
Extremely
Energetic Cosmic

Rays:
A signal to new
Astro/Particle

Physics?

Zurab Berezhiani

Summary

Introduction: Old
and Gold ....

Chapter I: Dark
Matter from a
Parallel World

Chapter II:
Neutrino - mirror
neutrino mixings

Chapter III:
neutron – mirror
neutron mixing

Chapter IV:
n − n′ and
UHECR

Backup

Extremely Energetic Cosmic Rays:
A signal to new Astro/Particle Physics?

Zurab Berezhiani

University of L’Aquila and LNGS

Univ. Warsaw, 7 March 2024



Extremely
Energetic Cosmic

Rays:
A signal to new
Astro/Particle

Physics?

Zurab Berezhiani

Summary

Introduction: Old
and Gold ....

Chapter I: Dark
Matter from a
Parallel World

Chapter II:
Neutrino - mirror
neutrino mixings

Chapter III:
neutron – mirror
neutron mixing

Chapter IV:
n − n′ and
UHECR

Backup

Contents

1 Introduction: Old and Gold ....

2 Chapter I: Dark Matter from a Parallel World

3 Chapter II: Neutrino - mirror neutrino mixings

4 Chapter III: neutron – mirror neutron mixing

5 Chapter IV: n − n′ and UHECR

6 Backup



Extremely
Energetic Cosmic

Rays:
A signal to new
Astro/Particle

Physics?

Zurab Berezhiani

Summary

Introduction: Old
and Gold ....

Chapter I: Dark
Matter from a
Parallel World

Chapter II:
Neutrino - mirror
neutrino mixings

Chapter III:
neutron – mirror
neutron mixing

Chapter IV:
n − n′ and
UHECR

Backup

Epochal discoveries of new particles in 1930’s

Anti-matter, 1930-32

Neutrino, 1930-34 ...

Neutron, 1932-33

Dark Matter + Neutron Stars, 1933
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in 50-60’s: breaking tabu of ”fundamental”
symmetries ... and prophecy on the origin of matter

P Violation, 1956-57

CP Violation, 1964

and a great vision ... 1967

Matter (Baryon asymmetry) in the early universe can be

originated (from zero) by New Interactions which

Violate B (now better B − L) and also CP

and go out-of-equilibrium at some early epoch

σ(bb → b̄b̄)/σ(b̄b̄ → bb) = 1− ε
ε ∼ 10−9: for every ∼ 109 processes one unit of B

is left in the universe after the process is frozen
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... and finally the Standard Model of all particles
and interactions: SU(3)× SU(2)× U(1)

+ quarks and QCD (Gell-Mann et al.)

From Dynamit Prize in 1979
... to the publicity on T-shirts
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Anti-particles and anti-matter

From discovery of Antimatter

to Matter – Antimatter Asymmetry in the Universe
Matter (Baryon asymmetry) in the early universe can be

originated (from zero) by New Interactions which

Violate B (now better B − L) and also CP

and go out-of-equilibrium at some early epoch

σ(bb → b̄b̄)/σ(b̄b̄ → bb) = 1− ε
ε ∼ 10−9: for every ∼ 109 processes one unit of B

is left in the universe after the process is frozen

There should be no antimatter in the Universe!
In any case, matter should dominate the entire visible Universe
No antimatter domain can exist within the horizon!
– Cohen, De Rujula, Glashow 1997
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Protons and Nuclei in cosmic rays
2 30. Cosmic Rays

Figure 30.1: Fluxes of nuclei of the primary cosmic radiation in particles per energy-per-nucleus
are plotted vs energy-per-nucleus using data from Refs. [1–15] The inset shows the H/He ratio as
a function of rigidity [1, 3].

1st June, 2022
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Aboundances: in cosmic rays vs. cosmological

3 30. Cosmic Rays

Galactic cosmic rays from the inner solar system. There is a significant anti-correlation between
solar activity (which has an alternating eleven-year cycle) and the intensity of the cosmic rays
with rigidities below about 10 GV. In addition, the lower-energy cosmic rays are a�ected by the
geomagnetic field, which they must penetrate to reach the top of the atmosphere. Thus the intensity
of any component of the cosmic radiation in the GeV range depends both on the location and time.

The intensity of primary nucleons in the energy range from several GeV to somewhat beyond
100 TeV is given approximately by

IN (E) ¥ 1.8 ◊ 104 (E/1 GeV)≠– nucleons
m2 s sr GeV , (30.2)

where E is the energy-per-nucleon (including rest mass energy), – (© “ +1) ¥ 2.7 is the di�erential
spectral index of the cosmic-ray flux, and “ is the integral spectral index. About 74% of the
primary nucleons are free protons and about 70% of the rest are nucleons bound in helium nuclei.
The fractions of the primary nuclei are nearly constant over this energy range. Fractions of both
primary and secondary incident nuclei are listed in Table 30.1. Figure 30.1 shows the major
nuclear components for kinetic energies greater than 0.22 GeV/nucleus. Figure 30.2 shows the
relative abundances of low-energy (0̃.2 GeV/nucleon) cosmic rays compared to the present-day
solar system. Secondary cosmic rays contribute to increased abundances of rare elements and a
reduced even-odd e�ect. A useful compendium of experimental data for cosmic-ray nuclei and
electrons is described in [16].
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Figure 30.2: Cosmic ray elemental abundances compared to abundances in present-day solar
system material. Abundances are normalised to Si=103. Cosmic ray abundances are from AMS-02
(H,He) [3,17], ACE/CRIS (Li-Ni) [18,19], and TIGER/SuperTIGER (Cu-Zr) [20,21]. Solar system
abundances are from Table 6 of Ref. [22].

1st June, 2022
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Antiprotons in Cosmic Rays

Φp̄/Φp ∼ 10−4 AMS-02
can be produced as secondaries in collisions of cosmic rays with
interstellar gas, or can be signature of Dark Matter annihilation?

WIMP + WIMP to proton + antiproton? (electron + positron?)
MX ∼ few hundred GeV

!

! "!

 

 

 
Figure 1.  Antiproton to proton ratio measured by AMS.  As seen, the measured ratio cannot be explained 
by existing models of secondary production. 

 

 

Most surprisingly, AMS has also found, based on 50 million events, that the helium flux exhibits nearly 

identical and equally unexpected behavior as the proton flux (see Figure 3).  AMS is currently studying 

the behavior of other nuclei in order to understand the origin of this unexpected change. 

 

These unexpected new observations provide important information on the understanding of cosmic ray 

production and propagation. 

 

The latest AMS measurements of the positron fraction, the antiproton/proton ratio, the behavior of the 

fluxes of electrons, positrons, protons, helium, and other nuclei provide precise and unexpected 

information.  The accuracy and characteristics of the data, simultaneously from many different types of 

cosmic rays, require a comprehensive model to ascertain if their origin is from dark matter, astrophysical 

sources, acceleration mechanisms or a combination. 

