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The ultra high energy (UHE) cosmic neutrinos are expected to play a pivotal role in the disquisition of
physics beyond the standard model of particle physics as well as serve as an ideal cosmic messengers.
This epitomizes the selling point of several currently running or planned neutrino telescopes. The UHE
cosmic neutrinos usually perambulate gargantuan scales in the extragalactic universe having a magnetic
field. If neutrinos have a finite magnetic moment (u,) owing to quantum loop corrections, this may

result in spin-flavor oscillations, which can affect the cosmic neutrino flux. Using the current limit and
assuming neutrinos to be Dirac particles, we show that the flux of cosmic neutrinos will reduce by half if
they traverse few Mpcs through the intergalactic magnetic field, in the range of G to nG. Moreover, one
can safely neglect the effect of ), if the current upper bound is improved by a few orders of magnitude
even if the neutrinos travel through the size of the visible universe.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The standard model (SM) of electroweak interaction provides a
compendious description of nature up to the energy scale of 1012
eV. The discovery of Higgs boson [1,2] enabled the extension of
the authoritativeness of the SM far beyond the EW scale. Despite
this high-handedness, SM cannot be considered as theory of every-
thing. The nonfeasance of the SM to assimilate gravity, demystify
dark matter and dark energy effectuates us to hunt for physics be-
yond SM. The currently running Large Hadron Collider (LHC) has
the potential to search for such new physics at the multi-TeV scale.

The neutrinos of cosmic origin may have energies many order
of magnitudes larger than those accessible by any terrestrial accel-
erator. Therefore these ultra high energy (UHE) neutrinos furnish
access to inquest physics at a very fundamental scale. Further, un-
like photons and charged particles, they only interact via weak in-
teractions. Hence neutrinos can barge in on a direct line from their
source, traveling cosmological distances, passing through interced-
ing matter like interstellar dust and can even escape the densest
environments. Due to these accentuates, neutrinos are considered
to be the ideal cosmic messengers.

The UHE neutrino flux originates from the interaction of cos-
mic rays with ambient matter and photon fields as they propagate
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through the universe. Therefore these neutrinos can be affiliated
with sources of cosmic rays ranging from the Milky Way to pow-
erful sources such as active galactic nuclei. During their journey
towards earth, UHE protons above the threshold of photopion can
interact with the cosmic microwave background or infrared back-
grounds, the Greisen-Zatsepin-Kuzmin (GZK) process [3,4], which
induces pions and neutrons which decays to produce neutrinos
[5]. These neutrinos are known as Berezinsky-Zatspein neutrinos,
or the “BZ” flux. The accretion of such neutrinos over cosmolog-
ical time is known as the BZ or the “cosmogenic neutrino flux”
[6-8]. The length-scale of the GHZ process is 50-200 Mpc whereas
it has an energy scale limit of 50 EeV. On average, the neutrinos
are produced with ~5% of the energy of protons [9]. The cosmic
neutrino fluxes can be substantial if the sources are rummaged
beyond the GZK scale and the flux of protons extends beyond the
GZK cutoff [10]. Apart from protons, cosmic rays also consist of
high energy nuclei. These UHE nuclei interact with the cosmic
microwave as well as infrared backgrounds and undergo photo-
disintegration [3,4]. The cosmic neutrinos are then produced via
interaction of these disassociated nucleons with the ambient cos-
mic microwave and infrared environments [11,12].

A precise estimation of cosmic neutrino flux relies upon the ori-
gin as well as cosmic ray source models [13]. Ever since the first
observation of cosmic rays in 1960, we have observed cosmic rays
with energies up to a few times 1020 eV which is about 40 mil-
lion times the energy of particles accelerated by the LHC. However,
the origin of cosmic rays is still a mystery. In 2018, IceCube Col-
laboration announced the observation of neutrinos emerging from
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high energy blazar TXS 0506+056 which is estimated to be located
at a distance of about 1.75 Gpc from the earth [14]. This blazar is
also slated to produce cosmic rays. Before this observation, the far-
thest observed neutrino source was supernova SN 1987A. About 20
neutrinos in the 10-40 MeV energy range were detected from this
source. Further, there exist a number of possibilities for the cos-
mic ray source models, see for e.g., [15-19]. Due to these reasons,
the predicted neutrino flux suffers from significant uncertainties.
The measurement of UHE cosmic neutrino fluxes would not only
allow determination of composition of cosmic rays at all distant
scales [20,21] and hence screening out cosmic ray source models
but would also empower determination of the source of cosmic
rays [6,7,9,16,19,21-32]. In fact, the existing experimental results
have already ostracized a few cosmogenic models [10,33-35].

Currently, the IceCube observatory is the largest neutrino tele-
scope covering a 1 km? detection volume [36]. It is an in-ice
Cherenkov neutrino observatory located at the Amundsen-Scott
South Pole Station in Antarctica. Over the last decade, IceCube
collaboration has measured neutrinos in the TeV to PeV range.
IceCube-Gen2 is the planned extension of IceCube where the in-
strumented volume is expected to be around 7.9 km? along with
an effective area which would be ~ 8 times that of IceCube be-
tween 100 TeV and 1 PeV [37,38]. Located in the Mediterranean
Sea, 100 km off the coast of Sicily, KM3NeT is a planned exper-
iment [39] which is the successor to ANTARES, This project is
anticipated to be completed by 2024 [40]. Located in lake Baikal
in Siberia, Baikal-GVD is a detector having a volume of gigatons
[41]. It develops on the extant NT-200 detector. With an effective
volume of 0.35 km?, this is operational from 2018. The completion
is expected in 2025 with an effective volume of 1.5 km?>. Baikal-
GVD has already observed at least one candidate neutrino cascade
event with reconstructed energy of 91 TeV [42]. The Pacific Ocean
Neutrino Experiment (P-ONE) is a planned water Cherenkov exper-
iment which will be ensconced in the Cascadia basin of Vancouver
Island for which the infrastructure is already in place [43]. P-ONE
is expected to be complete in 2030. These new telescopes KM3NeT,
Baikal-GVD and P-ONE will improve our sensitivity to TeV to PeV
neutrinos to the Southern Sky.

In the next two decades, there are several planned experiments
based on different strategies [44,45]. These include radar based de-
tector RET-N [46], Tau Air-Shower Mountain Based Observatory
(TAMBO) located in a deep canyon in Peru [47], satellite based
NASA Astrophysics Probe-class mission POEMMA which will ob-
serve air fluorescence produced by extensive air showers from UHE
neutrinos [48] and Ashra Neutrino Telescope Array (Ashra NTA)
which will form a 25 km triangle watching the total air mass sur-
rounded by Mauna Loa, Mauna Kea, and Hualalai, and a single site
station at the center with full-sky coverage [49]. These detectors
are expected to improve our sensitivity to neutrino energies above
the energy range where IceCube becomes too small to detect a sig-
nificant flux.

