joint
effort by Tohoku University (KamLAND team) and JAMSTEC. A kt-scale OBD on the seafloor would enhance
interdisciplinary studies in particle physics, geoscience, and ocean engineering [19].

In terms of advancing detection technology, current methods primarily detect geoneutrinos from uranium and
thorium decay chains. Recently, researchers proposed using charged-current IBD reactions with various isotope
targets to detect potassium geoneutrinos [20]. This method, relying on the LiquidO detection technique enables
positron identification from antineutrino interactions, expanding the detection scope to potassium decay. Further,
directional measurements, initially tested by the Chooz experiment, are being explored as a future means to map
geoneutrino sources, although their application in large detectors presents technical challenges.

These multi-faceted approaches in geoneutrino science, spanning detection sites, technology, and collaborative
projects, hold promise for revealing fundamental insights into Earth’s heat production, mantle dynamics, and
compositional structure [21, 22].
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4 Solar neutrinos

Solar neutrinos have provided valuable insights into both particle physics and solar dynamics. Initially, observations
of solar neutrinos aimed to explore solar fusion, which powers the Sun. The first significant experiment, conducted
in 1967 at the Homestake mine, revealed a puzzling result: the observed neutrino flux was about one-third of what
was expected. The puzzle led to decades of experimental work, ultimately solving the Solar Neutrino Problem
and confirming neutrino oscillations. These high-precision flux and spectral measurements have not only shed
light on the fusion processes inside the Sun but have also provided evidence for neutrino mass and mixing.
Today, most solar neutrino fluxes have been measured with exceptional accuracy, even surpassing theoretical
predictions in some cases. These measurements help to refine our understanding of processes like chemical mixing
in stars and improve stellar models, which rely on inputs such as radiative opacities. Additionally, the fluxes of
specific neutrinos, like those from the Boron-8 (8B) and Beryllium-7 (“Be) reactions, provide key insights into the
temperature and environment of the solar core. Borexino’s final results achieved a more precise measurement of
the carbon—nitrogen—oxygen (CNO) solar neutrino signal by integrating standard multivariate analysis with the
charge identification (CID) technique, which effectively distinguishes solar neutrino events from background noise.
By constraining the proton—electron—proton (pep) neutrino flux to its expected value, the analysis was able to
reject the hypothesis of no CNO contribution at the 5.30 confidence level [23, 24]. The CNO Cycle provides direct
information on the metallicity of the Sun’s core, i.e., its abundance of elements heavier than helium. Borexino
disfavors at 3.10 the “low metallicity” Standard Solar Model (SSM) as compared to the “high metallicity” SSM.

Despite these achievements, several challenges remain in the study of solar neutrinos. One of the unresolved
tasks is detecting the helium-proton (hep) neutrino flux, which has the highest energy but the lowest flux in the
Sun’s output. A conclusive observation of this flux may require large-scale detectors like Hyper-Kamiokande [25]
or the Deep Underground Neutrino Experiment (DUNE) [26]. Another major goal is the detection of the electron
content of CNO (ecCNO) neutrinos, which would offer new information about the metal content of the solar core
and probe the electron neutrino survival probability in the transition region between vacuum and matter-enhanced
oscillations. These measurements could test the large-mixing-angle (LMA) MSW oscillation theory [24]. Addition-
ally, investigating phenomena such as the day/night effect, where neutrinos regenerate as they pass through the
Earth, is ongoing but currently limited by statistics. Future experiments may also resolve mild tensions between the
mass splitting parameter values obtained from solar neutrino and terrestrial experiments. Further, recent results
have hinted at a Gallium anomaly, confirmed by the BEST experiment, which could point to new physics, though
a sterile neutrino explanation is disfavored. Thus, while much progress has been made, future experiments will
continue to push the boundaries of our understanding of both neutrinos and solar physics.

5 Atmospheric neutrinos

Atmospheric neutrinos are produced by cosmic ray interactions with nuclei in the Earth’s atmosphere. These inter-
actions generate secondary particles—primarily pions and kaons—that decay into muons and neutrinos, resulting
in a significant flux of neutrinos that continuously traverse the Earth.