 

From “AMS Days at CERN” and Latest Results from the AMS Experiment 

on the International Space Station, AMS Collaboration CERN, Geneva, 15 

April 2015 (http://press.web.cern.ch/sites/press.web.cern.ch/files/file/press/

2015/04/pr05.15e_ams_days_results.pdf). 
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Antinuclei in Cosmic Rays ... AMS-02

Eight anti-helium candidates were observed by AMS-02:

6 helium-3 and 2 helium-4 with energies ∼ GeV

Φ(He)/Φ(He) ∼ 10−8 – no anti deuteron candidate
Φ(He) ∼ 103 cm−2s−1sr−1

Discovery of a single anti-He-4 nucleus challenges all known physics.

AMS-02 signal (once published) should point to highly non-trivial
New Physics

LHC: Deuteron and triton-He3 are produced in pp collisions
(in minuscule fractions) – but no He4 was ever seen ...
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Cosmic Rays at highest energies

E < 1 TeV = 1012 eV moderate energies
E < 1 PeV = 1015 eV knee – galactic CR
E > 1 EeV = 1018 eV UHECR: extragalactic
E > 50 EeV (GZK cutoff) E > 100 EeV = 1020 eV EECR

14 30. Cosmic Rays

1310 1410 1510 1610 1710 1810 1910 2010
 [eV]E

1

10

210

310

410

]
-1

 sr
-1  s

-2
 m

1.
6

 [G
eV

F(
E)

2.
6

E

HAWC
MSU
Tibet
Akeno
CASA-MIA
Kascade
Kascade Grande
IceTop
HiRes 1
HiRes 2
Auger
Telescope Array

Knee

2nd Knee

Ankle

Figure 30.9: The all-particle spectrum as a function of E (energy-per-nucleus) from air shower
measurements [106–119]

where ≈ is the gamma function. The number density of charged particles is

fle = C1(s, d, C2)x(s≠2)(1 + x)(s≠4.5)(1 + C2x
d) . (30.10)

Here s, d, and C2 are parameters in terms of which the overall normalization constant C1(s, d, C2)
is given by

C1(s, d, C2) = Ne

2fir2
1

[B(s, 4.5 ≠ 2s)C2B(s+ d, 4.5 ≠ d ≠ 2s)]≠1 , (30.11)

where B(m,n) is the beta function. The values of the parameters depend on shower size (Ne),
depth in the atmosphere, identity of the primary nucleus, etc. For showers with Ne ¥ 106 at sea
level, Greisen uses s = 1.25, d = 1, and C2 = 0.088. For showers with average Ne ¥ 6 ◊ 107 at the
Akeno array [109], d = 1.3, C2 = 0.2 and s is fitted for each shower with typical values between 0.95
and 1.15. Finally, x is r/r1, where r1 is the Molier̀e radius, which depends on the density of the
atmosphere and hence on the altitude at which showers are detected. At sea level r1 ¥ 78 m, and
it increases with altitude as the air density decreases. (See the section on electromagnetic cascades
in the article on the passage of particles through matter in this Review).

The lateral spread of a shower is determined largely by Coulomb scattering of the many low-
energy electrons and is characterized by the Molière radius, which depends on density and thus
on temperature and pressure. The lateral spread of the muons (flµ) is larger and depends on the
transverse momenta of the muons at production as well as multiple scattering.

There are large fluctuations in development from shower to shower, even for showers initiated
by primaries of the same energy and mass—especially for small showers, which are usually well

1st June, 2022



Extremely
Energetic Cosmic

Rays:
A signal to new
Astro/Particle

Physics?

Zurab Berezhiani

Summary

Introduction: Old
and Gold ....

Chapter I: Dark
Matter from a
Parallel World

Chapter II:
Neutrino - mirror
neutrino mixings

Chapter III:
neutron – mirror
neutron mixing

Chapter IV:
n − n′ and
UHECR

Backup

UHECR as protons and GZK cutoff
● Interests
●SM
●See-Saw
●Present Cosmology
● Visible vs. Dark matter:

ΩD/ΩB ≃ 5 ?

●B vs. D
●Unification
●Parallel sector
●Carrol’s Alice...
●Mirror World
●Twin Particles
●Alice
● Interactions
● Interactions
●B & L violation
●Sterile
●See-Saw
●B & L violation
●See-Saw
●See-Saw
● Leptogenesis: diagrams
●Boltzmann eqs.
● Leptogenesis: formulas
●Neutron mixing
●Oscillation
●Neutron mixing
●Neutron mixing
●Oscillation
●Experiment
●Vertical B
●Vertical B
●Vertical B
●Vertical B
●Vertical B
Neutron mixing

SW6 - p. 37/45

Cosmic rays and GZK cutoff
K. Greisen, End to the cosmic ray spectrum?, Phys. Rev. Lett. 16, 748 (1966).
G. Zatsepin, V. Kuzmin, Upper limit on the spectrum of cosmic rays, JETP Lett. 4, 78
(1966).

GZK cutoff:
Photo-pion production on the CMB if E > EGZK ≈ mπmp

εCMB
≈ 6 × 1019 eV :

p + γ → p + π0 (or n + π+), lmfp ∼ 5 Mpc for E > 1020 eV = 100 EeV
Neutron decay: n → p + e + ν̄e, ldec =

`

E
100 EeV

´

Mpc
Neutron on CMB scattering: n + γ → n + π0 (or p + π−)

Presence of n − n′ oscillation with τosc ≪ τdec drastically changes
situation
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EECR – from my slides at TEVPA 2019, Sydney

EECR with E > 100 EeV (big circles) + all super GZK events
E > 50 EeV

E = 320± 90 EeV Fly’e Eye Monster (FM) event — 1991

E = 244± 29(stat)+51
−79(syst) EeV TA Energy Record (ER)
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TA (Telescope Array) ER (Eleanor Rigby) event

EECR with E > 100 EeV (big circles) + all super GZK events
E > 50 EeV

sources, identifying a source is complicated
by the time delays between electromagnetic
radiation and charged particles because of the
additional path lengths induced by magnetic
deflection. We therefore cannot identify any
potentially related transient sources.
Nevertheless, the detection of this highly

energetic particle allows us to estimate D0, the
distance to the closest UHECR source (supple-
mentary text). Assuming that the particle is an
iron nucleus injected with an initial energy
of E0 = 103 EeV, taking into account the en-
ergy loss length estimated by the same prop-
agation framework used in the backtracking
method (42), we find D0 ¼ 10:3þ5:3

#3:0 Mpc. Al-
ternatively, assuming a proton primary, we
find D0 ¼ 27:0þ3:8

#3:0 Mpc. At these energies,
the UHECR background of distant sources is
attenuated by the energy loss length, so only
sources from the local Universe can contrib-
ute. We set upper limits on the deflection by
assuming a maximum value of the turbulent
extragalactic magnetic field Brms ~ 1 nG and
a 1-Mpc characteristic length scale, finding
<20° for iron and <1° for proton.

