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Abstract
Based on a newly proposed mirror-matter model of neutron-mirror neutron (n − n0 ) oscillations,
the puzzles related to ultrahigh-energy cosmic rays (UHECRs) are explained. In particular, the
phenomena around the Greisen-Zatsepin-Kuzmin (GZK) cutoff for UHECRs can be well understood
under the new mirror matter model assuming a mirror-to-ordinary temperature ratio of T 0 /T ∼ 0.3.
The suppression factor of the GZK effect due to the opacity of cosmic microwave background is
calculated and agrees with the observations well. Most of the super-GZK events (i.e., above the
GZK cutoff), as predicted in the new model, come from mirror matter sources that are invisible
to electromagnetic telescopes and can penetrate the mirror cosmic microwave background at much
further distances. Most remarkably, the anti-correlation between super-GZK and sub-GZK events
in the hotspot observed by the Telescope Array (TA) collaboration can be naturally understood in
this model. The possible correlations between the UHECRs from the TA hotspot and other nearby
powerful sources such as high energy neutrinos detected by IceCube, the largest black hole merger
(GW170729) observed by LIGO, and the hottest star-forming supercluster Lynx Arc, are discussed
as well under the new theory.
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Ultrahigh-energy cosmic rays (UHECRs) with energies up to the order of 1020 eV have
become a window for search of new physics beyond the standard model as some of these
high energy particles are millions of times more energetic than anything we can produce at
the most powerful accelerator on the planet (see Refs. [1, 2] for recent reviews on UHECRs).
The UHECR protons can lose energy by interacting with relic photons of cosmic microwave
background (CMB) via the following photopion reactions,
p + γ → n + π + (p + π 0 )

(1)

where the threshold energy can be estimated from
Ep ≥

mπ mp + m2π /2
mπ mp + m2π /2
≥
≡ EGZK ∼ 6 × 1019 eV
Eγ (1 − cos θ)
2Eγ

(2)