7"-:‘:/I(:‘: - ,Ui + Vu(’ju)v
pE = e () (). (1)

So, the atmospheric neutrinos are dominated by muon-type neutrinos. Note that other semi-leptonic decay modes
of kaons contribute to a small but relevant fraction of atmospheric neutrinos, shown as follows,

KT/K° — 7% 7 +ut +v,,
KT/K° — 7% 7" 4+et +ve. (2)

A simulation-based prediction of the atmospheric neutrino flux can be found in Ref. [27, 28], commonly referred to
as the Honda flux. Recently, the authors in Ref. [29] have presented a refined calculation of the atmospheric neutrino
flux ranging from GeV to PeV energies. Their method, Daemonflux, utilizes data-driven inputs and incorporates
adjustable parameters to account for uncertainties. By optimizing these parameters with a combination of muon
data and constraints from fixed-target experiments, they achieved uncertainties in the calculated neutrino fluxes
of less than 10% up to 1 TeV, while keeping neutrino ratios constrained below 10%.

Atmospheric neutrinos played an important role in the discovery of the neutrino oscillation phenomenon. During
the 1990s, the Japan-based neutrino observatory Super-Kamiokande (Super-K) observed a deficit in upward-going
muon neutrino events from the standard expectation, as shown in Fig. 2.
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This provided compelling evidence for neutrino oscillations, demonstrating transitions between muon and tau
neutrinos and confirming that neutrinos have mass. This discovery marked a pivotal breakthrough in particle
physics. Over the subsequent years, atmospheric neutrino experiments such as Super-Kamiokande [31] and Ice-
Cube (particularly its DeepCore region) [32] have progressively refined the measurements of oscillation parameters,
including the mass-squared differences and mixing angles. By exploiting the extensive baselines afforded by natu-
rally occurring atmospheric neutrinos, these experiments have enabled highly precise tests of oscillation parameters.
Atmospheric neutrinos are particularly effective for discovering beyond the Standard Model (BSM) physics due to
their coverage of ten orders of magnitude in the baseline-to-energy ratio (L/E, ). This vast L/E, range, combined
with their passage through significant amounts of matter, has enabled precise measurements of oscillation parame-
ters and stringent tests for new neutrino states, non-standard interactions (NSI), and physics beyond the Standard
Model. The atmospheric mixing angle remains the least precisely measured parameter among the mixing angles,
showing indications of being close to maximal (sin2 f23 = 0.5) but with data suggesting potential deviations without
resolving the octant. It is projected that combining measurements from Super-K [31], the IceCube Upgrade [33],
KM3NeT-ORCA [34], and Hyper-Kamiokande [25] will achieve half-percent precision on Am3; and approximately
2% on the precision measurements of sin? 3 [35]. Also, it is predicted that by 2030, atmospheric neutrino mea-
surements are expected to exclude the incorrect octant solutions with over 3o confidence, assuming current best-fit
values. Another initiative is P-ONE [36], a planned deep-sea neutrino observatory located in the Pacific Ocean.
P-ONE aims to probe high-energy neutrinos across a wide spectrum, thereby complementing existing detectors
and enhancing our understanding of both cosmic and atmospheric neutrino phenomena. Recently, in Ref. [37],
authors explore how atmospheric neutrinos, interacting via weak interactions while traversing Earth’s interior,
can complement gravitational and seismic measurements in probing Earth’s structure, using a five-layer Earth
model and the proposed INO-ICAL detector [38] to constrain density distributions and the core-mantle boundary
of the Earth. Also, previously in Ref. [39], for the first time, the authors exhibit a novel method to explore the
neutral-current NSI in atmospheric neutrino experiments using oscillation dips and valleys in reconstructed muon
observables at INO-ICAL.

6 Reactor antineutrinos

Nuclear reactors are artificial sources of neutrinos. The first-ever experimental evidence of the neutrino came from
the nuclear reactor experiment, 26 years after the particle was postulated by Wolfgang Pauli in his famous letter.
In January 1956, two physicists, Clyde Cowan and Frederick Reines from the Los Alamos Laboratory, New Mexico,
wrote a telegram to Prof. Pauli stating — “We have definitely detected neutrinos from fission fragments by observ-
ing inverse beta decay”. These two physicists performed the pioneering experiment using the liquid scintillation
detector to detect the electron antineutrinos emitted from Hanford and Savannah River nuclear reactors. Frederick
Reines received the Nobel Prize in 1995 for this pathbreaking discovery.