Distribution of other TA events

Figure 3 shows the arrival directions for the
28 TA SD events with energies >100 EeV ob-
served between May 2008 and November 2021
using the same event selection (21). The total
exposure is 1.6 × 104 km2 sr year. No clustering
with the highest-energy event is found. The
244-EeV event came from a different direction
than the TA hot spot, a 3.4s excess centered at
right ascension (R.A.) 146.7°, declination (Dec.)
43.2°, that was previously identified for events
with energies >57 EeV (21).
Although we expected events with energies

above 100 EeV to be clustered, the observed
arrival directions above 100 EeV have an iso-
tropic distribution (Fig. 3). The lack of a near-

by source for the 244-EeV event could be due
to larger magnetic deflections than predicted
by the GMF models, caused by a heavy pri-
mary particle or stronger magnetic fields than
in themodels. Alternatively, super-GZKUHECRs
could indicate an incomplete understanding
of particle physics. If there are unknown types
of primary particles that are immune to the
interactions with the CMB, they could retain
their energywhile traveling to Earth frommore-
distant active galaxies. We cannot distinguish
between these possibilities with the observed
events.

Summary and conclusions

We detected a particle with an energy of 244 T
29 stat:ð Þ þ51

#76 syst:ð Þ EeV on 27May 2021. The
arrival direction of this event does not align
with any known astronomical objects thought
to be potential sources of UHECRs, even after
accounting for deflection by the GMF under
various assumptions. Comparison with other
observed events at energies above 100 EeV
shows an isotropic distribution with no ap-
parent clustering.
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Fig. 3. Arrival directions
of all >100-EeV cosmic
rays. Empty circles indicate
the arrival directions of
all cosmic rays observed by
TA SD over 13.5 years of
operation that had energies
>100 EeV. The background
and other symbols are
the same as in Fig. 2. No
clustering around the
highest-energy event (thick
circle) is evident.
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Bright & Dark Sides of our Universe

ΩB ' 0.05 observable matter: electron, proton, neutron !

ΩD ' 0.25 dark matter: WIMP? axion? sterile ν? ...

ΩΛ ' 0.70 dark energy: Λ-term? Quintessence? ....

ΩR < 10−3 relativistic fraction: relic photons and neutrinos

Matter – dark energy coincidence: ΩM/ΩΛ ' 0.45, (ΩM = ΩD + ΩB)

ρΛ ∼ Const., ρM ∼ a−3; why ρM/ρΛ ∼ 1 – just Today?

Antrophic explanation: if not Today, then Yesterday or Tomorrow.

Baryon and dark matter Fine Tuning: ΩB/ΩD ' 0.2
ρB ∼ a−3, ρD ∼ a−3: why ρB/ρD ∼ 1 - Yesterday Today & Tomorrow?

Baryogenesis requires BSM Physics: (GUT-B, Lepto-B, AD-B, EW-B ...)

Dark matter requires BSM Physics: (Wimp, Wimpzilla, sterile ν, axion, ...)

Different physics for B-genesis and DM?

Not very appealing: looks as Fine Tuning



Extremely
Energetic Cosmic

Rays:
A signal to new
Astro/Particle

Physics?

Zurab Berezhiani

Summary

Introduction: Old
and Gold ....

Chapter I: Dark
Matter from a
Parallel World

Chapter II:
Neutrino - mirror
neutrino mixings

Chapter III:
neutron – mirror
neutron mixing

Chapter IV:
n − n′ and
UHECR

Backup

Dark Matter from a Parallel World

Our observable particles .... very complex physics !!
G = SU(3)× SU(2)× U(1) ( + SUSY ? GUT ? Seesaw ?)
photon, electron, nucleons (quarks), neutrinos, gluons, W± − Z , Higgs ...
long range EM forces, confinement scale ΛQCD, weak scale MW

... matter vs. antimatter (B-L violation, CP ... )

... existence of nuclei, atoms, molecules .... life.... Homo Sapiens !
Best of the possible Worlds .... (Candid, Frank and Uncontrived)

Dark matter from parallel gauge sector ?
G ′ = SU(3)′ × SU(2)′ × U(1)′ ? ( + SUSY ? GUT ′? Seesaw ?)
photon′, electron′, nucleons′ (quarks′), W ′ − Z ′, gluons′ ?
... long range EM forces, confinement at Λ′QCD, weak scale M ′W ?
... asymmetric dark matter (B′-L′ violation, CP ... ) ?
... existence of dark nuclei, atoms, molecules ... life ... Homo Aliens ?

Another Best of the possible Worlds? (Maybe Candide had a twin?)

Call it Yin-Yang (in chinise, dark-bright) duality

describes a philosophy how opposite forces are ac-
tually complementary, interconnected and interde-
pendent in the natural world, and how they give rise
to each other as they interrelate to one another. E8×E ′8
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SU(3)× SU(2)× U(1) vs. SU(3)′ × SU(2)′ × U(1)′

Two parities

Fermions and anti-fermions :

qL =

(
uL
dL

)
, lL =

(
νL
eL

)
; uR , dR , eR

B=1/3 L=1 B=1/3 L=1

q̄R =

(
ūR
d̄R

)
, l̄R =

(
ν̄R
ēR

)
; ūL, d̄L, ēL

B=-1/3 L=-1 B=-1/3 L=-1

Twin Fermions and anti-fermions :

q′L =

(
u′L
d ′L

)
, l ′L =

(
ν′L
e′L

)
; u′R , d ′R , e′R

B′=1/3 L′=1 B′=1/3 L′=1

q̄′R =

(
ū′R
d̄ ′R

)
, l̄ ′R =

(
ν̄′R
ē′R

)
; ū′L, d̄ ′L, ē′L

B′=-1/3 L′=-1 B′=-1/3 L′=-1

LYuk = ūLYuqLφ̄ + d̄LYdqLφ + ēLYe lLφ + h.c.
LYuk = ū′LY

′
uq
′
Lφ̄
′ + d̄ ′LY

′
dq
′
Lφ
′ + ē′LY

′
e l
′
Lφ
′ + h.c.