The fact that cosmic rays have been observed up to 1020 eV
energy range, neutrino flux up to EeV energies can be engendered
due to interaction of cosmic rays with the ambient environment.
However, till date, no such events have been reported. Even higher
energy neutrinos, in the ZeV range, can be spawned from the
kinks of cosmic string loops which move at the speed of light
on strings emitting moduli which eventually decay into pions and
neutrinos via hadronic cascades [50]. There are several next gen-
eration planned or under construction EeV-ZeV range detectors.
These include IceCube-Gen2 [37,38], EUSO-SPB2 [51], AugerPrime
[52], BEACON [53], and TAROGE [54].

Neutrinos traveling through the Universe on its peregrination
towards earth may encounter strong magnetic fields of compact
objects or may simply expedite through the intergalactic space
which may also have relatively weak magnetic fields. The detec-
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tion of distant static magnetic fields is a congenitally arduous task.
Howbeit several measurements over the last few decades show
that such fields do exist and that too at revelatory strengths and
spanning over astonishingly large scales in the extragalactic uni-
verse. These fields are mainly due to contributions coming from
individual galaxies, the disencumbered magnetic energy is being
stored in demesnes as colossal as intergalactic separations. Typi-
cally this field is of the order of ;G or less. For e.g., the interstellar
magnetic field of Milky way is measured to be 2.93 G within a
small uncertainty [55]. Further, the first direct measurement of the
magnetic field strength in the Coma Cluster is about 2 ©G span-
ning over a scale of 13-40 kpc [56]. The magnetic field has also
been measured in extreme remote locations of the universe out-
side the galaxy clusters. The observed value of magnetic field in
Coma-A1367 supercluster is ~ (0.3-0.6) uG [57].

Neutrino oscillation has substantiated the evidence for non-zero
neutrino mass. Massive neutrinos can also have a non-zero mag-
netic moment. Although they cannot directly couple to photons,
a magnetic moment of neutrinos can be generated via quantum
loops. The minimally extended SM (MESM) value of a neutrino
magnetic moment is 1, = 10720 yp [58]. Various beyond SM sce-
narios can enhance the value of u, [59]. The current experimental
upper limit on f, is (2.8 —2.9) x 10~!" pp [60,61]. Due to this
non-zero magnetic moment, neutrinos can be affected while pass-
ing through a magnetic field. In particular, a plausible possibility is
that the spin of neutrinos would be flipped while moving through
the magnetic field. This spin flip is, of course, caused by an exter-
nal field. However, neutrino oscillation is an intrinsic property of
ultra-relativistic neutrinos. Thus flavor oscillations subsist during
the passage through an external magnetic field. As a result, both
spin and flavor oscillations can proliferate during their propaga-
tion. This is known as spin-flavor oscillation of neutrinos [62-67].

This phenomenon has been a topic of interest in the context
of different compact objects having a very high magnetic field
[68,69]. This is because a high magnetic field is required to com-
pensate for the smallness of the magnetic moment. However neu-
trinos traversing cosmic distances pass through the intergalactic
magnetic field. Although this field is small (O(uG) or less), this
can effectuate observable spin-flavor oscillations since the neutri-
nos can travel a very large distance in the interstellar and inter-
galactic field. This possibility was studied in [70] in the context
of the interstellar magnetic field of the Milky Way. In ref. [69], a
formalism involving stationary eigenstates was developed. Further,
in [71], it was shown that even after traversing through the inter-
galactic magnetic field, the neutrino flavor oscillation will mimic
the vacuum flavor ratio for vacuum oscillations. In this work we
show that for Dirac neutrinos, although this flavor ratio is identi-
cal to the flavor oscillations in vacuum, the flux will be reduced to
half of the value expected from the flavor oscillations. This would
be of extreme importance for experiments related to the high en-
ergy neutrinos of cosmic origin. We also analyze the conditions for
which the effects of neutrino magnetic moment can be safely ne-
glected.

The plan of this work is as follows. In section 2, neutrino spin-
flavor oscillations are introduced. And in section 3, the effect of
spin-flavor oscillations on neutrino flux from a very large distance
and interplay between various parameters governing the effect, is
shown. We conclude our results in section 4.

2. Neutrino spin flavor oscillations

As discussed in section 1, neutrinos can posses magnetic mo-
ment via quantum corrections. This gives rise to the spin-flavor
oscillations. This phenomenon is quantified by the spin-flavor os-
cillation probabilities, as in the case of flavor oscillations. The fla-
vor and spin-flavor oscillation probabilities can be obtained from
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the stationary states of neutrinos in a magnetic field! [69]. The
Dirac equation obeyed by neutrinos in the presence of a magnetic
field, is given as,

(Yup" —m; — wi BV (p) =0, 1)

where V] is the wave function of neutrino of i-th mass eigenstate

and s (= 1) being the eigenvalues of the spin operator S; and i
stands for magnetic moment of neutrino. This Si, commutes with
the Hamiltonian (I:I,-) in the presence of magnetic field. fi; and §;
are given by,

=Yo¥ P + KiYoXB +m;yo, (2)
and

m;

[ 2p2 2
m?B* + p?B4

respectively. Neutrinos are assumed to propagate along the positive
z-axis, thus the momentum of neutrino is p = p, and the magnetic
field is given by, B = (B, 0, B)). The energy of neutrino is given
as,

Efz\/mi2+p2+ui282+2uis,/m?82+p2Bi. (4)

In absence of magnetic field, the energy of neutrinos reduces to

the energy of free neutrinos ,/miz + p2, as expected. It is quite
practical to consider p > m and p > u,B. For these approxima-
tions,

Si= [ZB - %Vo)’s[z X P]B} , (3)

M
ES ~ +_+ L + iSB . 5
p 2p 2p MiSb | (5)
The mixing between neutrinos states is given by,
= Univi), (6)
i

where U is the PMNS matrix and h denotes the helicity of the neu-
trino. This analysis follows [61,73] for PMNS matrix elements and
mass-square differences. The states |u3) and |vf) refer to the fla-
vor and mass states, respectively. Note that in the case of standard
neutrino oscillations, neutrinos of particular handedness transform
from one flavor to another. But in the case of spin-flavor oscilla-
tions, neutrinos of both helicities are coupled to each other. Thus
it is important to consider left and right-handed neutrinos.

