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Neutron portal to ultrahigh-energy neutrinos
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Current data on ultrahigh-energy (UHE) cosmic rays suggest they are predominantly made of heavy
nuclei. This indicates that, in the absence of a subdominant proton component, the flux of neutrinos
produced from cosmic ray collisions on the cosmic microwave background is small and hard to observe.
Motivated by the recent extremely high-energy muon event reported by KM3NeT, we explore the
possibility of enhancing the energy-flux of cosmogenic neutrinos through nuclear photodisintegration in
the presence of new physics. Specifically, we speculate that UHE neutrons may oscillate into a new state,
dark (or mirror) neutron n’ that in turn decays injecting large amount of energy to neutrinos,
n — n’ = vyge. While this mechanism does not explain the tension between the KM3NeT event and
null results from IceCube, it reconciles the experimental preference for a heavier cosmic ray composition
with a large diffuse cosmogenic flux of UHE neutrinos.
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I. INTRODUCTION

The origin of ultrahigh-energy (UHE) cosmic rays (CRs)
is a long standing puzzle in astrophysics. Below EeV
energies, cosmic rays are significantly deflected by galactic
and intergalactic magnetic fields, obscuring their origin.
High energy photons also lose information from their
source due to energy losses to the cosmic microwave
background (CMB) and the extragalactic background light
(EBL). Neutrinos, on the other hand, propagate undisturbed
and can provide key input to identify individual UHECRs
sources. In addition to their pointing capabilities, the
diffuse flux of UHE cosmogenic neutrinos provides some
insight into the chemical composition of CRs [1-6].

At energies of about E, > 50 EeV, UHE protons
experience a steep decrease in their mean-free-path
(Zmp < 50 Mpce) thanks to resonant meson photo-produc-
tion on the CMB, p*ycup — A1(1232) = ztn or 2%p™.
This effect is referred to as the Greisen-Zatsepin-Kuzmin
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(GZK) cutoff [7,8] and imposes a propagation horizon for
CR protons. Unavoidably, such a cutoff also generates
neutrinos [1,3,4,9—12], which are free to propagate and can
be detected at large neutrino telescopes like IceCube [13]
and KM3NeT [14], and at cosmic ray experiments like the
Pierre Auger Observatory [15]. Heavier nuclei are less
effective at producing EeV neutrino fluxes since, for the
same CR energy, the individual nucleon energy is smaller.
They are, however, a good source of UHE neutrons thanks
to photo-disintegration processes on the CMB and EBL,
such as Ay — A*(GDR) — (A — 1)n, where A(GDR) is a
giant dipole resonance of the nucleus A.

GZK neutrinos from pion and muon decay carry about
~5% of parent proton energy while neutrinos from neutron
P decay are far less energetic, carrying typically 0.01% of
the parent proton energy thanks to the small Q-value of the
reaction n — p*e~p,. Therefore, neutrinos from nuclei
photodisintegration have a much lower energy-flux and are
much harder to detect when compared to their GZK
analogs. This fact combined with the apparent absence
of a cosmogenic neutrino flux has been used by IceCube
[16,17] and Pierre Auger (PA) [15] to place upper limits on
the proton fraction of CRs.

The PA and Telescope Array (TA) CR ground observa-
tories also constrain the UHE CR composition through
direct measurements of the extended air shower [18].
Current data points to a heavy element CR composition at
UHESs, with a fraction of protons that is large at EeV energies,
but quickly drops to below 10% above 10 EeV [19].
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The inference of this composition relies on an accurate
modeling of the shower development, but despite large
hadronic uncertainties, the available models are all consistent
with a small proton fraction at UHEs [20].

Recently, KM3NeT reported the observation of an
extremely high energy muon, E, ~ 120 PeV, originated
from just above the horizon, 8 = 0.6° + 1.5° [21]. This
event, dubbed KM3-230213A, is likely the highest energy
neutrino ever observed and does not appear to be of
atmospheric origin. One explanation is that it is the result
of a significant upward statistical fluctuation from the same
diffuse, power-law flux observed by IceCube [22] when
extrapolated to higher energies. Under this hypo-
thesis, assuming a single power law of E;?, the KM3NeT
event is consistent with a muon neutrino of energy
E,=220"7/0 PeV and a flux of E*®(E) =5.8%%" x
1078 GeVem2s~'sr™! [21]. The tension with the
IceCube measurement, however, is large, at more than
(3-3.5)0 [23] (see also [24]). If the event comes from a
transient source, this tension is reduced, but not below 2o.

Another hypothesis is that this event corresponds to a
recovery or feature in the astrophysical neutrino flux from,
e.g., the GZK process [25,26]. This cosmogenic hypothesis
is also in >3¢ tension [23] with IceCube [17,27] as well as
with PA searches [15,28] thanks to their larger effective
area in £, 2 100 PeV energy region. Nevertheless, given
the neutrino energy interval estimated for the event and its
consistency with the expected location of the cosmogenic
neutrino energy-flux peak, in the rest of the paper, we
proceed to entertain a cosmogenic origin for the event.