Z2 symmetry (L,R → L,R): Y ′ = Y B − B ′ → −(B − B ′)

PZ2 symmetry (L,R → R, L): Y ′ = Y ∗ B − B ′ → B − B ′
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SU(3)× SU(2)× U(1) + SU(3)′ × SU(2)′ × U(1)′

G × G ′

  

Regular world Mirror world 

• Two identical gauge factors, e.g. SU(5)× SU(5)′, with identical field
contents and Lagrangians: Ltot = L+ L′ + Lmix

• Exact parity G → G ′: no new parameters in dark Lagrangian L′

• MM is dark (for us) and has the same gravity

• MM is identical to standard matter, (asymmetric/dissipative/atomic)
but realized in somewhat different cosmological conditions: T ′/T � 1.

• New interactions between O & M particles Lmix
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– All you need is ... M world colder than ours !

For a long time M matter was not considered as a real candidate for DM:
naively assuming that exactly identical microphysics of O & M worlds
implies also their cosmologies are exactly identical :

• T ′ = T , g ′∗ = g∗ → ∆Neff
ν = 6.15 vs. ∆Neff

ν < 0.5 (BBN)

• n′B/n′γ = nB/nγ (η′ = η) → Ω′B = ΩB vs. Ω′B/ΩB ' 5 (DM)

But all is OK if : Z.B., Dolgov, Mohapatra, 1995 (broken PZ2)
Z.B., Comelli, Villante, 2000 (exact PZ2)

A. after inflation M world was born colder than O world, T ′R < TR

B. any interactions between M and O particles are feeble and cannot bring
two sectors into equilibrium in later epochs
C. two systems evolve adiabatically (no entropy production): T ′/T 'const

T ′/T < 0.5 from BBN, but cosmological limits T ′/T < 0.2 or so.

x = T ′/T � 1 =⇒ in O sector 75% H + 25% 4He

=⇒ in M world 25% H′ + 75% 4He′

For broken PZ2, DM can be compact H’ atoms or n′ with m ' 5 GeV
or (sterile) mirror neutrinos m ∼ few keV Z.B., Dolgov, Mohapatra, 1995
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Brief Cosmology of Mirror World

• CMB & (linear) structure formation epoch
Since x = T ′/T � 1, mirror photons decouple before M-R equality:
z ′dec ' x−1zdec ' 1100 (T/T ′)
After that (and before M–reionization) M matter behaves as collisionless
CDM and T ′/T < 0.2 is consistent with Planck, BAO, Ly-α etc.

• Cosmic dawn: M world is colder (and helium dominated), the first M
star can be formed earlier and reionize M sector (z ′r ' 20 or so vs
zr = 10÷ 6). – EDGES 21 cm at z ' 17?
Heavy first M stars (M ∼ 103M�) and formation of central BH – Quasars?

• Galaxy halos? if Ω′B ' ΩB , M matter makes ∼ 20 % of DM, forming
dark disk, while ∼ 80 % may come from other type of CDM (WIMP?)
But perhaps 100 % ? if Ω′B ' 5ΩB : – M world is helium dominated, and
the star formation and evolution can be much faster. Halos could be
viewed as mirror elliptical galaxies dominated by BH and M stars, with our
matter forming disks inside.
Maybe not always: Galaxies with missing DM, or too many DM, etc. ?

Because of T ′ < T , the situation Ω′B ' 5ΩB becomes plausible in
baryogenesis. So, M matter can be dark matter (as we show below)
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CMB and LSS power spectra
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Acoustic oscillations and Silk damping scales: x = 0.5, 0.3, 0.2
x < 0.2: Galaxies with M < 108÷9M� will be damped
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Can Mirror stars be progenitors of gravitational
Wave bursts GW150914 etc. ?

Picture of Galactic halos as mirror ellipticals (Einasto density profile?), O
matter disk inside (M stars = Machos)
Microlensing limits: f ∼ 20− 40 % for M = 1− 10 M�,

f ∼ 100 % is allowed for M = 20− 200 M�
5

Fig. 4.— Constraints on MACHO dark matter from microlens-
ing (blue and purple, Alcock et al. 2001; Tisserand et al. 2007) and
wide Galactic binaries (green, Quinn et al. 2009), shown together
with the constraints from the survival of compact ultra-faint dwarf
galaxies and the star cluster in Eridanus II. I conservatively adopt a
dark matter density of 0.02 M⊙ pc−3 in Eri II and 0.3 M⊙ pc−3 in
the ultra-faint dwarfs, assume a three-dimensional velocity disper-
sion σ = 8 kms−1, and use two definitions of the heating timescale.
A low-density halo and initially compact cluster weaken the con-
straints from Eri II. Even in this case, assuming dark matter halos
to have the properties that are currently inferred, MACHO dark
matter is excluded for all MACHO masses !10−7 M⊙.

portional to the cluster mass (Binney & Tremaine 2008),
and the cluster in Eri II is 1.5–2 orders of magnitude less
massive than Fornax 4 (Mackey & Gilmore 2003), the
Fornax globular cluster nearest the center of that dwarf
(at 240 pc in projected separation). This scenario there-
fore requires very different dark matter halos in the two
galaxies or severe mass loss during Eri II’s inspiral, and
also luck to catch the cluster on the point of disruption.
This problem of coincidence is generic to any scenario in
which Eri II’s cluster was initially compact. The proba-
bility of observing the system in such a transient state is
significantly higher if the cluster’s age is ∼3 Gyr rather
than ∼12 Gyr.

Other possibilities to evade the constraints include
an intermediate-mass black hole (!104 M⊙) to provide

binding energy, or a chance alignment such that the clus-
ter only appears to reside in the center of Eri II. Both
would be surprising. Such a black hole would have a mass
comparable to the total stellar mass of its host galaxy. A
massive black hole would also be expected to host a re-
laxed MACHO cluster of comparable mass, in which case
it may not avoid the problem of dynamical heating at all.
A chance alignment of a cluster physically located at the
galaxy’s half-light radius is possible; the most näıve esti-
mate, the fraction of solid angle lying within a few rh in
projection, gives a chance alignment probability of ∼1%
at a physical distance of ∼300 pc from the galaxy core.

While many scenarios could, in principle, account for
the survival of the star cluster in Eri II, it is harder to
appeal to coincidence for the entire sample of compact
ultra-faint dwarfs. Assuming the measured velocity dis-
persions to reflect the properties of their dark matter
halos, these dwarfs should have much larger half-light
radii if their dark matter is all in the form of MACHOs
!10 M⊙. The strongest constraints, however, may come
from the cluster in Eri II, and could be improved with
better data. Precise photometry with the Hubble Space
Telescope could resolve the question of whether the clus-
ter is intermediate-age or old, while spectroscopy of clus-
ter members and nonmembers would give another probe
of Eri II’s dark matter content. While future observa-
tions will determine the strength of the constraints from
Eri II, existing data from Eri II and from the sample of
compact ultra-faint dwarfs appear sufficient to rule out
dark matter composed exclusively of MACHOs for all
masses above ∼10−7 M⊙.