for the typical relic photon energy Eγ = 10−3 eV corresponding to the CMB temperature of
2.73 K. On average, protons (or neutrons similarly) with energy above EGZK lose about 20%
energy per scattering and the mean free path of the photopion reactions can be estimated
by lπ = 1/(σπ nγ ) ∼ 107 lightyears where the photopion cross section σπ ∼ 0.2 mb and relic
photon number density nγ = 500 cm−3 . Therefore, UHECR protons will quickly lose most
of their energy to stay below EGZK when propagating at large cosmological distances and
being scattered up to 103 times. The cosmic ray spectrum will show an abrupt cutoff at
the so-called Greisen-Zatsepin-Kuzmin (GZK) limit EGZK due to the opacity of CMB [3, 4].
Indeed, such a suppression at energies of 4 − 6 × 1019 eV was observed by large UHECR
detector arrays [5, 6].
However, there are quite a few puzzles for the UHECRs. One of the main problems
is where the UHECRs come from. As widely accepted, UHECRs, at least with energies
above 1019 eV, have an extra-galactic origin, which was essentially confirmed by anisotropy
observations by the Pierre Auger and Telescope Array (TA) collaborations [7–9]. These
UHECR particles are nearly unaffected by galactic and intergalactic magnetic fields and the
mapping of their directionality should help identify the location of the sources. But there
have been observations of super-GZK events with energies above 1020 eV that are difficult
to explain under the GZK effect and in addition, no obvious sources can be connected to
these events within the CMB attenuated distance [9–11]. UHECR mass composition is
typically inferred from observations of the extensive air showers, i.e., the depth where the
shower reaches its maximum, and depends on the models of hadronic interactions at extreme
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energies. Heavier composition at higher energies was used to fit the energy spectrum of
UHECRs [1, 2]. However, new physics beyond the standard model at such high energies
could make UHECR protons appear heavier under the normal interpretation [12, 13]. New
insights in hadron physics rather than the heavy nuclei assumption are needed for us to fully
understand the air shower physics including the muon excess puzzle. In particular, Farrar
and Allen [12] suggested a chiral symmetry restoration model that can provide a remarkably
consistent description of air shower observations with UHECRs as pure protons and is in
line with the idea of staged quark condensation [14]. In addition, nucleosynthesis from big
bang and stars indicates that hydrogen is much more abundant than other heavy elements
and more so in the early Universe. Therefore, protons should be a natural dominant source
for UHECRs.
An even more puzzling observation by the TA collaboration [9] shows that in the hotspot
direction there is a deficit of sub-GZK events with energies in between 1019.2 and 1019.75 eV
and an excess for super-GZK events (E > 1019.75 eV), which seems to indicate that subGZK and super-GZK events have different origins. On the other hand, the UHECRs from
the hotspot observed by the TA collaboration are likely correlated with IceCube neutrinos
[15, 16], which may indicate a single source origin for both UHECRs and neutrinos.
In the following, the above-discussed puzzles of UHECRs will be explained naturally under
the newly developed n−n0 oscillation model [17]. It is based on the mirror matter theory [18–
26], that is, two sectors of particles have similar yet separate gauge interactions within their
own sector but share the same gravitational force. Such a mirror matter theory has appealing
theoretical features. For example, it can be embedded in the E8 ⊗ E80 superstring theory
[21, 27, 28] and it can also be a natural extension of recently developed twin Higgs models
[29, 30] that protect the Higgs mass from quadratic divergences and hence solve the hierarchy
or fine-tuning problem. The mirror symmetry or twin Higgs mechanism is particularly
intriguing as the Large Hadron Collider has found no evidence of supersymmetry so far and
we may not need supersymmetry, at least not below energies of 10 TeV. The new mirror
matter model can consistently and quantitatively explain various intriguing phenomena and
observations in the universe including the neutron lifetime puzzle and dark-to-baryon matter
ratio [17], evolution and nucleosynthesis in stars [31], matter-antimatter asymmetry of the
universe [14], unitarity of the CKM matrix [32], invisible decays of neutral hadrons [33], and
dark energy [34]. Further development of the model into a dynamic supersymmetric mirror
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theory can be seen in Refs. [35, 36] and applied to understand the nature of black holes [37].
In this new mirror matter model [17], no cross-sector interaction is introduced, unlike
other n − n0 type models. The critical assumption of this model is that the mirror symmetry
is spontaneously broken by the uneven Higgs vacuum in the two sectors, i.e., < φ >6=< φ0 >,
although very slightly (on a relative breaking scale of 10−15 –10−14 ) [17]. When fermion
particles obtain their mass from the Yukawa coupling, it automatically leads to the mirror
mixing for neutral particles, i.e., the basis of mass eigenstates is not the same as that of
mirror eigenstates, similar to the case of ordinary neutrino oscillations due to the family or
generation mixing. Further details of the model can be found in Ref. [17].
The immediate result of this model is the probability of n − n0 oscillations in vacuum
[17],
1
Pnn0 (t) = sin2 (2θ) sin2 ( ∆nn0 t)
2

(3)

where θ is the n−n0 mixing angle and sin2 (2θ) denotes the mixing strength of about 2×10−5 ,
t is the propagation time, ∆nn0 = mn2 − mn1 is the small mass difference of the two mass
eigenstates of about 2 × 10−6 eV [17], and natural units (~ = c = 1) are used for simplicity.
Note that the equation is valid even for relativistic neutrons and in this case t is the proper
time in the particle’s rest frame. The two model parameters of sin2 (2θ) and ∆nn0 are fairly
well constrained by neutron lifetime measurements and observation of dark matter and
baryon asymmetry [14, 17]. In this work, we will present an estimate on the cosmology
parameter of the model, i.e., the CMB temperature ratio of the two sectors.
For neutrons travel in the CMB medium, each collision or interaction with a relic photon
will collapse the oscillating wave function into a mirror eigenstate, in other words, during
mean free flight time τf the n − n0 transition probability is Pnn0 (τf ). The number of such
collisions will be 1/τf in a unit time. Therefore, the transition rate of n − n0 for in-medium
neutrons is [17],
λnn0 =

1
1
sin2 (2θ) < sin2 ( ∆nn0 τf ) > .
τf
2

(4)