Nuclear reactors are a pure source of electron antineutrinos. Inside the reactor core, radioactive materials, mostly
uranium and thorium, undergo nuclear fission reactions, which produce a dense flux of electron antineutrinos. These
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neutrinos generally have energy up to a few tens of MeV. The detailed understanding of the nuclear fission process
allows for an accurate estimation of the neutrino energy. The IBD process in the reactors follows

Ue+p—et +n. (3)

Since 2002, out of eight proposed reactor experiments [40], three were constructed to study reactor antineutrinos:
Daya Bay, Double Chooz, and RENO. The purpose of these experiments was to measure the parameters related
to neutrino oscillation, with a particular focus on the angle ;3. In 2012, a non-zero 6,3 was discovered by Daya
Bay [4] and RENO [5], following earlier upper limits from T2K [41], MINOS [42], and Double Chooz [43]. This
discovery paved the way for investigating leptonic CP violation in the neutrino sector [44-46].

The Reactor Antineutrino Anomaly emerged in 2011 following a re-evaluation of reactor antineutrino flux
calculations by Mueller and Huber, and it has since been recognized as one of the most intriguing unresolved
discrepancies in reactor antineutrino research over the past decade. Over 25 reactor antineutrino flux measurements
from 15 independent experiments conducted over four decades consistently show that the measured integrated flux
is about 6% smaller than the Huber—-Mueller model prediction, with an experimental uncertainty under 0.5% [47].
These experiments used various detector technologies and nuclear reactors. In addition to discrepancies in the
overall flux, significant disagreements also exist in the energy spectrum, most notably the “5-MeV bump,” which has
been observed in roughly ten experiments (including RENO, Daya Bay, Double Chooz, NEOS, preliminary results
from DANSS, Neutrino-4, STEREO, PROSPECT, Gdsgen, and ROVNO). These spectral deviations challenge the
predictions of the Huber—Muller model. Recent findings suggest a potential bias in the 23°U measurement, and new
summation models better match experimental data, though the shape anomaly above 4.5 MeV remains unresolved.
New experiments designed to measure these factors affecting the spectrum are currently being established, as
presented during the second ITAEA meeting in 2023 [48]. Upcoming high-resolution experiments like JUNO-TAO
could further clarify these issues [49].

7 Accelerator neutrinos

Accelerator neutrinos constitute another source of artificial neutrinos produced in particle accelerators. In a typical
setup, high-energy proton beams are directed onto a fixed target composed of nuclei—commonly from materials
such as graphite or beryllium. In these proton—nucleus collisions, secondary particles like pions and kaons are gen-
erated. Charged pions, in particular, are focused by magnetic fields into a decay tunnel where they predominantly
decay into muons, muon neutrinos, and antineutrinos. The resulting muon neutrinos and antineutrinos continue
forward, while charged particles are absorbed or deflected by shielding materials, ultimately yielding a high-energy
neutrino or antineutrino beam.

In long-baseline neutrino experiments, the beam produced by the accelerator is observed at a far detector
located at distances ranging from several hundred to over a thousand kilometers from the source. The neutrino
flux measured at the distant detector is compared with that observed near the accelerator, where oscillations are
negligible, to infer neutrino oscillation phenomena. Figure 3 illustrates the baselines and energy ranges for both
operational and forthcoming long-baseline experiments, highlighting the energy regions in which the maximum
neutrino event rates are anticipated.

Early experiments, such as MINOS [51] and K2K [52], provided the first evidence for neutrino oscillations,
thereby confirming that neutrinos possess mass and undergo flavor transformations during propagation. The
MINOS/MINOS+ collaboration utilized the NuMI beam to measure 2-3 oscillation parameters by measuring
both v, disappearance and v, appearance, while also probing BSM physics through searches for sterile neutrinos,
Lorentz invariance violations, and non-standard interactions. Similarly, NOvA [53] enhanced these findings by
employing an off-axis design that improves sensitivity to oscillation phenomena and facilitates tests of the three-
neutrino framework, including further probes of sterile neutrino scenarios. The T2K experiment [54] in Japan,
using a narrow-band beam from J-PARC tuned to the energies corresponding to maximal mixing, has also con-
tributed significantly by investigating both oscillation parameters and potential BSM effects, such as light sterile
neutrinos and CPT violation. Furthermore, improvements in neutrino cross-section measurements achieved, for
example, through the NA61/SHINE collaboration, have helped reduce systematic uncertainties and thereby refine
the oscillation parameter estimates. The different energy regimes and baselines of T2K and NOvA provide com-
plementary perspectives on neutrino oscillation physics, and a recent joint analysis [55] by these collaborations has
highlighted the synergies and challenges inherent in combining their data sets. In Ref. [56], the authors addressed
for the first time the possible degeneracies between the octant of #53 and leptonic CP phase in muon-neutrino
to electron-neutrino appearance channel considering large 613 and observed that equal statistics in neutrino and
antineutrino modes are mandatory to resolve this degeneracy.