I thank Ben Bar-Or, Juna Kollmeier, Kris Sigurdson,
and especially Scott Tremaine for helpful conversations
and suggestions, and an anonymous referee for helpful
comments. This work was performed under contract with
the Jet Propulsion Laboratory (JPL) funded by NASA
through the Sagan Fellowship Program executed by the
NASA Exoplanet Science Institute.
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GW events without any

optical counterpart

Massive BH compact bi-

naries, M ∼ 10−100 M�

Can such objects be

formed from MM?

M matter: 25 % Hydrogen vs 75 % Helium: M stars more compact, less

opaque, less mass loses by stellar wind and evolving much faster.

Appropriate for forming such BH binaries ? And perhaps large seeds for

central BH in overdense regions?
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Experimental and observational manifestations

A. Cosmological implications. T ′/T < 0.2 or so, Ω′B/ΩB = 1÷ 5.
Mass fraction: H’ – 25%, He’ – 75%, and few % of heavier C’, N’, O’ etc.
• Mirror baryons as asymmetric/collisional/dissipative/atomic dark matter:
M hydrogen recombination and M baryon acoustic oscillations?
• Easier formation and faster evolution of stars: Dark matter disk? Galaxy
halo as mirror elliptical galaxy? Microlensing ? Neutron stars? Black
Holes? Binary Black Holes? Central Black Holes?

B. Direct detection. M matter can interact with ordinary matter e.g. via
kinetic mixing εFµνF ′µν , etc. Mirror helium as most abundant mirror
matter particles (the region of DM masses below 5 GeV is practically
unexplored). Possible signals from heavier nuclei C,N,O etc.

C. Oscillation phenomena between ordinary and mirror particles.
The most interesting interaction terms in Lmix are the ones which violate
B and L of both sectors. Neutral particles, elementary (as e.g. neutrino) or
composite (as the neutron or hydrogen atom) can mix with their mass
degenerate (sterile) twins: matter disappearance (or appearance)
phenomena can be observable in laboratories.
In the Early Universe, these B and/or L violating interactions can give
primordial baryogenesis and dark matter genesis, with Ω′B/ΩB = 1÷ 5.
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Possible portals to Mirror World: Lmix

these terms can be limited (only) by experiment/cosmology !

• Kinetic mixing of photons εFµνF ′µν
Makes mirror matter nanocharged (q ∼ ε)
ε < 3× 10−7 (EXP) ε < 5× 10−9 (COSM)

GUT: 1
M2 (ΣGµν)(Σ′G ′µν) ε ∼

(
MGUT
M

)2

Can induce galactic magnetic fields Z.B., Dolgov, Tkachev, 2013

• Higgs-Higgs′ coupling λ(φ†φ)(φ′†φ′)

λ < 10−7 (COSM)

SUSY: 1
M (φ1φ2)(φ′1φ

′
2)

λ ∼ MSUSY/M

or NMSSM (Twin Higgs)
λS(φ1φ2 +φ′1φ

′
2) + ΛS + ...

• Neutrino-neutrino′ (active-sterile) mixing – discussed later

• Neutron-neutron′ mixing – discussed later
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Chapter II

Chapter II

Neutrino – mirror neutrino mixings
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B-L violation in O and M sectors: Active-sterile mixing

• 1
M (l φ̄)(l φ̄) (∆L = 2) – neutrino (seesaw) masses mν ∼ v2/M

M is the (seesaw) scale of new physics beyond EW scale.

%L=2

l l

K K
G%L=2

K

N N

K
MM

l l

• Neutrino -mirror neutrino mixing – (active - sterile mixing)
L and L′ violation: 1

M (l φ̄)(l φ̄), 1
M (l ′φ̄′)(l ′φ̄′) and 1

M (l φ̄)(l ′φ̄′)

%L=1,�%La=1

l l a

K Ka
G%L=1

Mirror neutrinos are natural candidates for sterile neutrinos
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Co-leptogenesis: B-L violating interactions between O and M worlds

L and L′ violating operators 1
M (l φ̄)(l φ̄) and 1

M (l φ̄)(l ′φ̄′) lead to

processes lφ→ l̄ φ̄ (∆L = 2) and lφ→ l̄ ′φ̄′ (∆L = 1, ∆L′ = 1)

%L=2

l l

K K
G%L=2

%L=1,�%La=1

l l a

K Ka
G%L=1

After inflation, our world is heated and mirror world is empty:
but ordinary particle scatterings transform them into mirror particles,

heating also mirror world.

• These processes should be out-of-equilibrium
• Violate baryon numbers in both worlds, B − L and B ′ − L′

• Violate also CP, given complex couplings

Green light to celebrated conditions of Sakharov
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Co-leptogenesis: Z.B. and Bento, PRL 87, 231304 (2001)

Operators 1
M (l φ̄)(l φ̄) and 1

M (l φ̄)(l ′φ̄′) via seesaw mechanism –
heavy RH neutrinos Nj with
Majorana masses 1

2MgjkNjNk + h.c.

Complex Yukawa couplings Yij liNj φ̄+ Y ′ij l
′
iNj φ̄

′ + h.c.

Z2 (Xerox) symmetry → Y ′ = Y ,
PZ2 (Mirror) symmetry → Y ′ = Y ∗
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Co-leptogenesis: Mirror Matter as Dark Anti-Matter

Z.B., arXiv:1602.08599

Hot O World −→ Cold M World

dnBL

dt + (3H + Γ)nBL = ∆σ n2
eq

dn′BL

dt + (3H + Γ′)n′BL = −∆σ′ n2
eq

σ(lφ→ l̄ φ̄)− σ(l̄ φ̄→ lφ) = ∆σ

σ(lφ→ l̄ ′φ̄′)− σ(l̄ φ̄→ l ′φ′) = −(∆σ + ∆σ′)/2 → 0 (∆σ = 0)

σ(lφ→ l ′φ′)− σ(l̄ φ̄→ l̄ ′φ̄′) = −(∆σ −∆σ′)/2 → ∆σ (0)

∆σ = ImTr[g−1(Y †Y )∗g−1(Y ′†Y ′)g−2(Y †Y )]× T 2/M4

∆σ′ = ∆σ(Y → Y ′)

Mirror (PZ2): Y ′ = Y ∗ → ∆σ′ = −∆σ → B,B ′ > 0
Xerox (Z2): Y ′ = Y → ∆σ′ = ∆σ = 0 → B,B ′ = 0

If k =
(

Γ
H

)
T=TR

� 1, neglecting Γ in eqs → nBL = n′BL

Ω′B = ΩB ' 103 JMPlT
3
R

M4 ' 103J
(

TR

1011 GeV

)3
(

1013 GeV
M

)4
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Cogenesis: Ω′
B ' 5ΩB Z.B. 2003

If k =
(

Γ2

H

)
T=TR

∼ 1, Boltzmann Eqs.

dnBL

dt + (3H + Γ)nBL = ∆σ n2
eq

dn′BL

dt + (3H + Γ′)n′BL = ∆σ n2
eq

should be solved with Γ:

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.2

0.4

0.6

0.8

1.0

DHkL

xHkL

D(k) = ΩB/Ω′B , x(k) = T ′/T for different g∗(TR) and Γ1/Γ2.