In this article, we show how new physics can lead to a
large and detectable EeV cosmogenic neutrino flux even in
the complete absence of protons in the CR spectrum. We
explore a“neutron portal” to new physics that leads to UHE
neutrinos associated with CR neutrons instead of protons.
The idea of a neutron portal is that free neutrons can decay
or oscillate into some new beyond-the-Standard-Model
states, that, in turn, decay with a significant amount of
energy release. Specifically, our scenario consists of an
almost complete transformation of free neutrons into
mirror/dark neutrons with a subsequent decay process, n —
n' —uvr or ' - (p' - 7v)t,e/, where 7’ is some new
boson that can be identified with a mirror pion or another
particle lighter than the neutron or proton. An illustration of
this conversion process is shown in Fig. 1.Because of the
larger Q value of this mirror-baryon-number-violating
reaction, the resulting neutrino can be much higher energy
than its n beta-decay analog. As we will see, these neutrinos
could give rise to an observable cosmogenic flux that is
compatible with the latest KM3NeT event, although still in
tension with IceCube’s null results.

This paper is divided as follows. In Sec. II we present the
idea of a neutron portal to new physics in CRs and elaborate
on an example based on a mirror sector. We describe our
treatment of the time evolution of the neutron-mirror-

neutron system in Sec. II B, discuss potential UV origins
of the models in Sec. II C, and discuss direct experimental
limits in Sec. Il D. We then present and discuss our results
for cosmogenic neutrino fluxes in Sec. III and conclude in
Sec. IV. More details of our simulation of CR neutron
production using CRPropa3.2 [29] are presented in the
Appendix.

II. NEUTRON PORTAL TO UHE NEUTRINOS

Neutrons are produced through photo-disintegration,
when infrared-photons, including the CMB or EBL, excite
the cosmic ray heavy nuclei, which subsequently decay into
free nucleons and/or photons. They quickly escape their
parent nucleus and propagate in the intergalactic medium
(IGM) essentially as free particles. This constitutes a unique
probe of neutrons in conditions that cannot be reproduced in
the lab: densities are extremely small and the magnetic fields,
although ultimately unknown and uncertain, are indirectly
constrained to be 1071 G < Bigy < 1072 G [30-32].

Upon propagation, free neutrons will decay with a
lifetime of E,/m, x 7, ~ 10 kpc x (E, /EeV), producing
neutrinos with an energy thatis at most £ /E, ~ Q,/m, ~
(0.782 MeV)/(939 MeV) ~ 8 x 10™* smaller than that of
the parent neutron thanks to the smallness of Q, =
m, — (m, + m,). Similarly, tritium, and heavier f=-unsta-
ble nuclei can also be produced and decay to low-energy
neutrinos. While the protons produced in this process can
also source neutrinos through the GZK process, a cosmic
ray spectrum composed mainly of high-energy nuclei will
be far less efficient at producing O(EeV) neutrinos due to
the smaller energy-per-nucleon and the kinematical thresh-
old for z* production.

Therefore, a CR composition that is dominated by heavy
nuclei at higher energies is unlikely to produce an observ-
able cosmogenic neutrino flux. To overcome this limitation,
we engineer an extension of the SM where the free neutrons
produced from photo-disintegration oscillate into a dark
baryon/mirror sector n’, coincident in mass. Once such
oscillations develop, n’ can then decay back to UHE
neutrinos that carry a larger fraction of the n'—and hence
from n—in comparison to f-decays. We show that such
transitions are still allowed by experimental constraints as
the near vacuum conditions and extremely small magnetic
fields of the intergalactic medium probes a unique envi-
ronment where n — n’ transitions can benefit from the
near-degeneracy of the two neutral states.

A. The mirror sector

Our model for the mirror neutron scenario is given by the
following low-energy Lagrangian:

LD (epyin' +H.c.) + myiin + (m, + 6m)n'n’, (1)

where €,,, is the mass mixing parameter, m, the neutron
mass, and om is the mass splitting. For om < ¢€,,/, in
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vacuum, n and n’ form two nearly degenerate states with
masses m,, £ € and their mixing is maximized. In addition
to (1), we assume further couplings of n’ that generate its
decay, with total decay width I',;. Given that n and n’ mix
we define the quantities I',, and I',; in the limit of €, — O.

An important observation for our scenario is that the
cosmic neutrons propagate in a nearly perfect vacuum
environment. Any residual medium effects alter their
propagation, leading to a shift in the neutron self-energy
AE, and a suppression of the oscillatory behavior. In the
intergalactic space, they receive far fewer collisions with
other particles, even compared to the best ultracold neutron
(UCN) bottle experiments in a lab. Below, we list the most
likely sources of medium effects and estimate their con-
tribution to AE,:

(1) The density of atoms in the intergalactic medium is
completely negligible for generating a sizable con-
tribution to AE,,.