The mass states can be constructed from the stationary states (vis)
obtained from the Dirac equation, as

W ©) = o) + ¢ O 0),
W) =d v (©) +d; v (©),

where ¢} and d; are time independent coefficients (in general,
complex numbers). From Eq. (6) and Eq. (7) the mixing relation
becomes,

(7)

E®) =Y UL vt ©) + ¢ O] ©)), (8)

1 In the case of Majorana neutrinos, in general, the neutrinos are converted to
the antineutrinos. For Majorana neutrinos, only the off diagonal magnetic matrix
elements contribute. The analysis of off-diagonal magnetic moments calls for a more
rigorous analysis and requires setting up a new framework [72] which is beyond
the scope of the current work. For this reason, even for the Dirac neutrinos, only
diagonal magnetic moments are considered in the present work.
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e ) =Y Uk v ©) +di v O)). (9)

Thus the mixing of neutrinos is now defined in terms of the sta-

tionary eigenstates. The spin-flavor oscillation probability can be
written in a generic form as [71],

PR (o) = | (Wl ) [vf (0)) 12, (10)

which will lead us to the explicit oscillation probability,

/ S _ES
pg’}gu):aa,gahh, 4 Z Re([A" ﬁ],”s,)sm (%)X

{i,j,s,s'}

+2 ) Im(A ﬁ],}ss/)sm(ES Ej.’)x
{i,j.s,s'}
(11)

where [Agfg]i,j,s,s/ = U;,UmUﬁ]U;j(Cf‘ls/h)(Cg/h)* and Ci’gh =

(v'|P$|vl). The projection operator is defined as, Pi* = 15° and

DI 3 12)

{i,j,s,s'} i>j;s,s’ s>si=j

For a neutrino flux traversing a very large distance, the probability
(11) is averaged out to,

Pg’g(x)zéaﬂtshh/—z Z Re([AZ%]"’fﬁ-S’)' (13)
{i,j.s,s'}

3. Cosmic neutrinos flux reduction

Ultrahigh energetic neutrinos can be produced in various astro-
physical environments, as discussed in section 1. The flux of this
UHE neutrinos passes through omnipresent intergalactic magnetic
field. The value of magnetic field is very small, B ~nG — uG. But
since neutrinos traverse cosmic distances to reach earth, they may
undergo spin-flavor oscillations driven by the intergalactic mag-
netic field. Since under this phenomenon, active neutrinos convert
to right handed and vice versa, some crucial effect on active neu-
trino flux is expected. In this section we will discuss, in details,
about these effects and conditions of feasibility of these effects.

The averaged probability given in Eq. (13) describes the prob-
ability of converting from one flavor to another after traversing
through a very large distance. Thus the active neutrino flux on
earth from a very distant source can be obtained as,

of =) " PLhol, (14)

o

where ®® and ®° are the flux on earth and at the source, respec-
tively.

In [72], it was shown that the flux ratio of neutrinos does not
alter form that of flavor oscillations, by spin-flavor oscillation for
a neutrino flux arriving from large distance. However, we find that
even if the neutrino flavor ratio remains unchanged under such
circumstances, the flux of the neutrinos will become half of the
expected value from flavor oscillations. In Eq. (13), CEL = |c§|? ~ ]
Thus expanding the Eq. (13) we find that ", PLL = 0.5, unlike the
case of flavor oscillations. This is due to the fact that half of the
active neutrinos becomes sterile neutrinos while traversing large

(DSBF
distance which leads to @?SF = %, for each of the flavor.

But this process of averaging is subject to the number of cycles
completed by the oscillation wave forms given in Eq. (11). This
factor depends on the energy differences, (E; — Ejf). From Eq. (5),
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Fig. 1. The upper panel shows the variation of Iz with energy. The black dashed line denotes the distance of TXS blazar from earth and the blue line corresponds to the
distance to the center of Milky Way from earth. The energy dependence of I, is shown in the lower panel. The purple line shows the minimum possible value of Iz which
is attainable at 1, B =5 x 10~'® ypG. Here we have considered a more stringent value, B=1x 1076 G and p, =5 x 10~'2 1, as compared to the current experimental

upper limits.

2

pe gy =AM (s—5)B (15)
i ji= 2p v 1,

where Am? =m? —m? and the magnetic moment of neutrinos

are assumed to be equal for all the neutrino states. One can thus
define the phase of oscillations as,

¢=|—=—+u(s—sHBL|x (16)
2p

As one can observe from Eq. (16), if the energy difference is very

small due to very high energy of neutrinos and very small mag-

netic moment, then huge x is required for the phase to be signif-

icant (¢ ~ ). The phase ¢ is composed of two different phases:

2
one of which is the phase for vacuum oscillations, ¢, = Azip”x and
another due to magnetic field is ¢p = (s —s)B o x.

The probability in Eq. (11), is basically sum of terms like
(sin® ¢ (sin® ¢g), which forms a modulated waveform. The fre-
quency of oscillatzion for the two sinusoidal waves individually is
given as w, = Azlp"" and wp =, (s—s")B, respectively. Whichever
of them have smaller frequency, will form the envelope of the
wave form. The other one will oscillate inside the envelope. Thus
to derive the condition for averaging out the probability, Eq. (11)
to get Eq. (13), one needs to identify the frequencies. The phase ¢,
(and hence frequency w, ) depends on the energy of the neutrinos,
whereas wp depends on the magnetic moment of neutrinos and
the magnetic field. The oscillation length corresponding to each of
them is given by,
=2 =" (17)

Wy wp
Obviously, smaller frequency corresponds to larger oscillation
length. So, whichever have larger oscillation length, will form the
envelope. And thus we need to find the condition of averaging

out for larger oscillation length. (Note that, both Am%1 and Am%1
appear in the probability. However, the larger oscillation length
corresponds to Am%1 ). In any case, if n = ﬁ > 1, then only we

can average out the probability. We consider n = 100 (at least) as
the condition to average out the probability.

As shown in Fig. 1, up to 1 ZeV neutrino energy, Ig > l,. This
is the minimum possible value of Iz with the observational upper
limits of intergalactic magnetic field and the magnetic moment of
neutrinos. For energy above that, however, it will depend on the
My and energy of the neutrinos. Thus there are two regions of
interest: (i) E <1 ZeV and (ii) E > 1 ZeV.

Let us first consider scenario (i). For neutrino flux having energy
E <1 ZeV, to average out the spin-flavor oscillation probability, we
need % > 100 as per our condition, where d is the distance to the
source of neutrinos. Thus the source must be situated at least at
a distance dpi; = 1001g. We can see from Fig. 1, operating an av-
erage over the oscillation probability for a neutrino flux sourced
within the Milky Way, is only possible if B > 10=17 113G (since
dmin > 100 ). But this value is not achievable with the considered
upper limits on the neutrino magnetic moment and the intergalac-
tic magnetic field as shown in Fig. 2. On the other hand, let us take
the example of neutrino flux sourced at the TXS blazar, located at
a distance of 5.7 billion light years from earth. This neutrino flux
can complete 100 cycles of spin-flavor oscillations, for large region
of allowed parameter space. In particular, even near nG order of
the intergalactic magnetic field, probability averaging is possible.
Fig. 2 also illustrates the parameter space between the magnetic
field and the magnetic moment for the minimum distance of the
source of neutrino flux for which the averaging out condition is
satisfied.

Let us now turn to the scenario (ii). In this energy region, both
I, > Ig and I, < I is possible. For I, < Ig, the conditions are iden-
tical to the scenario (i). In this region, [, > Ip iff

6.3 x 10°
> —8e

5 (18)
vV
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Fig. 2. The allowed parameter space of 1, and intergalactic magnetic field satisfying the condition for averaging out the spin-flavor oscillation for different values of the

distance of neutrino sources.
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Fig. 3. The magenta region shows the parameter space for which the averaging out is possible for neutrino sources located within the Milky Way galaxy. The black shaded
region is excluded by the upper limits on the magnetic field. The dashed-line represents the cut-off on w, for which the averaging out conditions will be satisfied.