Despite these successes, several outstanding questions remain, such as eutrino mass ordering, CP violation,
and the octant of fa3. These fundamental questions motivate the next generation of experiments. DUNE [26],

@ Springer



Eur. Phys. J. Spec. Top. (2025) 234:4925-4938 4931

Fig. 3 A comparison of > LN B B I S S B N B B B N N S N N N S R N B S B BN BN
the energy and baselines of Q
various accelerator-driven Q 10
long-baseline experiments. w
The different lines for
T2HKK correspond to 5
various potential baselines, 4
all targeting the second 3
oscillation maximum. The
figure is taken from 2
Ref. [50]
1
0.5
0.4
0.3
0.2 ! ' T
0 200 400 600 800 1000 1200 1400

L /km

scheduled to commence operations in the late 2020s, will feature a deep underground detector in South Dakota
to study long-baseline oscillations over 1300 km, with unprecedented sensitivity to CP violation in the neutrino
sector. T2HK [25], the successor to T2K, will benefit from increased beam power and an enlarged detector,
enabling more precise determinations of oscillation parameters—particularly CP violation and the neutrino mass
ordering. In addition, ESSrSB, based in Europe, aims to exploit the European Spallation Source to generate an
intense neutrino beam for investigations over a 540 km baseline. Collectively, these forthcoming experiments will
provide deeper insights into the fundamental properties of neutrinos, potentially elucidating the origins of the
matter—antimatter asymmetry in the Universe and offering valuable constraints on BSM physics, including the
possibility of sterile neutrinos and non-standard interactions.

A substantial body of literature is devoted to sensitivity studies under both standard and non-standard inter-
action scenarios. For instance, Ref. [57] presents a detailed investigation of the complementarity between DUNE
and T2HK for constraining CP violation. Moreover, Ref. [58] projects the expected bounds at the 95% confidence
level on off-diagonal CPT-violating and CPT-conserving Lorentz invariance violating parameters, using data from
DUNE, T2HK, their combination, and the existing measurements from T2K and NOvA.

8 Astrophysical neutrinos

Neutrinos are produced by a wide array of astrophysical processes throughout the Universe. In contrast to other
cosmic messengers that are deflected by magnetic fields, neutrinos travel immense distances along nearly unaltered
trajectories before reaching the Earth. Astrophysical neutrinos are generated in extremely high-energy environ-
ments, giving them energies much greater than those of neutrinos produced in the Sun, supernovae, Earth’s
atmosphere, particle accelerators, or nuclear reactors, ranging from hundreds of TeV to tens of PeV range. While
the production mechanisms for astrophysical neutrinos are not yet fully understood, potential sources include
AGN, GRBEs, supernovae, black holes, pulsars, and others. Neutrinos emitted from these sources constitute a dif-
fuse neutrino flux. The energy spectrum of the diffuse neutrino flux follows a power law, ¢, oc E~7. The analysis
of the data from the IceCube observatory suggests the value of the spectral index + in the range [2.0,3.0]. The
best-fit value of the spectral index measured from the combined analysis of all the IceCube data is v = 2.50 +0.09
above 20 TeV [61].

Within these sources, neutrinos are primarily generated through three possible mechanisms. The most widely
discussed mechanism is pion decay, where pions are produced via the collisions of high-energy protons with ambi-
ent protons (pp) or photons (p+y). The decay of pions yields muons and muon neutrinos, with the muons further
decaying to produce one additional muon neutrino and one electron neutrino (Eq. 1), resulting in a flavor compo-
sition of f,, @ f,, : fu, = 1:2:0 at the source. The other two mechanisms include the muon-damped scenario and
neutron decay. In the muon-damped scenario, strong magnetic fields within the source cause the muons produced
in pion decay to lose energy through synchrotron radiation, preventing further decay. This results in a source flavor