So we obtain Ω′B = 5ΩB when m′B = mB but n′B = 5nB
– the reason: mirror world is colder
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B violating operators between O and M particles in Lmix

Ordinary quarks u, d ( antiquarks ū, d̄)
Mirror quarks u′, d ′ ( antiquarks ū′, d̄ ′)

• Neutron -mirror neutron mixing – (Active - sterile neutrons)

1
M5 (udd)(udd) & 1

M5 (udd)(u′d ′d ′)

%B=2
u

d

d d

d
u

G'B=2

%B=1,�%Ba=�1

d a
u a

d a

u

d

d

G'B=1

Oscillations n→ n̄ (∆B = 2)
Oscillations n→ n̄′ (∆B = 1, ∆B ′ = −1) B + B ′ is conserved
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Neutron– antineutron mixing

Majorana mass of neutron ε(nTCn + n̄TCn̄) violating B by two units
comes from six-fermions effective operator 1

M5 (udd)(udd)

%B=2
u

d

d d

d
u

G'B=2

It causes transition n(udd)→ n̄(ūd̄ d̄), with oscillation time τ = ε−1

ε = 〈n|(udd)(udd)|n̄〉 ∼ Λ6
QCD

M5 ∼
(

100 TeV
M

)5 × 10−25 eV

Key moment: n − n̄ oscillation destabilizes nuclei:
(A,Z )→ (A− 1, n̄,Z )→ (A− 2,Z/Z − 1) + π’s

Present bounds on ε from nuclear stability
ε < 1.2× 10−24 eV → τ > 1.3× 108 s Fe, Soudan 2002
ε < 2.5× 10−24 eV → τ > 2.7× 108 s O, SK 2015
ε < 7.5× 10−24 eV → τ > 0.9× 108 s direct limit free n
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Neutron – mirror neutron mixing

Effective operator 1
M5 (udd)(u′d ′d ′) → mass mixing εnCn′ + h.c.

violating B and B ′ – but conserving B − B ′

%B=1,�%Ba=�1

d a
u a

d a

u

d

d

G'B=1

ε = 〈n|(udd)(u′d ′d ′)|n̄′〉 ∼ Λ6
QCD

M5 ∼
(

1 TeV
M

)5 × 10−10 eV

Key observation: n − n̄′ oscillation cannot destabilise nuclei:
(A,Z )→ (A− 1,Z ) + n′(p′e′ν̄′) forbidden by energy conservation
(In principle, it can destabilise Neutron Stars)

For mn = mn′ , n − n̄′ oscillation can be as fast as ε−1 = τnn̄′ ∼ 1 s
without contradicting experimental and astrophysical limits.
(c.f. τ > 10 yr for neutron – antineutron oscillation)

Neutron disappearance n→ n̄′ and regeneration n→ n̄′ → n
can be searched at small scale ‘Table Top’ experiments
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Neutron – mirror neutron oscillation probability

H =

(
mn + µnBσ ε

ε mn + µnB′σ

)
The probability of n-n’ transition depends on the relative orientation
of magnetic and mirror-magnetic fields. The latter can exist if mirror
matter is captured by the Earth

(Z. Berezhiani, 2009)
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A and E are expected to depend on magnetic field

E.g. assume B’=0.12 Gauss 

PSI-1
Serebrov-2

Serebrov-1

1
02

 

 /

A

 (

 

)

B

B B B

B

B B

B

E P P

P

E

P

A

P

�

+ �

+

r + �

r �



Extremely
Energetic Cosmic

Rays:
A signal to new
Astro/Particle

Physics?

Zurab Berezhiani

Summary

Introduction: Old
and Gold ....

Chapter I: Dark
Matter from a
Parallel World

Chapter II:
Neutrino - mirror
neutrino mixings

Chapter III:
neutron – mirror
neutron mixing

Chapter IV:
n − n′ and
UHECR

Backup

Earth mirror magnetic field via the electron drag
mechanism

Earth can accumulate some, even tiny amount of mirror matter due
to Rutherford-like scattering of mirror matter due to photon-mirror
photon kinetic mixing.
Rotation of the Earth drags mirror electrons but not mirror protons
(ions) since the latter are much heavier.
Circular electric currents emerge which can generate magnetic field.
Modifying mirror Maxwell equations by the source (drag) term, one
gets B ′ ∼ ε2 × 1015 G before dynamo, and even larger after dynamo.

Such mechanism can also induce cosmological magnetic fields
Z.B., Dolgov, Tkachev, 2013
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Experiments

Several experiment were done, 3 by PSI group, most sensitive by the
Serebrov’s group at ILL, with 190 l beryllium plated trap for UCN

Experimental installation search for n-n′ oscillation and 
some members of PNPI-ILL-PTI collaboration 

16
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Experimental Strategy

To store neutrons and to measure if the amount of the survived ones
depends on the magnetic field applied.

Fill the Trap with the UCN

Close the valve

Wait for TS (300 s ...)

Open the valve

Count the survived Neutrons

Repeat this for different orientation and values of Magnetic field.
NB(TS) = N(0) exp

[
−
(
Γ + R + P̄Bν

)
TS

]
NB1(TS)

NB2(TS)
= exp

[(
P̄B2 − P̄B1

)
νTS

]
So if we find that:

A(B,TS) =
NB(TS)− N−B(TS)

NB(TS) + N−B(TS)
6= 0 E (B, b,TS) =

NB(TS)

Nb(TS)
−1 6= 0
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Serebrov III – Drifts of detector and monitor counts

Exp. sequence: {B−,B+,B+,B−,B+,B−,B−,B+} , B = 0.2 G

8010 8020 8030 8040 8050 8060 8070
t !hours"

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

Det1#Det2Det#Mon 47#14Det#140000Mon#470000

8010 8020 8030 8040 8050 8060 8070
t !hours"

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

Det1#Det2Det#Mon 47#14Det#140000Mon#470000
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Serebrov III – magnetic field vertical

Exp. sequence: {B−,B+,B+,B−,B+,B−,B−,B+} , B = 0.2 G

Analysis pointed out the presence of a signal:

A(B) = (7.0± 1.3)× 10−4 χ2
/dof = 0.9 −→ 5.2σ

interpretable by n→ n′ with τnn′ ∼ 2− 10s‘ and B ′ ∼ 0.1G

Z.B. and Nesti, 2012
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My own experiment at ILL – Z.B., Biondi, Geltenbort et al.