This is the condition for the flavor oscillations to form the enve-
lope. For 1B = 1072 G, the required energy of the neutrino
flux to follow Eq. (18) is ~ 102> eV. This is the GUT scale energy.
Since the energy of neutrinos usually lies below this value, thus
the condition required for scenario (i) is sufficient to study the de-
pletion of neutrinos.

The above analysis was performed using a more stringent val-
ues of @, and B as compared to their current experimental upper
limits. However, if we use the current upper limits, B ~ 3 x 1076
G and p, ~3 x 1071 up, then the Iz values reduces by an or-
der of magnitude which allows the conditions for averaging out
to be satisfied by the sources of neutrino flux lying within the
Milky Way as shown in Fig. 3. It is evident from the figure that
the averaging out conditions will be satisfied only for w, above
~1.2x 10711 pp (dashed-line).

A neutrino flux originated from a distance objects, can poten-
tially be halved by the spin flavor oscillation, if they meet the

above conditions. Future neutrino observatories will expectantly
measure neutrino flux from sources located at very large distances.
If the neutrino flux measured by these future experiments turns
out to be half of the expected flux (from sources situated at a min-
imum distance specified above), then that would be a signature of
large neutrino magnetic moment. On the other hand if the neu-
trino magnetic moment is smaller than 10~'313, then neutrino
flux in the future experiments will be shielded from the effect of
neutrino spin-flavor oscillations.

4. Conclusions

The UHE neutrinos are expected to play a crucial role in deter-
mining the origin of cosmic rays as well as testing several cosmic
ray source models. The fact that these cosmic neutrinos can have
energies million times the energy of particles generated by any
of the currently running planned or terrestrial accelerators, it has
immense potential to probe physics beyond Standard Model ex-
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tending even up to Planck scale. The IceCube Collaboration has
already observed the neutrinos emerging from blazar which is lo-
cated at a distance of about 1.75 Gpc from the earth which is
approximately one tenth of the size of the visible universe. There
are cornucopia of under construction or planned neutrino tele-
scopes to observe such UHE cosmogenic neutrino fluxes. The UHE
neutrino flux traversing humongous distances from its source to
the earth, encounters the omnipresent intergalactic magnetic field.
These fields are relatively weaker compared to the magnetic field
of the compact objects. If neutrinos have magnetic moment due to
the quantum loop corrections, the phenomenon of spin flavor os-
cillations may be induced. Therefore it is a legitimate question to
ask whether this magnetic moment, which is expected to be small,
would affect the propagation of neutrinos through the intergalactic
medium or not. We investigate this question in the current work.

Using the current limit on w, and magnetic field ranging from
G to nG, we find that the condition for averaging out the prob-
ability, i.e., the reduction of flux by a factor of half, is satisfied for
the neutrino sources lying at a distance of a several kpc from the
earth for energy up to 1 ZeV. For energies beyond 1 ZeV, the min-
imum required distance is about few Mpc. If the current bound
on u, improves, the condition for averaging out will be satisfied
for larger distances. We find that the reduction of cosmic neutrino
flux is not possible if the current upper limit of w, is improved
up to ~ 10713 up even if the neutrinos travel through the entire
length of the visible universe. Therefore, for magnetic moment in
this range, the effect of spin flavor oscillations can be safely ne-
glected.

Note added

Few hours before submitting this manuscript, ref. [74] appeared
on the arXiv on similar lines.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability
No data was used for the research described in the article.

References

[1] G. Aad, et al., ATLAS, Observation of a new particle in the search for the Stan-
dard Model Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716
(2012) 1-29, arXiv:1207.7214 [hep-ex].

[2] S. Chatrchyan, et al., CMS, Observation of a new boson at a mass of 125 GeV
with the CMS Experiment at the LHC, Phys. Lett. B 716 (2012) 30-61, arXiv:
1207.7235 [hep-ex].

[3] K. Greisen, End to the cosmic ray spectrum?, Phys. Rev. Lett. 16 (1966)
748-750, https://doi.org/10.1103/PhysRevLett.16.748.

[4] G.T. Zatsepin, V.A. Kuzmin, Upper limit of the spectrum of cosmic rays, JETP
Lett. 4 (1966) 78-80.

[5] EW. Stecker, Diffuse fluxes of cosmic high-energy neutrinos, Astrophys. J. 228
(1979) 919-927.

[6] C.T. Hill, D.N. Schramm, Ultrahigh-energy cosmic ray neutrinos, Phys. Lett. B
131 (1983) 247.

[7] R. Engel, D. Seckel, T. Stanev, Neutrinos from propagation of ultrahigh-energy
protons, Phys. Rev. D 64 (2001) 093010, arXiv:astro-ph/0101216 [astro-ph].

[8] Z. Fodor, S.D. Katz, A. Ringwald, H. Tu, Bounds on the cosmogenic neutrino flux,
J. Cosmol. Astropart. Phys. 11 (2003) 015, arXiv:hep-ph/0309171 [hep-ph].

[9] V.S. Berezinsky, G.T. Zatsepin, Cosmic rays at ultrahigh-energies (neutrino?),
Phys. Lett. B 28 (1969) 423-424.

[10] O.E. Kalashev, V.A. Kuzmin, D.V. Semikoz, G. Sigl, Ultrahigh-energy neutrino
fluxes and their constraints, Phys. Rev. D 66 (2002) 063004, arXiv:hep-ph/
0205050 [hep-ph].

Physics Letters B 839 (2023) 137791

[11] D. Hooper, A. Taylor, S. Sarkar, The impact of heavy nuclei on the cosmogenic
neutrino flux, Astropart. Phys. 23 (2005) 11-17, arXiv:astro-ph/0407618 [astro-
ph].

[12] M. Ave, N. Busca, A.V. Olinto, A.A. Watson, T. Yamamoto, Cosmogenic neutrinos
from ultra-high energy nuclei, Astropart. Phys. 23 (2005) 19-29, arXiv:astro-
ph/0409316 [astro-ph].

[13] L.A. Anchordoqui, V. Barger, I. Cholis, H. Goldberg, D. Hooper, A. Kusenko, J.G.
Learned, D. Marfatia, S. Pakvasa, T.C. Paul, et al., Cosmic neutrino pevatrons:
a brand new pathway to astronomy, astrophysics, and particle physics, J. High
Energy Astrophys. 1-2 (2014) 1-30, arXiv:1312.6587 [astro-ph.HE].

[14] M.G. Aartsen, et al., IceCube, Neutrino emission from the direction of the blazar
TXS 0506+056 prior to the IceCube-170922A alert, Science 361 (6398) (2018)
147-151, arXiv:1807.08794 [astro-ph.HE].

[15] D. Allard, M. Ave, N. Busca, M.A. Malkan, A.V. Olinto, E. Parizot, FW. Stecker,
T. Yamamoto, Cosmogenic neutrinos from the propagation of ultrahigh en-
ergy nuclei, J. Cosmol. Astropart. Phys. 09 (2006) 005, arXiv:astro-ph/0605327
[astro-ph].