Note that the Mikheyev-Smirnov-Wolfenstein (MSW) matter effect [38, 39], i.e., coherent
forward scattering that could affect the oscillations is negligible as the neutron-photon scattering cross section is very small [40] and the CMB photon density is too low (see more
details for in-medium n − n0 oscillations from Ref. [31]).
Explanation of excess of super-GZK protons was attempted under the consideration of
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n − n0 oscillations with a different mechanism as discussed in Ref. [41] with a caveat of
unrealistic constraints on galactic and intergalactic magnetic fields. Under the new n − n0
oscillation model, the situation is different. For super-GZK protons around energy of Ep =
2 × 1020 eV, the Lorentz factor γ = Ep /mp ∼ 2 × 1011 and the pair production reaction
(pγ → pe− e+ ) has a higher cross section of about 10 mb [42] leading to the corresponding
mean free path of lpair ∼ 2 × 105 lightyears in the ordinary world. Note that lpair is much
shorter than lπ and we will demonstrate below how this can affect n − n0 oscillations and
alleviate the suppression of super-GZK events to agree with the observations.
Both ordinary and mirror sectors have almost identical micro-physics and parameters
except the mirror world may have a much lower temperature T 0 than the ordinary world
temperature T [14, 17, 21, 23, 24, 43]. To be consistent with the results of the standard
big bang nucleosynthesis (BBN) model, in particular, the well known primordial helium
abundance, a strict requirement of T 0 /T < 1/2 at BBN temperatures [21, 23, 24, 43] has to
be met to ensure a slow enough expansion of the universe. Such a temperature condition
can naturally occur after the early inflation and subsequent reheating [21, 43].
For the mirror world with a lower CMB temperature that meets the above requirement,
for example, a typical ratio of x = T 0 /T ∼ 0.3 [41], the mean free path of UHECR mirror
protons will be l0 = x−3 l ∼ 40l for both photopion and e− e+ pair production reactions.
The pγ and nγ cross sections should be similar for photopion and pair production reactions,
respectively. Therefore, the mean free flight time for a super-GZK neutron in its rest frame
τf = lpair /(γc) ∼ 20 s and the corresponding mean free flight time in the mirror world would
0
be τf0 = lpair
/(γc) ∼ 800 s. Then we can estimate the fraction of the successful n − n0

transition in the ordinary world,
f=

1
τβ
τβ
sin2 (2θ) < sin2 ( ∆nn0 τβ ) >= 10−5 ∼ 5 × 10−4
τf
2
τf

(5)

where τβ = 888 s is the neutron β-decay lifetime [17] and f 0 = 10−5 can be obtained similarly
for the mirror world.
We first consider the n − n0 oscillations from the ordinary sector. A super-GZK proton is
first converted to a neutron by photopion reaction that then oscillate into a mirror neutron.
The mirror neutron/proton can travel in the mirror CMB medium x−3 ∼ 40 times as far as
the ordinary one. Before it arrives on Earth, it oscillates back into an ordinary neutron. In
this two-step oscillation scenario, the overall suppression factor for super-GZK events would
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be f × f 0 = 5 × 10−9 which is too small to be observed.
On the contrary, the super-GZK events could be from the mirror world. In this case, A
super-GZK mirror proton travels in the mirror CMB medium up to 40 times as far as the
ordinary one in the ordinary world. When it is close to the Earth, it is converted to a mirror
neutron by mirror photopion reaction that is then oscillated into an ordinary neutron. Since
the mirror world is about 5.4 times as dense as the ordinary world inferred from the observed
dark-to-baryon matter density ratio [17] and the mean free path is 40 times as large, we can
obtain an enhancement factor for the super-GZK events of about 200. Under this scenario,
therefore, the overall suppression factor for super-GZK events would be 200 × f 0 = 2 × 10−3
which is very similar to the suppression factor of the UHECR flux J(E) at E = 2 × 1020 eV
due to the GZK cutoff observed by the Auger and TA collaborations [44, 45].
The new n − n0 oscillation model [17], as discussed above, essentially predicts that most
of the observed UHECR protons above EGZK come from the mirror sources. As the mirror
objects can not be directly observed via electromagnetic radiation, this naturally explains
why the super-GZK events could not be connected with any ordinary sources [9–11]. In
addition, mirror UHECR protons with energies below EGZK from the same source have
no chance to transition to ordinary ones as the energy is below the threshold of mirror
photopion reaction. Accordingly the observed super-GZK events appear alone without lower
energy companions, which explains the observed anti-correlation between super-GZK and
sub-GZK events by the TA collaboration [9]. As discussed above, the super-GZK events
stem mainly from the mirror UHECR sources while the sub-GZK events are dominated by
the ordinary sources. As confirmed by observations, these UHECRs are of extra-galactic
origin and anisotropic in the arrival directions [7–9]. The deficit of sub-GZK events in
the TA super-GZK hotspot, therefore, means that strong mirror sources and less ordinary
sources are aligned in this direction. Under the mirror-matter theory, such inhomogeneities
are typically generated in the early universe during the structure formation and segregation
of ordinary and mirror matter at large scales [20, 21].
In the new mirror matter model [17], not only neutrons but other neutral particles oscillate as well. In particular, neutrino-mirror neutrino oscillations will follow the transition
probability,
∆2νν 0
t)
(6)
4E
eV2 is much smaller than the mass difference in