2018

t[h]
0 100 200 300 400 500

-0.0025

-0.002

-0.0015

-0.001

-0.0005

0

0.0005

0.001

0.0015

0.002

0.0025

 - Raw BA
Asymmetry_raw -  Custom
D12M12_shift
0.7 - Blue

 1.216E-04±c= 1.436E-05 
/ndf= 15.314/9 = 1.7022χ

 1.51E-04 ±c = 2.65E-05 
/ndf=   10/9 = 1.0832χ

0.4 - Red
 8.812E-05±c= -3.402E-04 

/ndf= 46.060/20 = 2.3032χ

 1.35E-04 ±c = -2.21E-04 
/ndf=   20/20 = 0.9972χ

0.7 - Green
 1.295E-04±c= 1.967E-05 

/ndf= 3.473/7 = 0.4962χ

 1.73E-04 ±c = -2.57E-05 
/ndf=    2/7 = 0.2532χ

4σ → 2.5σ effect
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Exp. limits on n − n′ oscillation time – ZB et al,
Eur. Phys. J. C. 2018
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Free Neutrons: Where to find Them ?

Neutrons are making 1/7 fraction of baryon mass in the Universe.

But most of neutrons bound in nuclei ....

n→ n̄′ or n′ → n̄ conversions can be seen only with free neutrons.

Free neutrons are present only in

• Reactors and Spallation Facilities

• In Cosmic Rays

• During BBN epoch (fast n′ → n̄ can solve Lithium problem)

− Transition n→ n̄′ can take place for (gravitationally) Neutron
Stars – conversion of NS into mixed ordinary/mirror NS
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Chapter IV

Chapter IV

n − n′ and UHECR
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UHECR as protons and GZK cutoff
● Interests
●SM
●See-Saw
●Present Cosmology
● Visible vs. Dark matter:

ΩD/ΩB ≃ 5 ?

●B vs. D
●Unification
●Parallel sector
●Carrol’s Alice...
●Mirror World
●Twin Particles
●Alice
● Interactions
● Interactions
●B & L violation
●Sterile
●See-Saw
●B & L violation
●See-Saw
●See-Saw
● Leptogenesis: diagrams
●Boltzmann eqs.
● Leptogenesis: formulas
●Neutron mixing
●Oscillation
●Neutron mixing
●Neutron mixing
●Oscillation
●Experiment
●Vertical B
●Vertical B
●Vertical B
●Vertical B
●Vertical B
Neutron mixing

SW6 - p. 37/45

Cosmic rays and GZK cutoff
K. Greisen, End to the cosmic ray spectrum?, Phys. Rev. Lett. 16, 748 (1966).
G. Zatsepin, V. Kuzmin, Upper limit on the spectrum of cosmic rays, JETP Lett. 4, 78
(1966).

GZK cutoff:
Photo-pion production on the CMB if E > EGZK ≈ mπmp

εCMB
≈ 6 × 1019 eV :

p + γ → p + π0 (or n + π+), lmfp ∼ 5 Mpc for E > 1020 eV = 100 EeV
Neutron decay: n → p + e + ν̄e, ldec =

`

E
100 EeV

´

Mpc
Neutron on CMB scattering: n + γ → n + π0 (or p + π−)

Presence of n − n′ oscillation with τosc ≪ τdec drastically changes
situation
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UHECR as nuclei
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UHECR and GZK cutoff

Two giant detectors see UHECR spectra different at E > EGZK

Pierre Auger Observatory (PAO) – South hemisphere
Telescope Array (TA) – North hemisphere

At E < EGZK two spectra are perfectly coincident
by relative energy shift ≈ 8 %

+ older detectors: AGASA, HiRes, etc. (all in north hemisphere)

Events with E > 100 EeV were observed
Cosmic Zevatrons exist in the Universe – but where is GZK cutoff?
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But also other discrepancies are mounting ...

• Who are carriers of UHECR ?
PAO and TA see different chemical content: TA is compatible with protons

below 10 EeV, PAO insists UHECR become heavier nuclei above E > 10

EeV or so – perhaps new physics ?

• Different anistropies from North and South ?
TA excludes isotropic distribution at E > 57 EeV, observes hot spot for

events E > EGZK (which spot is colder for E < EGZK) . PAO anisotropies

not prominent: warm spot around Cen A, and small dipole for E > 10 EeV

– are two skies realy different ?

• From where highest energy events do come ?
E > 100 EeV are expected from local supercluster (Virgo, Fornax, UM, PP

etc.) and closeby structures. But they do not come from these directions.

TA observes small angle correlation for E > 100 EeV events (2 doublets),

which may indicate towards strong source – from where they come?

• Excess of cosmogenic photons ?
Standard GZK mechanism of UHECR produces too much cascades –

contradicts to Fermi-LAT photon spectrum at E ∼ 1 TeV – local Fog ?
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From where highest energy CR are expected ?

For protons with E > 40, 60 and 100 EeV (Plots by Tynyakov)

trapolate the catalog data in a straightforward manner when computing average source

densities just outside the excluded region: for every galaxy with coordinates l and b, where

|b| < 30◦, we add a mirror galaxy with coordinates l′ = l and b′ = ±30◦ − b in the galactic

strip. Here the plus (minus) sign corresponds to b > 0 (b < 0).

In Fig. 3 we show the expected integral CR flux above 40 EeV in the matter tracer

model, using the KKKST catalog to reconstruct the local matter density in the Universe,

together with the positions of some prominent groups and (super)clusters of galaxies. (We

discuss how this figure is obtained in Sect. 2.4). In this figure, as in all figures in this

paper showing model CR fluxes on the sky, the gray bands are chosen such that they

contain 1/5 of the model flux each, with darker bands indicating larger flux. (We would

like to stress that this division in a discrete number of bands is for presentation only.)

Both far-away superclusters and close-by galaxy groups can be recognized in the figure,

the most prominent overdense region extending between the local (Virgo) and Centaurus

superclusters.