(2) In the presence of an intergalactic magnetic field, the
neutron magnetic moment y, will induce an energy
level splitting equal to Vg = 4y, - Bigy, de-
pending on the neutron polarization. Note that in the
neutron’s rest frame the value of the field y, Bigy 1S
significantly enhanced by the boost factor. Saturat-
ing the lower limit on the magnetic field, we find

_ Yn Biom
Vi, ~6x 10718 eV x (109) (10_15 G). (2)

(3) EBL and CMB photons induce a medium-dependent
magnetic and electric dipole moment for the neutron,
shifting its energy according to the interaction poten-
tial Vo = :I:%?’(a|ECMB|2 + B|Bewp ), in the neu-
tron rest frame. Taking the neutron polarizabilities to
their measured values a+ f~1.5x 1073 fm?,
Tcemp ~ 2.3 x 107 eV, and expressing electric and
magnetic fields in terms of the CMB energy density,
|Ec1le|2 = |1§CMB|2 =4npcm = 4%TéMB we find
a negligible shift of

2
Vot ~2 x 10723 eV x <1y0"9> .03

(4) Incoherent scattering on the CMB and EBL con-
tributes to the imaginary part of AE,. Assuming a
mean free path of #,¢, ~ (1-100) Mpc for neutrons
above GZK energies, the absorption rate in the
neutron rest frame corresponds to

Loz ~ ;—"f ~(6x 10721 —6x1073) eV. (4)
mfp

(5) Mirror n’ state may also develop its own energy shift
AE,  due to, e.g., interaction with dark radiation,

dark matter and dark magnetic fields. For large
classes of dark matter models, the number density
of dark matter particles is small. Furthermore, we
know that the mirror radiation background should be
smaller than that of the CMB [33,34]. Thus, it is
reasonable to expect this model-dependent contri-
bution to be negligible as well.
In such near-vacuum conditions, the initial neutron system
can decay to SM products via the weak interactions,
n— pte p,, or to mirror particles as they oscillate to
n'. To induce a large cosmogenic flux, we will consider
mirror-nucleon decays that violate mirror baryon number
(B') to produce UHE SM neutrinos. We focus on the
following possibilities:

n—n — myu, (5)

n—-n —pled, with p -7y, (6)
where primed particles are in the mirror sector and may also
carry a mirror-electromagnetic charge denoted by their
subscript. Note that in both scenarios, a nucleon has
decayed and transferred a significant fraction of its energy
into light particles: a light boson (7, or z’,) and a SM
neutrino v. In Eq. (6), E,; ~ E, thanks to m,, ~m,, . In the
ultrarelativistic regime, the final daughter neutrino energy
is therefore E, < (1 —m2/m%) x Ey for the nucleon
decay N' — 7'v.

B. Open quantum system approach
of n — n' oscillations with decay

Particle decay in quantum mechanics is usually imple-
mented following the Wigner-Weiskopff prescription [35].
Effectively, this amounts to changing the two-level
Hamiltonian H of the n — n’ system to a non-Hermitian
operator, H - H — i['/2, where I' = diag(I",,,T,y), with [,
(T,;) the total decay width of n (n'). This way, we get the
standard exponential damping behavior when we time
evolve the initial neutron system. Note, however, that this
means that the probability of finding the state as a n or n’
goes to zero at asymptotic times and is not conserved. This
is because the daughter states are not included in the
description.

A probability-preserving treatment is achieved by imple-
menting decays from an open system perspective [36,37].
For that, we extend our two-level (n,n’) description to a
four-dimensional system (n,n’, p, p’) represented by the
density matrix

p(t) = pa(t)la)(bl.  abe{nnp.p} (7)
a,b

with its eigenvalues interpreted as probabilities as its trace
satisfies Tr(p(7)) =1 at any time. Without decay, the
system’s time evolution is driven by
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PO itr.p(o), )
where
H= Y /Ea|a><a|+€nnf(|n><n’|+|n’><n|), )

is the Hamiltonian of the system. For convenience of
presentation, we label dark decay as n’ — p’, while in
reality n’ can have a multitude of decay channels. Decay
can be implemented, while keeping the trace normalization,
by modifying Eq. (8) to

apa—(tt) = —ilH.p(1)] - % (IT'Tp(2) + p(6)IT' T = 2p(1)ITT),
(10)
where

1= /T, [p)(n| + VTP (. (11)

is the operator associated with n — p and n’ - p’ transi-
tions. Note that Tr(IT'TIp(z) + p(£)IT'T1 = 2IIp(1)IT") = 0,
such that the trace is preserved throughout the time evolution.
By working out the matrix multiplication in Eq. (10)
and, as p = p', the problem is reduced to solving 10
equations of motion with the initial condition
p(t =0) = diag(1,0,0,0), i.e., only neutrons. For in-
stance, the dynamics of the neutron system is given by

0P (t

pna—nt() = _annn([) + ie(pnn’(t) _pn’n([))' (12)
The time evolution of the off-diagonal entries, p,,, and p,,,,,
will depend only on themselves, and as they are zero at
t = 0 they vanish at all times.

In Fig. 2, we show the time evolution of a free neutron,
assuming om = AE=0, Iy =T,, and taking e¢,, =
107!8 eV. The probability of finding the initial neutron
system as, for example, p’ can be computed as
P,y (t) =Tr(p(t)|p')(p']). In the asymptotic limit
> 1/Fn(n/), with ém = AE = 0, we find

4r, €
(Fn + Fn’) (Fnrn’ + 4€2) ’

P, y(t—=o0)= (13)
therefore the transition n — p’—vecalling that |p’) =
v’y or |p') = |p'e'D,)—is largest when ¢ > T, > T,
as in this case Eq. (13) reduces to

T,

P - | = °
r,+T,

nop (1 = 00) = (14)

which justifies the asymptotic behavior in Fig. 2, as for
I', =T, the probability is 1/2. Therefore, in vacuum, a

significant fraction of neutrons can convert into mirror
sector particles.