Pνν 0 (t) = sin2 (2θνν 0 ) sin2 (
where the mass difference ∆2νν 0 ∼ 10−18
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normal neutrino flavor mixing [17], E is the neutrino energy, and t is the propagation time
in the Earth frame. The mixing angle θνν 0 should be similar to the values in neutrino flavor
oscillations and hence the mixing strength should be fairly large, i.e., sin2 (2θνν 0 ) & 0.1. To
make the propagation factor averaged to 1/2 for neutrinos of E ∼ 1014 eV observed by the
IceCube collaboration [15, 16], the source distance has to be larger than 3 × 109 lightyears.
For super-GZK events from the ordinary world, the source distance has to be constrained
within 3 × 108 lightyears due to the GZK effect [46]. However, that distance can be relaxed
to 1010 lightyears or more (close to the size of our visible Universe) for the mirror sources
depending on the parameter of x = T 0 /T . Therefore, if a mirror source accounted for the
super-GZK events emits mirror neutrinos of E = 1014 eV at the same time, a significant
portion of these mirror neutrinos will oscillate into ordinary neutrinos and be detected at
the Earth by neutrino detectors in coincidence with the UHECR protons. Even if the
vacuum mixing strength is low, such high energy mirror neutrinos could experience resonant
oscillations due to the mirror MSW matter effect ending up with more ordinary neutrinos
[39]. The observed correlation between the super-GZK events from the TA hotspot and
neutrinos detected by the IceCube observatory [15, 16] shows evidence of such a possible
mirror source.
The TA super-GZK hotspot (about 20◦ in size) at 9h 16m , 45◦ [9] could be located in
the same direction of the largest black hole merger (GW170729) observed by LIGO [47].
No optical counterpart has been identified for these black hole mergers which could very
well reside in mirror matter dominated regions. In addition, the luminosity distance of
GW170729 is estimated at 2750 ± 1350 Mpc [47] which is consistent with the estimate for
the super-GZK events and the requirement for the neutrino-UHECR coincidences discussed
above. In a similar direction (8h 48m , 44◦ 550 ), the hottest and largest star-forming region
Lynx Arc was also found at a comparable distance of about 1.2 × 1010 ly with gravitational
lensing technique [48]. This TA hotspot may have started to reveal one of the most active
and powerful mirror matter sources in the early universe and it certainly deserves further
and more detailed studies.
Such super-GZK events from much more distant mirror sources rather than closer ordinary ones may indicate that the most powerful acceleration sites for UHECRs are at the
early stages of (mirror) star and galaxy formation in the early universe. So are the sites
for the most massive black hole mergers and the hottest star-forming regions. Even if these
7

sites in the early universe produce ordinary super-GZK protons, we can not observe them
on Earth today due to the large cosmological distance and the opacity of CMB. The ones
created by nearby sites at the early time are long gone from our local region. For this reason
most of the observed super-GZK events should come from mirror sources at far distances on
the order of 1010 ly. We need more UHECR observatories, in particular, the ones in space
[49] to discover more of these super-GZK sources.
To conclude, the new mirror-matter theory provides a natural explanation for various puzzles related to UHECRs assuming a mirror-to-ordinary CMB temperature ratio of
T 0 /T ∼ 0.3. The super-GZK events reveal some of the most energetic mirror matter sources
in the universe and may one day present clues on how super-GZK particles are accelerated.
In the era of multimessenger astrophysics other types of detection via gravitational waves
and neutrinos correlated to the super-GZK events are necessary for further understanding
of the mirror sources. In particular, more data for correlation between super-GZK hotspots
and high energy neutrinos should be pursued. Gravitational lensing studies near the superGZK hotspots may show us more about the mirror sources and provide further test of the
new mirror-matter model.
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