@ Springer



4932 Eur. Phys. J. Spec. Top. (2025) 234:4925-4938

15° z
o) Y. Optical
© &
B 0
K A
-15°
. 15° : 204
= y.Gammaj Ray; =
B 3
T o0 <
b= S
© o
- 15° 052
15° 4

Predicted m® Northern Sky ‘ \ Northern Sky

(RN -

N
Weight
[sr71]

/ Southern Sky Southern Sky |

Latitude [b]
o

[T N BT E

15° 0
_15- . : 05—
5 v/Analysis Expectation I
] 2
g 0 * Typical Event Uncertainty - ‘- £
= =)
E :

-15° 0.0 =
B 4
) M" Galactic Coord. Y
> ol 4 R _ &=
g o074 3 N 7 288

- B =
E h N T O e/ WO = ¢ :
5 E_.———7" T TR P — &N =

-15° . . . . . oV

180° 120° 60° 0° -60° -120° -180°

Galactic Longitude [/]

Fig. 4 Galactic plane of the Milky Way galaxy from observation of photons and neutrinos. The first row corresponds to
the optical color image of the galactic plane [59], while the second row is the measurement of gamma rays from the Fermi
Large Area Telescope (Fermi-LAT) 12-year data at energies greater than 1 GeV. The third and fourth panels show the
expected /projected observation of the neutrino flux, derived from the 7° template that matches the Fermi-LAT observation
of gamma rays (third) and adding the sensitivity of the IceCube detector (fourth). The fifth panel is from the IceCube
neutrino events calculated from an all-sky scan for point-like sources using 10 years of data. This figure is taken from
Ref. [60]

composition of 0 : 1 : 0. Neutrinos can also originate from the beta decay of neutrons within astrophysical bodies,
producing only v, with a source composition of 1 : 0 : 0.

The existence of high-energy neutrino candidates was first experimentally confirmed by the IceCube Neutrino
Observatory in 2013 [62, 63]. Since then, IceCube has detected hundreds of astrophysical neutrino events, predom-
inantly in the TeV to PeV energy range. The observatory has been at the forefront of groundbreaking discoveries
in high-energy particle astrophysics, including evidence for the Glashow resonance [64], observing neutrinos from
the blazar TXS 0506-+056 [65], and the Seyfert galaxy NGC 1068 [66]. High-energy astrophysical neutrinos now
play a crucial role in multi-messenger astrophysics, offering excellent opportunities for complementary studies
with other cosmic messengers and providing a unique window into the Universe. Figure 4 illustrates the view of
the Galactic plane based on photon and neutrino observations. Using a decade of data, IceCube has confirmed
the emission of high-energy neutrinos from the Milky Way galaxy with a significance of 4.50, complementing
gamma-ray measurements.

Astrophysical neutrinos also provide an excellent opportunity to study fundamental physics and the various
BSM scenarios at high-energy scales. Neutrinos in the TeV-PeV range, produced in various galactic and extra-
galactic sources, travel distances on the order of megaparsecs (Mpc) to gigaparsecs (Gpc) before reaching the
Earth. During this journey, they carry valuable imprints of their source environments and the physical processes
occurring within them. Furthermore, minute physics effects that accumulate over these vast propagation paths may
become observable at the detector, making astrophysical neutrinos powerful tools for studying both astrophysical
phenomena and fundamental physics.

While the field of neutrino astrophysics has advanced significantly over the past two decades, many challenges
remain. These include uncovering the exact mechanisms behind neutrino production at astrophysical sources and
measuring the neutrino flavor composition at source, identifying the origins of ultra-high-energy cosmic rays and
neutrinos [67-69], measuring neutrino cross-sections at extremely high energies [70-72], measuring spectral index
of the neutrino flux with high-precision [73, 74]. In addition, high-energy astrophysical neutrinos are expected to
play a crucial role in addressing pressing questions in BSM physics, such as the nature of dark matter [75, 76],
existence of sterile neutrino states [77, 78], testing the stability of neutrinos [79, 80], and searching for potential
new neutrino interactions [81, 82], and many others. In the coming decades, significant progress is anticipated as
more data is accumulated from existing detectors like IceCube and KM3NeT-ARCA [34], alongside the deployment
of next-generation observatories such as IceCube-Gen2 [83], Baikal-GVD [84], P-ONE [36], ARTANNA-200 [85],
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Fig. 5 A comprehensive overview of isotropic v-ray background from Fermi Gamma-ray Space Telescope, very-high-energy
(VHE) astrophysical neutrino measurements as observed by the IceCube Neutrino Observatory, and the ultra-high-energy
cosmic ray spectrum as measured at the Pierre Auger Observatory. The figure is taken from [90]

and POEMMA [86], RNO-G [87], RET-CR, and RET-N [88, 89]. Equipped with cutting-edge experimental tech-
niques, these telescopes are poised to address numerous unresolved astrophysical queries, thereby yielding enhanced
insights into the fundamental dynamics and constituents of the Universe.