In Fig. 3 we show how to get a large n — n’ transition
varying I',;. The neutrons must oscillate before decaying,
i.e., the mixing parameter must satisfy ¢,,, > I',. Hence,
we require ¢,,, ~ O(1071%) eV. This choice also evades lab
constraints €,y < 1/(352's) = 1.87 x 10718 eV on the
disappearance of ultracold neutrons (UCNs) [38]. Once
oscillations develop, the n’ decay width, I',;, governs how
much the mirror sector is populated. We note from Eq. (13)
that for I, > efm,, the probability is suppressed.
Therefore, in general the probability of n —» n' - p’ is
maximized if €,, > max([,,T,).

Ultimately, our goal is to convert as many neutrons into
UHE neutrinos as possible. This is done in two steps, first
the neutrons oscillate n — n’ and in sequence the mirror
neutron decays into neutrinos, n’ — v. Next we introduce
the dynamics of the mirror sector to show how the second
step can be realized and discuss the relevant constraints.

C. UV completion

The mixing parameter €,,, required for our argument is
small and can be generated by new physics at energies far
above the electroweak one. For instance, as discussed in
[33,34,39], two scalar diquarks ® and ®’, one colored
under QCD and the other under QCD/, and a singlet
fermion N that can be relatively light, can generate the
mass mixing parameter at tree-level without being ruled out
by direct searches. In particular, for our mixing parameter

and O(1) couplings between the quarks and ®),

2 2
o 1018 ey 10 GeV) (100 TeV2 (100 TeV 2
My Mg My
(15)

with all particles outside of direct experimental reach.

As we show above, the lifetime of n’ should be close to
that of the neutron, 0.1 <TI',,/I", <10, as otherwise the
transition probability of n — n’ - yypg is too small to
induce an observable cosmogenic neutrino flux. Clearly,
the process in Eq. (6) would explain this coincidence,
since for an exact mirror symmetry, I'(n — pTe™0) =
I'(n" — p' e 7). In that case, for our cosmogenic neutrino
flux to be observable, the mirror proton lifetime must be
short enough for them to decay to neutrinos before reaching
the Earth. For a travel distance of 10 Mpc and EeV mirror-
protons energies, this requirement is 7,y /7, < 10°, which is
a loose criterion and provides more freedom from the
model-building point of view.

The underlying physics behind the B’-violating nucleon
decays in Eqgs. (5) and (6) can be very different from that of
weak interactions and there may be no reason to expect that
I'(n" - =) or I(p’ — 7/ v) be close to the weaker-than-
weak beta-decay rate of the neutron, I', G%Qi. In fact,
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given the larger energy release Q' = my —my in B'-
violating decays, the effective operator responsible for
mirror nucleon decays can arise from scales far above
the electroweak one.

To illustrate our point, let us consider a specific
model for the B’-violating decays. We introduce a scalar
leptoquark S (see, e.g., [40] for a review) with charges
3. 1,1) under the mirrored gauge symmetry SU(3)’ x
SU(2);, x U(1)'. The relevant couplings are

LD =187(QTCQ) = 1S (dTCrg) + He.,  (16)

where SU(3)’ and SU(2)/, indices are implicit, Q' = (Z;)
L

d = df, and C is the charge-conjugation matrix. The only
gauge-invariant operator involving SM leptons is the one
above, which couples the leptoquark to vg, a singlet under
both the SM and the mirror sector gauge symmetries. Note
that mirror-nucleon decays produce antineutrinos in this
picture. If neutrinos are quasi-Dirac particles, the mirror-
nucleon decays into ok, which in turn can oscillate to active
SM antineutrinos via ultralong-baseline oscillations. This
scenario would induce an additional suppression to the
visible neutrino flux by the sterile-to-active oscillation
probability. Alternatively, if neutrinos are Majorana and
vy is heavy and mixes with light neutrinos, then the mirror-
nucleon decays can directly produce active neutrinos
through mixing. In this case, the decay rate is suppressed
by a small mixing factor, but if v is heavier than n’, then all
mirror-nucleon decays will produce a visible neutrino flux.
The exact flavor composition of the neutrinos from mirror-
baryon decay is in principle arbitrary, so for simplicity we
assume flavor equipartition at Earth.

Integrating out the leptoquark, we find that the neutron
decay rate is

(m% - mizz)z G%w
32z m,

['(n' — mjog) = 5 (17

[{molQ'Q'd'|n')

where G,, = 414, /Mg,] . We can borrow the lattice QCD

calculations for proton decay to estimate |(z,|Q'Q'd'|n’)| ~
0.15 GeV? [41]. For the benchmark of I'(n’ — #jp) =T,
we get

G, =2x10712 GeV2, (18)

which for 2,2, = 0(0.1), gives Mg ~ O(200 TeV). The
same model will also lead to p’ — z’_ U decays with a decay
rate analogous to that of Eq. (17). Note that
Iy =T - plet)+T(n - njp), so raising the lep-
toquark mass will recover the coincidence I', ~T",, and
facilitate the transition chain n — n’ — p’ — U shown at
the bottom of Fig. 1. Mirror-nucleon decays in this example
of UV completion produce antineutrinos, however, neu-
trino and antineutrino cross sections are approximately the

56Fe + ’/cl\-l}:LL S0pe* 35 Fe +n

n—-n n-7v,+e +(p, =7 V)

FIG. 1. The photo-disintegration process of an iron UHE
cosmic ray (top). We also show the n — n’ oscillation with
two options for subsequent mirror-baryon decays: n’' — myv
(middle) or n’ beta-decay followed by p’. — z,v (bottom).

same at the energies we are interested in, so this difference
has little consequence for the phenomenology.