[16] L.A. Anchordoqui, H. Goldberg, D. Hooper, S. Sarkar, A.M. Taylor, Predictions
for the cosmogenic neutrino flux in light of new data from the Pierre Auger
Observatory, Phys. Rev. D 76 (2007) 123008, arXiv:0709.0734 [astro-ph].

[17] K. Kotera, D. Allard, A.V. Olinto, K. Kotera, D. Allard, A.V. Olinto, Cosmogenic
neutrinos: parameter space and detectability from PeV to ZeV, ]. Cosmol. As-
tropart. Phys. 1010 (2010) 013.

[18] M. Ahlers, F. Halzen, Minimal cosmogenic neutrinos, Phys. Rev. D 86 (2012)
083010.

[19] R. Aloisio, D. Boncioli, A. di Matteo, A.F. Grillo, S. Petrera, F. Salamida, Cosmo-
genic neutrinos and ultra-high energy cosmic ray models, J. Cosmol. Astropart.
Phys. 10 (2015) 006, arXiv:1505.04020 [astro-ph.HE].

[20] A. van Vliet, R. Alves Batista, ].R. Hérandel, Determining the fraction of cosmic-
ray protons at ultrahigh energies with cosmogenic neutrinos, Phys. Rev. D
100 (2) (2019) 021302, arXiv:1901.01899 [astro-ph.HE].

[21] D. Seckel, T. Stanev, Neutrinos: the key to UHE cosmic rays, Phys. Rev. Lett. 95
(2005) 141101, arXiv:astro-ph/0502244 [astro-ph].

[22] S. Yoshida, M. Teshima, Energy spectrum of ultrahigh-energy cosmic rays with
extragalactic origin, Prog. Theor. Phys. 89 (1993) 833-845.

[23] EW. Stecker, M.H. Salamon, Photodisintegration of ultrahigh-energy cosmic
rays: a new determination, Astrophys. J. 512 (1999) 521-526, arXiv:astro-ph/
9808110 [astro-phl].

[24] H. Takami, K. Murase, S. Nagataki, K. Sato, Cosmogenic neutrinos as a probe
of the transition from Galactic to extragalactic cosmic rays, Astropart. Phys. 31
(2009) 201-211, arXiv:0704.0979 [astro-ph].

[25] M. Ahlers, L.A. Anchordoqui, S. Sarkar, Neutrino diagnostics of ultra-high en-
ergy cosmic ray protons, Phys. Rev. D 79 (2009) 083009, arXiv:0902.3993
[astro-ph.HE].

[26] M. Ahlers, L.A. Anchordoqui, M.C. Gonzalez-Garcia, F. Halzen, S. Sarkar, GZK
neutrinos after the Fermi-LAT diffuse photon flux measurement, Astropart.
Phys. 34 (2010) 106-115, arXiv:1005.2620 [astro-ph.HE].

[27] K. Kotera, D. Allard, A.V. Olinto, Cosmogenic neutrinos: parameter space and
detectability from PeV to ZeV, J. Cosmol. Astropart. Phys. 10 (2010) 013, arXiv:
1009.1382 [astro-ph.HE].

[28] S. Yoshida, A. Ishihara, Constraints on the origin of the ultra-high energy
cosmic-rays using cosmic diffuse neutrino flux limits: an analytical approach,
Phys. Rev. D 85 (2012) 063002, arXiv:1202.3522 [astro-ph.HE].

[29] M. Ahlers, F. Halzen, Minimal cosmogenic neutrinos, Phys. Rev. D 86 (2012)
083010, arXiv:1208.4181 [astro-ph.HE].

[30] J. Heinze, D. Boncioli, M. Bustamante, W. Winter, Cosmogenic neutrinos chal-
lenge the cosmic ray proton dip model, Astrophys. J. 825 (2) (2016) 122,
arXiv:1512.05988 [astro-ph.HE].

[31] A. Romero-Wolf, M. Ave, Bayesian inference constraints on astrophysical pro-
duction of ultra-high energy cosmic rays and cosmogenic neutrino flux pre-
dictions, J. Cosmol. Astropart. Phys. 07 (2018) 025, arXiv:1712.07290 [astro-ph.
HE|.

[32] R. Alves Batista, R.M. de Almeida, B. Lago, K. Kotera, Cosmogenic photon and
neutrino fluxes in the Auger era, ]. Cosmol. Astropart. Phys. 01 (2019) 002,
arXiv:1806.10879 [astro-ph.HE].

[33] M.G. Aartsen, et al., IceCube, Differential limit on the extremely-high-energy
cosmic neutrino flux in the presence of astrophysical background from nine
years of IceCube data, Phys. Rev. D 98 (6) (2018) 062003, arXiv:1807.01820
[astro-ph.HE].

[34] PW. Gorham, et al., ANITA, New limits on the ultra-high energy cosmic neu-
trino flux from the ANITA experiment, Phys. Rev. Lett. 103 (2009) 051103,
arXiv:0812.2715 [astro-ph].

[35] M.G. Aartsen, et al, IceCube, Constraints on ultrahigh-energy cosmic-ray
sources from a search for neutrinos above 10 PeV with IceCube, Phys. Rev.
Lett. 117 (24) (2016) 241101, Erratum: Phys. Rev. Lett. 119 (25) (2017) 259902,
arXiv:1607.05886 [astro-ph.HE].

[36] R. Abbasi, et al., IceCube, The design and performance of IceCube DeepCore,
Astropart. Phys. 35 (2012) 615-624, arXiv:1109.6096 [astro-ph.IM].

[37] M.G. Aartsen, et al., IceCube, Neutrino astronomy with the next generation Ice-
Cube Neutrino Observatory, arXiv:1911.02561 [astro-ph.HE].