9 Cosmogenic neutrinos

Cosmogenic neutrinos, also known as ultra-high-energy neutrinos, are generated when ultra-high-energy cosmic
rays interact with CMB photons through a process known as the Greisen—Zatsepin—Kuzmin (GZK) process. These
interactions lead to the production of pions, which subsequently decay into neutrinos and other particles. Cosmo-
genic neutrinos serve as invaluable messengers of some of the Universe’s most energetic astrophysical phenomena,
which occur in AGN blazars or GRBs. These neutrinos can travel immense distances without being affected by
intergalactic magnetic fields or experiencing significant attenuation. Detecting these neutrinos offers insights into
the origins of cosmic rays and the physical processes occurring at extreme energy scales, thus enhancing our
understanding of particle physics and cosmology (Fig. 5).

Research on cosmogenic neutrinos is being conducted at large-scale neutrino observatories, including ARA [91],
ARIANNA [92], ANITA [93], the Pierre Auger Observatory [94], and the proposed Giant Radio Array for Neutrino
Detection [95]. Additionally, IceCube-Gen2 [96], Baikal-GVD [97], KM3NeT [34], P-ONE [36], and TAMBO [98]
will also probe ultra-high-energy neutrinos.

10 Summary and Conclusions

Research on neutrinos from various sources—natural ones such as solar, atmospheric, astrophysical, and geoneu-
trinos, as well as artificial sources from accelerator and reactor experiments, has significantly enhanced our under-
standing of fundamental physics. These studies have confirmed the existence of neutrino mass, improved our
knowledge of neutrino flavor oscillations and various aspects of BSM physics, and provided insights into Earth’s
internal structure and astrophysical phenomena. However, many questions remain unanswered.
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The detection of relic neutrinos would be a groundbreaking achievement, confirming a fundamental prediction
of the Big Bang model and providing unparalleled insights into the early Universe’s conditions and evolution.
Geoneutrino studies provide critical insights into Earth’s radiogenic heat production and interior composition.
In the future, tasks will remain to accurately isolate mantle signals, improve detection technology for potas-
sium geoneutrinos, and achieve precise directional measurements. The study of solar neutrinos has deepened our
understanding of both solar fusion processes and neutrino physics, yet challenges remain, including detecting hep
neutrinos, measuring CNO electron content, and probing potential new physics such as the Gallium anomaly.

Atmospheric neutrinos have been pivotal in neutrino oscillation studies, offering a broad spectrum for testing
new physics, and can uniquely probe Earth’s internal structure through their interactions as they traverse its layers.
However, challenges remain in refining the atmospheric mixing angle and achieving precise Earth modeling. Reactor
neutrinos have been crucial in advancing neutrino physics by enabling precise measurements of mixing angles and
testing neutrino flux models, but key issues such as the Reactor Antineutrino Anomaly and unexplained spectral
deviations, like the “5-MeV bump” remain unresolved, posing challenges to our understanding of antineutrino flux
and reactor models.

Accelerator neutrino experiments have significantly advanced our understanding of neutrino oscillations, yet
open issues remain, including the precise determination of CP violation, the neutrino mass ordering, and the
potential existence of sterile neutrinos; the complementarity between different ongoing experiments: T2K, NOvA.
In the last few decades, there has been rapid progress in the field of neutrino astrophysics. Still, there are many open
questions related to the spectrum of astrophysical neutrinos, their production mechanism and flavor composition
at the source, the origin of cosmogenic neutrinos, and many others.

Future experiments that build on these complementary sources have the potential to reveal more mysteries and
enhance our understanding of neutrino properties and their role in the Universe. Advances in detection techniques
will open the door to exploring neutrinos from new sources, such as neutrino factories, which promise further
breakthroughs in this field.
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