Finally, we note that the tiny mass splittings ém = m,, —
My < €,y ~O(107'8) eV considered here are fine-tuned
from a theoretical point of view. This is because the mirror
symmetry cannot be exact in nature, as otherwise the
number of degrees of freedom in the early Universe would

t in rest frame s
10° 10! 102 103 10*

Composition

101 10° 10! 102
L [kpc] for E, = 108 eV

FIG. 2. The time dependence of a system initialized as a
neutron with E = 10'® eV in terms of its fractional composition
! 05

(stacked). Here, |p') = |#(v) or |p') = |p'e'D,) is the daughter
state produced by n’ decays.
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Enn//ev
FIG. 3. The time-asymptotic probability of n — n’ — v¢ tran-

sition as a function of the mass mixing parameter ¢,, and the
ratio of the n’ to n decay width.

be twice as large [33,34]. In our construction, this is also
evident in the fact that the mirror baryon number B’ is
violated while the SM baryon number B remains conserved
up to n — n’ mixing, which breaks B — B’. As a consequence,
the running of «, and « differ and, therefore, so does the
QCD scale, making the choice of 6m < ¢,y ~ O(107'% V)
in the IR a fine-tuned one [42,43].

D. Existing constraints

Disappearance of ultra cold neutrons: The n—n'
conversion causes additional disappearance of ultracold
neutrons in the laboratory. This can be constrained by:
(i) measurements of the neutron lifetimes with UCNs such
as in the UCNrz experiment [44], (ii) direct searches for
n — n’ transitions with UCNs such as in the nEDM experi-
ment at PSI [38]. While the former is performed in a large
magnetic field setting, the latter exploits tiny magnetic
fields, setting a limit on the mass mixing parameter of
€ < 1/(352s) =187 x 10718 eV. The setup corre-
sponds to a neutron storage bottle subject to three magnetic
field configurations: B, —B, and B = 0, with runs at B =
10 pT and B = 20 pT. Other dedicated searches for UCN
disappearance have also reported null results, but are not
sensitive to the extreme degeneracy we consider here
[45-50]. UCN disappearance is sensitive to 1 —P,_,
and so are independent of I'/T" and the details of the
invisible mirror-neutron decay.

Nuclear stability: Nuclear stability in the SM is ensured
by the small mass difference between the neutron and
the proton. Oscillations of n — n’ with subsequent large-
energy-release n’ decay can spoil this delicate balance.
Searches for invisible neutron decay in '*C and '°O at
underground detectors such as KamLAND [51], Borexino
[52], and SNO [53,54] are the most sensitive to these
effects. Specifically, SNO+ sets the stringiest limit of
7(n — inv) > 9 x 10% years [55].

For the significant degeneracy between n and n’ masses
considered here, the n — »’ transition in nuclei is extremely
rare thanks to the large nuclear potential felt by the neutron.
While in vacuum the mixing angle of the two-state system
is maximal, 0, ~ /4 for ém — 0, in nuclei, it is sup-
pressed by a strong hierarchy of scales,

| .\ (10 MeV
grustei - 10725 S . (19
n ) (10—18 eV>< AE, > (19)

For instance, taking 7,, = 7,, we can estimate

. Ty
7(1%0 - 1O* +inv) ~ 8@

nn'

~O(10* years),  (20)

far beyond experimental limits.

Protons can also decay via p* — z7(n - n’ - inv)
if the final states of the n’ decay are lighter than
m, —m,. Searches for the analogous two-body decay
channel to a pion and a neutrino constrain 7(p™ — 77v) <
3.9 x 1032 years [56]. Because proton decay proceeds
through an off-shell neutron oscillation n — n’, the vir-
tuality of the neutron suppresses the oscillation, where now
AE in Eq. (19) is approximately AE ~ 100 MeV.
Therefore, both nuclear and proton stability limits do not
rule out the parameter space considered here.

Neutron stars: One of the strongest limits on the ¢,,,
mixing arises from considerations of the late time neutron
star heating, as continuing transfer of n to n’ creates
vacancies on the Fermi sea of nucleons, that are filled
with O(Ey) energy release [57-61]. We note that in our
scenario, the corresponding limits can be somewhat
stronger. This is because subsequent decay of n’ to
neutrinos will deposit up to m,/2 energy due to the
neutrino energy loss inside the star. Therefore the con-
straints on ¢,, can be strengthened by a factor of a
O((my/(2Ef)))"/? ~ few, compared to those derived in,
e.g., Refs. [60,62]. This strengthening of the bounds can be
avoided if the birth of the SM neutrino is preceded by a
light dark state, such as vp, that escape the star before
decaying or oscillating into ordinary neutrinos.