http://refhub.elsevier.com/S0370-2693(23)00125-9/bib5F30CBA0D3DF2A54BDF14B57C0646DE0s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib5F30CBA0D3DF2A54BDF14B57C0646DE0s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib5F30CBA0D3DF2A54BDF14B57C0646DE0s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib5032429C3EA26EAC5F2037B55AACC7CEs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib5032429C3EA26EAC5F2037B55AACC7CEs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib5032429C3EA26EAC5F2037B55AACC7CEs1
https://doi.org/10.1103/PhysRevLett.16.748
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib73FA3B57F923F608B49AD5CBDA3A4E33s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib73FA3B57F923F608B49AD5CBDA3A4E33s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib424697551E38D92B16CE8D03C575C3CBs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib424697551E38D92B16CE8D03C575C3CBs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib5DE580A4B8F591C5E77DD6AB95BFE6CCs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib5DE580A4B8F591C5E77DD6AB95BFE6CCs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib2E0EA953A663118C5B6E65765A71F0C2s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib2E0EA953A663118C5B6E65765A71F0C2s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibF7254719A735C86F0EF9E243F68BD705s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibF7254719A735C86F0EF9E243F68BD705s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibFB870112C5859A2AE54183D25D363204s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibFB870112C5859A2AE54183D25D363204s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib3D7567E268C39BB84186296D67602134s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib3D7567E268C39BB84186296D67602134s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib3D7567E268C39BB84186296D67602134s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibCB5ED0CA5BE3FAB34653AD5807F2EFA8s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibCB5ED0CA5BE3FAB34653AD5807F2EFA8s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibCB5ED0CA5BE3FAB34653AD5807F2EFA8s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibAB0885DB47C9123D50349E90A3979DB5s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibAB0885DB47C9123D50349E90A3979DB5s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibAB0885DB47C9123D50349E90A3979DB5s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibCDEF158C32E2D9BF672FEEB1D9C036D8s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibCDEF158C32E2D9BF672FEEB1D9C036D8s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibCDEF158C32E2D9BF672FEEB1D9C036D8s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibCDEF158C32E2D9BF672FEEB1D9C036D8s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib054686D8BB3184687D8A324AF1485713s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib054686D8BB3184687D8A324AF1485713s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib054686D8BB3184687D8A324AF1485713s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib529B05D8CAA26630DFAA945CB79B9CD9s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib529B05D8CAA26630DFAA945CB79B9CD9s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib529B05D8CAA26630DFAA945CB79B9CD9s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib529B05D8CAA26630DFAA945CB79B9CD9s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib3B23038A6EFAD36AD55AB89311B14593s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib3B23038A6EFAD36AD55AB89311B14593s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib3B23038A6EFAD36AD55AB89311B14593s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibD80943239F052162EBCF028DDEAFCC36s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibD80943239F052162EBCF028DDEAFCC36s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibD80943239F052162EBCF028DDEAFCC36s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib7662A4DD458A33EE7CC6800B11F90770s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib7662A4DD458A33EE7CC6800B11F90770s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibB2426C7571EAFD0820278F2F56154DDCs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibB2426C7571EAFD0820278F2F56154DDCs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibB2426C7571EAFD0820278F2F56154DDCs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibC6504DED1080BA327CBA206009A3E51Es1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibC6504DED1080BA327CBA206009A3E51Es1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibC6504DED1080BA327CBA206009A3E51Es1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib6326AF4976ECF10F84C76E297CD24AC8s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib6326AF4976ECF10F84C76E297CD24AC8s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib7243FBFDC335BA1D7CB406B44D0A0C63s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib7243FBFDC335BA1D7CB406B44D0A0C63s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib3DFAF442A2ED55F957792DE08918A02Ds1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib3DFAF442A2ED55F957792DE08918A02Ds1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib3DFAF442A2ED55F957792DE08918A02Ds1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibD899890BD162F57D1238A734C4A4CFC1s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibD899890BD162F57D1238A734C4A4CFC1s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibD899890BD162F57D1238A734C4A4CFC1s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibF8DEB5826C3DE180AD62F8BF4ADF7C20s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibF8DEB5826C3DE180AD62F8BF4ADF7C20s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibF8DEB5826C3DE180AD62F8BF4ADF7C20s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibA78E1DD77C604961607932FAE75D018As1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibA78E1DD77C604961607932FAE75D018As1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibA78E1DD77C604961607932FAE75D018As1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibB5332E76C211DE36AB7F94410721CEEBs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibB5332E76C211DE36AB7F94410721CEEBs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibB5332E76C211DE36AB7F94410721CEEBs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibDA57EAA1D2217B26BB0D168B19011223s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibDA57EAA1D2217B26BB0D168B19011223s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibDA57EAA1D2217B26BB0D168B19011223s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib1AEF33E7273FA42B98902531CF57E5D3s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib1AEF33E7273FA42B98902531CF57E5D3s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib13C887FAFB7901756D92D4EDB03AF651s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib13C887FAFB7901756D92D4EDB03AF651s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib13C887FAFB7901756D92D4EDB03AF651s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib080E579E707B8113F9E76B017E62056Es1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib080E579E707B8113F9E76B017E62056Es1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib080E579E707B8113F9E76B017E62056Es1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib080E579E707B8113F9E76B017E62056Es1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib5D2C656C140EAE9154031C200CBAA243s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib5D2C656C140EAE9154031C200CBAA243s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib5D2C656C140EAE9154031C200CBAA243s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibA6F43FA2EB78E0F5107609FBDB51D24Ds1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibA6F43FA2EB78E0F5107609FBDB51D24Ds1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibA6F43FA2EB78E0F5107609FBDB51D24Ds1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibA6F43FA2EB78E0F5107609FBDB51D24Ds1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibF726BA03F6FE8788E09A6561A3ED1BB2s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibF726BA03F6FE8788E09A6561A3ED1BB2s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibF726BA03F6FE8788E09A6561A3ED1BB2s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib3DD87BC85B8D233EC799298837475131s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib3DD87BC85B8D233EC799298837475131s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib3DD87BC85B8D233EC799298837475131s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib3DD87BC85B8D233EC799298837475131s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib59806032F55455A6D397C59A8DC3C297s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib59806032F55455A6D397C59A8DC3C297s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib455ACB2FD468B04D2C4D5D21C69462CDs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib455ACB2FD468B04D2C4D5D21C69462CDs1

A.K. Alok, N.R.S. Chundawat and A. Mandal

[38] M.G. Aartsen, et al., IceCube-Gen2, IceCube-Gen2: the window to the extreme
Universe, ]. Phys. G 48 (6) (2021) 060501, arXiv:2008.04323 [astro-ph.HE].

[39] S. Adrian-Martinez, et al., KM3Net, Letter of intent for KM3NeT 2.0, ]. Phys. G
43 (8) (2016) 084001, arXiv:1601.07459 [astro-ph.IM].

[40] S. Aiello, et al., KM3NeT, Sensitivity of the KM3NeT/ARCA neutrino telescope to
point-like neutrino sources, Astropart. Phys. 111 (2019) 100-110, arXiv:1810.
08499 [astro-ph.HE].

[41] A.D. Avrorin, et al., Baikal-GVD, High-energy neutrino astronomy and the
Baikal-GVD Neutrino Telescope, Phys. At. Nucl. 84 (4) (2021) 513-518, arXiv:
2011.09209 [astro-ph.HE].

[42] AD. Avrorin, et al., Baikal-GVD, Baikal-GVD: status and first results, PoS
ICHEP2020 (2021) 606, arXiv:2012.03373 [astro-ph.HE].

[43] M. Agostini, et al., P-ONE, The Pacific Ocean Neutrino Experiment, Nat. Astron.
4 (10) (2020) 913-915, arXiv:2005.09493 [astro-ph.HE].

[44] N. Song, S.W. Li, C.A. Argiielles, M. Bustamante, A.C. Vincent, The future of high-
energy astrophysical neutrino flavor measurements, PoS ICRC2021 (2021) 1178.

[45] M. Ackermann, S.K. Agarwalla, ]. Alvarez-Muiiiz, R. Alves Batista, C.A. Argiielles,
M. Bustamante, B.A. Clark, A. Cummings, S. Das, V. Decoene, et al., High-energy
and ultra-high-energy neutrinos, arXiv:2203.08096 [hep-ph].

[46] S. Prohira, K.D. de Vries, P. Allison, J. Beatty, D. Besson, A. Connolly, N. van
Eijndhoven, C. Hast, C.Y. Kuo, U.A. Latif, et al., Observation of radar echoes from
high-energy particle cascades, Phys. Rev. Lett. 124 (9) (2020) 091101, arXiv:
1910.12830 [astro-ph.HE].

[47] A. Romero-Wolf, J. Alvarez-Muiiiz, W.R. Carvalho, A. Cummings, H. Schoorlem-
mer, S. Wissel, E. Zas, C. Argiielles, H. Barreda, J. Bazo, et al., An Andean Deep-
Valley detector for high-energy tau neutrinos, arXiv:2002.06475 [astro-ph.IM].

[48] A.V. Olinto, J.H. Adams, R. Aloisio, L.A. Anchordoqui, D.R. Bergman, M.E.
Bertaina, P. Bertone, M. Bustamante, M.J. Christl, S.E. Csorna, et al., POEMMA:
probe of extreme multi-messenger astrophysics, PoS ICRC2017 (2018) 542,
arXiv:1708.07599 [astro-ph.IM].

[49] M. Sasaki, G.W.S. Hou, Neutrino telescope array letter of intent: a large array of
high resolution imaging atmospheric Cerenkov and fluorescence detectors for
survey of air-showers from cosmic tau neutrinos in the PeV-EeV energy range,
arXiv:1408.6244 [astro-ph.IM].

[50] C. Lunardini, E. Sabancilar, Cosmic strings as emitters of extremely high energy
neutrinos, Phys. Rev. D 86 (2012) 085008, arXiv:1206.2924 [astro-ph.CO].

[51] J.H. Adams, L.A. Anchordoqui, J.A. Apple, M.E. Bertaina, M.J. Christl, F. Fenu, E.
Kuznetsov, A. Neronov, A.V. Olinto, T.C. Paul, et al., White paper on EUSO-SPB2,
arXiv:1703.04513 [astro-ph.HE].

[52] A. Aab, et al., Pierre Auger, The Pierre Auger Observatory upgrade - preliminary
design report, arXiv:1604.03637 [astro-ph.IM].

[53] S. Wissel, A. Romero-Wolf, H. Schoorlemmer, W.R. Carvalho, J. Alvarez-Muiiiz,
E. Zas, A. Cummings, C. Deaconu, K. Hughes, A. Ludwig, et al., Prospects for
high-elevation radio detection of >100 PeV tau neutrinos, J. Cosmol. Astropart.
Phys. 11 (2020) 065, arXiv:2004.12718 [astro-ph.IM].

[54] J. Nam, P. Chen, Y.C. Chen, S.Y. Hsu, JJ. Huang, M.H.A. Huang, C.Y. Kuo, C.H.
Leung, T.C. Liu, B.K. Shin, et al., High-elevation synoptic radio array for detec-
tion of upward moving air-showers, deployed in the Antarctic mountains, PoS
ICRC2019 (2020) 967.

Physics Letters B 839 (2023) 137791

[55] E.J. Zirnstein, et al., Local interstellar magnetic field determined from the inter-
stellar boundary explorer ribbon, Astrophys. J. Lett. 818 (1) (2016) L18.

[56] K.T. Kim, P.P. Kronberg, P.E. Dewdney, T. Landecker, The halo and magnetic field
of the coma cluster of galaxies, Astrophys. J. 355 (1990) 29.

[57] K.T. Kim, P.P. Kronberg, G. Giovannini, T. Venturi, Discovery of intergalactic ra-
dio emission in the Coma-A1367 supercluster, Nature 341 (1989) 720.

[58] S. Rajpoot, The Voloshin-Vysotskii-Okun solution to the solar neutrino problem
in a left-right model, Z. Phys. C 50 (1991) 43-46.

[59] A. Aboubrahim, T. Ibrahim, A. Itani, P. Nath, Large neutrino magnetic dipole
moments in MSSM extensions, Phys. Rev. D 89 (5) (2014) 055009, arXiv:1312.
2505 [hep-ph].

[60] A.G. Beda, V.B. Brudanin, V.G. Egorov, D.V. Medvedev, V.S. Pogosov, M.V.
Shirchenko, A.S. Starostin, The results of search for the neutrino magnetic mo-
ment in GEMMA experiment, Adv. High Energy Phys. 2012 (2012) 350150.

[61] M. Agostini, et al., Borexino, Limiting neutrino magnetic moments with Borex-
ino Phase-II solar neutrino data, Phys. Rev. D 96 (9) (2017) 091103, arXiv:
1707.09355 [hep-ex].

[62] M. Dvornikov, ]. Maalampi, Phys. Lett. B 657 (2007) 217-227, arXiv:hep-ph/
0701209 [hep-ph].

[63] M. Dvornikov, arXiv:1011.4300 [hep-ph].

[64] E.K. Akhmedov, M.Y. Khlopov, Mod. Phys. Lett. A 3 (1988) 451-457.

[65] A.V. Chukhnova, A.E. Lobanov, Phys. Rev. D 101 (1) (2020) 013003, arXiv:1906.
09351 [hep-ph].

[66] A.V. Chukhnova, A.E. Lobanov, Eur. Phys. J. C 81 (9) (2021) 821, arXiv:2005.
04503 [hep-ph].

[67] E. Akhmedov, P. Martinez-Miravé, arXiv:2207.04516 [hep-ph].

[68] H. Sasaki, T. Takiwaki, Neutrino-antineutrino oscillations induced by strong
magnetic fields in dense matter, Phys. Rev. D 104 (2) (2021) 023018, arXiv:
2106.02181 [hep-ph].

[69] A. Popov, A. Studenikin, Neutrino eigenstates and flavour, spin and spin-flavour
oscillations in a constant magnetic field, Eur. Phys. J. C 79 (2) (2019) 144, arXiv:
1902.08195 [hep-ph].

[70] P. Kurashvili, K.A. Kouzakov, L. Chotorlishvili, A.I. Studenikin, Spin-flavor os-
cillations of ultrahigh-energy cosmic neutrinos in interstellar space: the role
of neutrino magnetic moments, Phys. Rev. D 96 (10) (2017) 103017, arXiv:
1711.04303 [hep-ph].

[71] A. Lichkunov, A. Popov, A. Studenikin, Neutrino eigenstates and flavour, spin
and spin-flavour oscillations in a constant magnetic field, arXiv:2012.06880
[hep-ph].

[72] A. Lichkunov, A. Popov, A. Studenikin, PoS ICHEP2020 (2021) 208, https://doi.
0rg/10.22323/1.390.0208.