III. RESULTS AND DISCUSSION

In Fig. 4, we show the cosmogenic neutrino plus
antineutrino flux per flavor in our cosmic ray benchmark
model. We assume a flavor equipartition at Earth,
(ve: v,iv,) = (1:1:1). The various blue curves include
neutrinos from ordinary pion and neutron decays, as well as
from B’-violating decays for various assumptions of the
IGM magnetic field Bjgy. The latter modifies the n — n’
oscillation probability by effectively suppressing the n — n’
mixing angle due to the energy splitting in Eq. (2). For
Bigm = 10713 G, the oscillation is suppressed enough that
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FIG. 4. The single-flavor v + o flux from n’ — zjv or p’, — #',v decay processes (blue lines) for ¢,,, = 10718 eV, I, =T, and
varying values of the intergalactic magnetic field B;gy;. The shading between the blue curves are purely to guide the eye. The data point
in different shades of blue shows the 16, 20, and 30 ranges of the neutrino flux to explain the KM3-230213A event at KM3NeT under
the assumption of a clipped single-power law flux of constant E°®]f in the range 72 PeV < E, < 2.6 EeV. Also shown are the
existing limits on a diffuse cosmogenic flux from IceCube [17,27], Pierre Auger [15], and ANTARES [63], as well as the measured
astrophysical neutrino spectrum in three IceCube analyses: High-Energy Starting Events (HESE) [22] Northern Starting Tracks (NST)

[64], and the Downgoing PeV (DPeV) sample [65].

the neutrino flux from SM processes, such as z* decay,
dominates.

We also show the segmented-flux data points from the
astrophysical neutrino analyses at IceCube, including the
following samples: High-Energy Starting Events (HESE)
[22], the Northern Starting Tracks (NST) [64], and the
Downgoing PeV (DPeV) [65], each under the assumption
of a single, unbroken power law. The best-fit and the
uncertainty band of the power law flux are shown as a solid
line and shaded region within the relevant energy region of
each analysis. The extrapolation to high energies is shown
as a continuation of the latter in dashed lines and lighter
tones.

The diffuse flux needed to explain the one event from
KM3NeT [21] under the assumption of an E~%> power-law
flux is shown as a blue datapoint, including the 1o, 20, 30
vertical error bars as different shades of blue. The hori-
zontal error bar stands for the central 90% CL interval on
the reconstructed neutrino energy of the event. The diffuse
fluxes excluded by IceCube [17,27], Pierre-Auger [15], and
ANTARES [63] are shown as gray shaded regions. In
particular, the search in [17] is in strong tension with a
cosmogenic neutrino flux explanation of the KM3NeT
event, as explained in [23].

Figure 5 shows the future sensitivity of radio telescopes
such as RNO-G [66,67], TAMBO [68], Trinity-18 [69], and
POEMMA30 [70]. Eventually, IceCube-Gen2 [71,72] will
improve IceCube’s sensitivity to even lower cosmogenic

fluxes. These could help determine the presence and origin
of a cosmogenic neutrino flux. With more PA and TA data,
one can even speculate on an even stronger tension between
the CR composition and cosmogenic models, motivating
alternative cosmogenic neutrino scenarios, such as strong
in-source radiation fields, or new physics constructions
such as our own.

A. Dependence on cosmic ray model

The left panel of Fig. 6 shows the total cosmogenic flux
separated into the primary CR composition. The GZK
process on protons is responsible for a few UHE neutrons
that can oscillate to mirror neutrons at the highest energies,
visible as a red peak. The vast majority of new-physics-
induced neutrinos come from nuclear photo-disintegration
at lower energies. Due to the dominance of nitrogen in the
CR population for our benchmark model (see Appendix),
this component dominates the cosmogenic flux, suggesting
that most CR neutrons arise from intermediate mass nuclei.
Neutrinos from standard photo-meson production and
neutron beta decay are shown in gray. Due to the limited
sample size of our simulation, this flux is only visible up
to E, ~2 x 10° GeV.

The right panel of Fig. 6 shows the total cosmogenic
neutrino flux in the presence of new physics for varying
assumptions on the CR source evolution parameters,
namely m and z,,,.. We vary m and z,,, but keep them
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FIG. 5. Same as Fig. 4, but including the sensitivity of future radio experiments as different colors and dashed styles for RNO-G

[66,67], TAMBO [68], Trinity-18 [69], POEMA30 [70], and IceCube-Gen2 [71,72]. Also shown is the joint fit to IceCube and KM3NeT
of [24] under the clipped single-power-law flux of constant E>®]% ;.

the same for both the LE and HE CR components. We
assume Bigy = 0 in this case as well. As expected, for
strongly positive source evolutions, the neutrino flux can be
enhanced, especially for larger CR horizons, z,,,. As we
vary the source evolution, we neglect the fact that for
different m and z,,,,, the primary CR composition fractions
could change in order to accommodate the PA data on
Earth.

For a source evolution of m = 3, the expected number of
events at KM3NeT for 335 days of exposure is between
0.14 and 0.016 for Bgy; in the range of 0 to 1013 G. The
probability of these fluxes producing a single event at

-6
. 10 S(z)oc (1+2)" | m=0] 2max = 3
[T
T
21078 4
lE [ Total
S 10794 71 GZK v
% CJ {H @ —v)
o 10—10 4 3He (n' = v)
g_“i N (n' —»)
— . /
0’?‘} 1071 4 13Si (> v)
N 1 38Fe (n/ — v)
10712 T T } T
104 106 108 1010

E, [GeV]

KM3NeT is then 12% and 1.4%. The corresponding range
of events in the IceCube analysis of Ref. [17] is between
10 — 0.90 events, further illustrating the tension between
the two experiments under a diffuse flux interpretation of
KM3-230213A. These rates should also be contrasted with
the expected cosmogenic neutrino rate of our CR bench-
mark model without new physics, which at KM3NeT and
IceCube is 0.015 and 0.8, respectively. Therefore, in this
CR model, the novel neutron decays can enhance the
expected cosmogenic rate by over an order of magnitude.
The largest uncertainties in this prediction is associated
with the CR model and the exact composition of cosmic

10-6

[ zmax=3and -5 <m <5
10~7 4 [ zZmax=1land -5<m <5

10784 ST .
1079 4
10—10 4

10—11 o

B2l [GeV em™2 571 sr71]

10712

104 10° 106 107 108 10° 1010
E, [GeV]

FIG. 6. Left: the cosmogenic neutrino flux of Fig. 4 with Bigy = 0 separated into the primary CR components of our benchmark
scenario (see Appendix). We show each individual flux from new physics (colored solid lines, not stacked), the total cosmogenic flux
from standard GZK processes (dashed gray), as well as the total cosmogenic flux (black solid line). Right: the total cosmogenic neutrino
flux for Bigy = O for various assumptions on the source evolution. The flux envelope is defined by the two extreme values of
—5 <m < 5 and is shown for fixed z,,, = 1 (blue) and z,,, = 3 (red). Here, m and z,,, are varied for both the LE and HE CR

components (note this differs from the choices made in Ref. [19]).
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rays. Indeed, the number of neutrons in the CR spectrum is
ultimately unknown and is hard to directly constrain due to
its short-lifetime. The heavier the composition of UHE CRs
at the sources, the more neutrons are produced and the
larger the potential new physics flux can be.!

We emphasize that a low CR proton fraction on Earth
does not necessarily imply an unobservable cosmogenic
neutrino flux since strong radiation fields around UHECR
sources can be effective proton absorbers and neutrino
emitters [74,75] (for a recent review, see [76]). This is the
case for high-luminosity active galactic nuclei (AGN)
[77,78], where the photon density is high enough for
trapped UHECRs to undergo photodisintegration and
photopion production, boosting the neutrino emission
and suppressing the observable UHE CR proton fraction.
In addition, it has been pointed out that PA data does not
exclude a proton fraction of O(10%) in certain CR
evolution models [26]. Therefore, disentangling a new
physics explanation from more mundane astrophysical
effects is challenging without complementary direct evi-
dence for the new physics in the laboratory. In this case,
improving limits on the disappearance of ultracold neutrons
to timescales above the neutron lifetime would be the most
effective way to constrain our scenario.

The CR composition can also be constrained by a
cosmogenic UHE photon flux [79], which, similarly to
neutrinos, is also enhanced for a pure proton composition.
In this context, a gamma ray follow up to the KM3NeT
event is already constrained but may still be on the way to
reveal the original source of the CRs [80]. In our model, it is
possible that if CR composition of the source has suffi-
ciently small proton fraction, then a gamma-ray coinci-
dence is not necessarily present. If observed, however, one
can entertain the possibility of n’ — 7% — yyv decays,
which would provide a strong correlation between gamma
rays and neutrinos.

Furthermore, the neutron portal can be explored in more
ways in order to enhance or mimic a cosmogenic neutrino
flux. For instance, our neutron portal may produce dark
particles that interact with ordinary matter and fake the
signal of cosmogenic neutrinos. A dark particle y produced
in n) — yy decays can upscatter into a heavier state y* as it
crosses the Earth atmosphere, subsequently decaying to
charged leptons. This process is analogous to neutrino
scattering, but is now associated with two length scales: the
upscattering length of y on SM nucleons and the decay
length of y* back to SM particles. This scenario is akin to
the one discussed in [81], from which we can conclude that
for 6,y n ~ O(107% cm?) and 7, 2 O(10~*s) at EeV
energies, one could also explain the anomalous events in
ANITA-V [82,83]. In these models, the flux of new

'In fact, some authors speculate on the presence of ultraheavy
nuclei [73], which, while rare, can be effective sources of
photodisintegration neutrons.

particles y should be similar to that of UHE CRs. Our
neutron portal provides a natural explanation of this
coincidence.

IV. CONCLUSIONS

We presented a new physics portal to UHE cosmogenic
neutrinos based on oscillations between free neutrons and
mirror-neutrons in the intergalactic medium. While cosmo-
genic neutrinos are usually associated with a large CR
proton fraction, we showed that a UHE CR spectrum made
exclusively of heavy nuclei can lead to a large and
observable cosmogenic neutrino flux on Earth in the
presence of new physics. This mechanism is independent
of other neutrino production mechanisms in the sources and
relies solely on the unavoidable disintegration of UHE
nuclei on the cosmic microwave and infrared background
permeating the intergalactic medium. In these unique
conditions, neutrons behave almost like free particles
and can undergo oscillations into a degenerate state in
the mirror or dark sector provided intergalactic magnetic
fields are sufficiently small. As oscillations develop,
mirror-baryon-number-violating decays of mirror neutrons
or protons can release a significant fraction of their energy
to daughter neutrinos—unlike ordinary beta decay, where
neutrinos carry only an O(107*) fraction of the parent
energy.