[73] . Esteban, M.C. Gonzalez-Garcia, A. Hernandez-Cabezudo, M. Maltoni, T.
Schwetz, Global analysis of three-flavour neutrino oscillations: synergies and
tensions in the determination of 6,3, §cp, and the mass ordering, J. High En-
ergy Phys. 01 (2019) 106, arXiv:1811.05487 [hep-ph].

[74] A. Lichkunov, A. Popov, A. Studenikin, Three-flavour neutrino oscillations in a
magnetic field, arXiv:2207.12285 [hep-ph].


http://refhub.elsevier.com/S0370-2693(23)00125-9/bib92A6F553FEEBDC9945C0F8FBB65B615As1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib92A6F553FEEBDC9945C0F8FBB65B615As1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibFD85C20B5CB7D12F98F2997DE72A4A59s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibFD85C20B5CB7D12F98F2997DE72A4A59s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib054DB9222E2F116B4046F7D61B8761DDs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib054DB9222E2F116B4046F7D61B8761DDs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib054DB9222E2F116B4046F7D61B8761DDs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib7A6C614C80E23CD95690D9FC8D6C2B93s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib7A6C614C80E23CD95690D9FC8D6C2B93s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib7A6C614C80E23CD95690D9FC8D6C2B93s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib378531CAF1805413E893B4308523B136s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib378531CAF1805413E893B4308523B136s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib5439E462F6129C29393B29075EB85C8Es1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib5439E462F6129C29393B29075EB85C8Es1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib5C054666B432609A1CEB3C8843DA72C6s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib5C054666B432609A1CEB3C8843DA72C6s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib7DA3D61141BF8F233121393116A17A83s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib7DA3D61141BF8F233121393116A17A83s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib7DA3D61141BF8F233121393116A17A83s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib3992FF8470F89159CD707E051DD58152s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib3992FF8470F89159CD707E051DD58152s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib3992FF8470F89159CD707E051DD58152s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib3992FF8470F89159CD707E051DD58152s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib192F3F7AFDC172AE60163C6F5F1E035Bs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib192F3F7AFDC172AE60163C6F5F1E035Bs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib192F3F7AFDC172AE60163C6F5F1E035Bs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibA52C2D952C6757D2164DE9F324AE5001s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibA52C2D952C6757D2164DE9F324AE5001s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibA52C2D952C6757D2164DE9F324AE5001s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibA52C2D952C6757D2164DE9F324AE5001s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibDA1FCB342002F382F8D15F44049769BCs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibDA1FCB342002F382F8D15F44049769BCs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibDA1FCB342002F382F8D15F44049769BCs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibDA1FCB342002F382F8D15F44049769BCs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibE72D51CC0CA1C2774A297454F92960E5s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibE72D51CC0CA1C2774A297454F92960E5s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibB092E91EDD90303DECE2469EA30DA2DFs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibB092E91EDD90303DECE2469EA30DA2DFs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibB092E91EDD90303DECE2469EA30DA2DFs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib4DCDFFCCB23827E6E228FFA202444695s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib4DCDFFCCB23827E6E228FFA202444695s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib061FFBB1964304F2AAFF485E7368F000s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib061FFBB1964304F2AAFF485E7368F000s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib061FFBB1964304F2AAFF485E7368F000s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib061FFBB1964304F2AAFF485E7368F000s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib8A0936341AEADC59F9FB832A0C8C2F0Ds1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib8A0936341AEADC59F9FB832A0C8C2F0Ds1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib8A0936341AEADC59F9FB832A0C8C2F0Ds1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib8A0936341AEADC59F9FB832A0C8C2F0Ds1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibC605463FB05EE69DE91CCAC701C1A745s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibC605463FB05EE69DE91CCAC701C1A745s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibB6468988DD7409DC15950491B1FEF37Cs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibB6468988DD7409DC15950491B1FEF37Cs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibE79CF358BDF71AF51B5F0189C983A139s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibE79CF358BDF71AF51B5F0189C983A139s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibAFA756CDEAD4D19F91FD5FC9B44F3E64s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibAFA756CDEAD4D19F91FD5FC9B44F3E64s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibC4CACD510AA3921BECF1BB142B0303AFs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibC4CACD510AA3921BECF1BB142B0303AFs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibC4CACD510AA3921BECF1BB142B0303AFs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibBAB4017A676E0D5D8E7A7A55434A429As1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibBAB4017A676E0D5D8E7A7A55434A429As1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibBAB4017A676E0D5D8E7A7A55434A429As1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib10ABAC7AD6798CAEF5F4EEB53588CB92s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib10ABAC7AD6798CAEF5F4EEB53588CB92s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib10ABAC7AD6798CAEF5F4EEB53588CB92s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibB3EEB5C26F83B0D1F0910A20BFDC2AB2s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibB3EEB5C26F83B0D1F0910A20BFDC2AB2s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib49AEFC1C4559BD584DF0911BABAB9434s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibC0C06A02C490A8C0A96B5A600202B80Es1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibFD4CDC73F5B702991CE5FEA3EB17F70Fs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibFD4CDC73F5B702991CE5FEA3EB17F70Fs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib2A35C300C0BF6415805B9F7BF998C44Fs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib2A35C300C0BF6415805B9F7BF998C44Fs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibF248F56B52668813B2E227B10DAB366Cs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib7C72CD95C3D9424C825764AEDF7B8B45s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib7C72CD95C3D9424C825764AEDF7B8B45s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib7C72CD95C3D9424C825764AEDF7B8B45s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib6A2173366F3C550FFCD7ABA41308700Es1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib6A2173366F3C550FFCD7ABA41308700Es1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib6A2173366F3C550FFCD7ABA41308700Es1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib91138ACFFE14FE0091FA6638E98B8F58s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib91138ACFFE14FE0091FA6638E98B8F58s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib91138ACFFE14FE0091FA6638E98B8F58s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib91138ACFFE14FE0091FA6638E98B8F58s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibBA1CC88A0448CFFF38822E189BD6D4DFs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibBA1CC88A0448CFFF38822E189BD6D4DFs1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibBA1CC88A0448CFFF38822E189BD6D4DFs1
https://doi.org/10.22323/1.390.0208
https://doi.org/10.22323/1.390.0208
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibB0754A8FB7644B43396093842EEB0621s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibB0754A8FB7644B43396093842EEB0621s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibB0754A8FB7644B43396093842EEB0621s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bibB0754A8FB7644B43396093842EEB0621s1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib0CAEBF0F11B83D487675E039DCE3B89Es1
http://refhub.elsevier.com/S0370-2693(23)00125-9/bib0CAEBF0F11B83D487675E039DCE3B89Es1

	Cosmic neutrino flux and spin flavor oscillations in intergalactic medium
	1 Introduction
	2 Neutrino spin flavor oscillations
	3 Cosmic neutrinos flux reduction
	4 Conclusions
	Note added
	Declaration of competing interest
	Data availability
	References