For oscillations to efficiently populate the mirror
sector, the n —n' mixing must be of order ¢,, =T, ~
7.5 x 10712 eV, otherwise, oscillations would be cut short
by neutron decay. This can be directly tested via UCN
disappearance searches, offering a way to probe this model
that is independent of UHE CR composition measure-
ments, which are subject to significant hadronic and source
uncertainties. Using a simplified CR source model, we
showed that our scenario accommodates the preference
for a heavier CR nuclei composition while still yielding
an observable flux of UHE neutrinos in the case of a
Bigm ~ O(1071 G). The signal prediction from n’ or p’
decays is significantly impacted by the choice of CR
model, in particular on the exact composition, the source
evolution, and the maximum propagation distance used in
the simulations. Therefore, improved CR and neutrino flux
measurements will be paramount to pin down the exact
parameters of the underlying particle physics model.

Like other potential new physics scenarios for an
enhanced cosmogenic neutrino flux from a subpopulation
of CR protons [26] or new physics such as heavy dark
matter decay or primordial black holes (PBH) [84-92], our
scenario may explain the KM3-230213A event but it would
not explain the lack of observation of UHE cosmogenic
neutrinos at IceCube (for recent new physics proposal to
explain this tension, see [93]). In addition, unlike some DM
decay scenarios and all PBH explanations, our model does
not predict associated gamma-ray signatures as the n’ or p’
decays only produce neutrinos and other mirror particles.
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While we focused on the diffuse and steady flux of
neutrinos from CRs, it is also possible that transient CR
sources produce neutrinos through our mechanism. In that
case, one also does not necessarily expect a novel source of
gamma rays above what is already standard for CR
propagation and z° production, for instance (see [94] for
a recent discussion on gamma-rays follow-ups to KM3-
230213A). Our scenario is also distinct from PBH and dark
matter proposals in that the UHE neutrino flux is strongly
correlated with the cosmic ray composition, energy spec-
trum, redshift evolution, and intergalactic magnetic fields.

More data from IceCube and KM3NeT, as well as from
future neutrino telescopes, can help determine if a diffuse
cosmogenic neutrino flux has indeed been observed. At the
same time, more data from CR observatories, such as with
the latest PA upgrade AugerPrime [95], can teach us more
about the composition of UHE CRs. Before then, we
encourage experimental searches for the disappearance
of UCN in near-vacuum conditions that aim to reproduce
the conditions of intergalactic space. This can be achieved,
for example, with larger UCN storage vessels or better
precision on the measurement of their disappearance,
targeting oscillation times somewhat longer than the
neutron lifetime. Other interesting future directions to
consider include investigating the production of other
visible particles in mirror-baryon decays, such as in
n' — va®. In that case, we expect a strong correlation
between UHE neutrino and gamma-ray fluxes, as well as
visible mirror-baryon-number-violating decays in the lab.
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APPENDIX: SIMULATING UHE CRS

To simulate the cosmic ray evolution through the
Universe and estimate the resulting cosmogenic neutrino
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FIG. 7. The injected spectrum of CRs at the sources following
our CR model benchmark (scenario (2) of PA [19]). The low-
energy (LE) and high-energy (HE) components are shown
separately for various CR chemical compositions at the sources.

flux from the neutron portal to new physics, we make use of
CRPropa3.2 [29]. Our modeling of UHE CRs follows the
latest Pierre Auger analysis [19] closely, where CR sources
are assumed to be continuously distributed in redshift z
following some parametrization S(z) = (1 + z)™, for an
integer m. CRPropa uses the TALYS [96] for nuclear
photodisintegration reactions and we use the EBL model
from [97]. Cosmic rays are propagated in a one-dimen-
sional simulation neglecting magnetic fields, which is a
good approximation for the EeV energies considered here.

The energy injection spectrum for our benchmark CR
scenario is shown in Fig. 7, separating the CRs into low-
energy (LE) and high-energy (HE) populations. This
corresponds to scenario (2) of Table 1 in Ref. [19]. We
find similar qualitative results for scenario (1). The element
fractions, luminosity, and maximum rigidity were fit to data
in [19], where a good fit to composition and energy
spectrum was observed. The injection spectrum for a CR
population of a nucleus of mass number A and atomic
number Z was parametrized according to

NAVL if E < ZR,,.,
Oa(E) = Q4| ) (1-5) . (A1)
0 e\ %) if E>ZR

max»

with the total spectrum given by Q = >, Q4. Here, y is
the spectral index and R, the maximum rigidity for a
given CR population. The total energy injected is then
given by J, = [, g EQ4(E)dE, with element fractions
Iy =Ja/ (D 4 J4). We neglect any galactic CR component.
The observed and propagated CR spectrum is then nor-
malized to PA data at Ecg = 10'7% eV, which then
determines the neutrino fluxes on Earth. We assume that
neutron disappearance does not impact the fit to cosmic ray
data. This approximation is justified if protons from the
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decay of neutrons produced by photodisintegration or by
the GZK process do not contribute significantly to the CR
spectrum, which we find to be the case.

To obtain the new flux of neutrinos from B’-violating
decays, we select events with neutrinos emitted in neutron

beta decay and modify their properties accordingly. The
differential decay rate is assumed to be proportional to
(1-E,/E,). We show our results for the case n' — vz,
but those for p/, — v/, will be similar since p’ takes most
of the n’ energy in the mirror beta decay process.
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