Figure 3: Aitoff projection of the sky (galactic coordinates l and b) showing the relative integral

CR flux above 40 EeV in the matter tracer model (grayscale; matter densities derived from the

KKKST catalog) together with the approximate positions of some prominent galaxy groups and

(super)clusters. C: Centaurus supercluster (60 Mpc); Ca: Canes I group (4 Mpc) and Canes II group

(9 Mpc); Co: Coma cluster (90 Mpc); E: Eridanus cluster (30 Mpc); F: Fornax cluster (20 Mpc);

He: Hercules superclusters (140 Mpc); Hy: Hydra supercluster (50 Mpc); L: Leo supercluster (130

Mpc), Leo I group (10 Mpc), and Leo II group (20 Mpc); M81: M81 group (4 Mpc); M101: M101

group (8 Mpc); P: Pegasus cluster (60 Mpc); PI: Pavo-Indus supercluster (70 Mpc); PC: Pisces-

Cetus supercluster (250 Mpc); PP: Perseus-Pisces supercluster (70 Mpc); S: Shapley supercluster

(200 Mpc); UM: Ursa Major supercluster (240 Mpc), Ursa Major North group (20 Mpc), and Ursa

Major South group (20 Mpc); V: Virgo cluster (20 Mpc); VII: Virgo II group (20 Mpc); VIII:

Virgo III group (20 Mpc). The Pisces-Cetus supercluster extends between the two indicated points.

Distances between parentheses are rough estimates.

2.2 Source density

The CR source density nsrc is unknown, but bounded from below by the scarcity of observed

doublets and triplets, and also by the fact that the sources of the observed UHECRs cannot

– 7 –
Figure 6: Aitoff projection of the sky showing, from top to bottom, the relative CR flux above

40 EeV, 60 EeV, and 100 EeV (same coordinates as in Fig. 3). The grayscale indicates the relative

integral flux in the matter tracer model, averaged over θs = 6◦, and with the local matter density

in the Universe derived from the KKKST catalog. Each band contains one fifth of the total flux.

In Sect. 4 we will be interested in the effect of source density on the statistical power

of the test proposed in this work. In the case of a CR source density smaller than the

density of galaxies in the KKKST catalog (i.e. fsrc < 1), we generate a reduced catalog

with the desired source density by randomly selecting a fraction fsrc of galaxies from the

full catalog. We then generate events from this reduced catalog following the procedure

described above.

– 13 –

For protons with E > 40, 60 and 100 EeV (Plots by Tynyakov)



Extremely
Energetic Cosmic

Rays:
A signal to new
Astro/Particle

Physics?

Zurab Berezhiani

Summary

Introduction: Old
and Gold ....

Chapter I: Dark
Matter from a
Parallel World

Chapter II:
Neutrino - mirror
neutrino mixings

Chapter III:
neutron – mirror
neutron mixing

Chapter IV:
n − n′ and
UHECR

Backup

n − n′ oscillation and UHECR propagation
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SW6 - p. 38/45

n − n′ oscillation and propagation of UHECR

Z. Berezhiani, L. Bento, Fast neutron – Mirror neutron oscillation and ultra high
energy cosmic rays, Phys. Lett. B 635, 253 (2006).

A. p + γ → p + π0 or p + γ → n + π+ Ppp,pn ≈ 0.5 lmfp ∼ 5 Mpc
B. n → n′ Pnn′ ≃ 0.5 losc ∼

`

E
100 EeV

´

kpc
C. n′ → p′ + e′ + ν̄′

e ldec ≈
`

E
100 EeV

´

Mpc
D. p′ + γ′ → p′ + π′0 or p′ + γ′ → n′ + π′+ l′mfp ∼ (T/T ′)3 lmfp ≫ 5 Mpc
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Ordinary and Mirror UHECR

n′CMB

nCMB
=
(

T ′

T

)3
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zmax =3, Ecut =1021 eV, γg =2. 6, m =0, T′/T =0. 2, q=50
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n − n′ oscillation in the UHECR propagation

Baryon number is not conserved in propagation of the UHECR

H =

(
µnBσ ε
ε µnB′σ

)
×(γ = E/mn)

In the intergalactic space magnetic fields are extremely small ... but

for relativistic neutrons transverse component of B is enhanced by
Lorentz factor: Btr = γB (γ ∼ 1011 for E ∼ 100 EeV)

Average oscillation probability:

Pnn′ = sin2 2θnn′ sin2(`/`osc) ' 1
2

[
1 + Q(E )

]−1
tan 2θnn′ = 2ε

γµn∆B

Q = (γ∆B/2ε)2 ≈ 0.5
( τnn′

1 s

)2 ( ∆B
1 fG

)2 ( E
100 EeV

)2
∆B = |Btr −B ′tr|

If q = 0.5
( τnn′

1 s

)2 ( ∆B
1 fG

)2
< 1,

n − n′ oscillation becomes effective for E = 100 EeV
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Swiss Cheese Model: Mirror CRs are transformed
into ordinaries in nearby Voids. Z.B., Biondi, Gazizov, 2019

Adjacent Void (0–50 Mpc) q = 0.5×
( τnn′

1 s

)2
(

Btr−B′tr
1 fG

)2
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E′
cut =1 ZeV, z′max =3, γ ′g =2. 2, m′=0, T′/T =0. 2, q̄ = 50, QHe′/Qp′=0. 5

void [0− 50] Mpc, qV = [0. 005, 0. 05, 0. 5, 5, 50, 500, 5000, 50000]
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Earlier (than GZK) cutoff in cosmic rays

Z.B. and Gazizov, Neutron Oscillations to Parallel World: Earlier End to

the Cosmic Ray Spectrum? Eur. Phys. J. C 72, 2111 (2012)

Baryon number is not conserved in propagation of the UHECR
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Swiss cheese: More distant Void (50–100 Mpc)
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cut =1 ZeV, z′max =3, γ ′g =2. 2, m′=0, T′/T =0. 2, q̄ = 50, QHe′/Qp′=0. 5

void [50− 100] Mpc, qV = [0. 005, 0. 05, 0. 5, 5, 50, 500, 5000, 50000]

Is northern sky (TA) is more ”voidy” than the Southern sky (PAO) ?
Interestingly, some 20–30% admixture of protons above the GZK energies
improves the ”chemical” fit also for PAO data Muzio et al. 2019

Razzaque, this conference
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Are North Sky and South Sky different ?

The Astrophysical Journal Supplement Series, 199:26 (22pp), 2012 April Huchra et al.

Figure 7. Hockey Puck plot—a full cylinder section—of 2MRS in the north celestial cap. The view is looking downward from the NCP, the thickness of the “puck”
is 8000 km s−1, and its radius is 15,000 km s−1.

Two “Hockey Puck” diagrams shown in Figures 7 and 8
highlight the vast improvement in coverage through the galactic
plane afforded by 2MRS as compared to even CfA2, the densest
survey of the nearby universe (Huchra et al. 1995, 1999). Plotted
are top-down views of cylindrical volumes with a radius of
15,000 km s−1 and thickness of 8000 km s−1, yielding an
aspect ratio of about 3.5–1. The pucks show the galaxies in the
northern and southern celestial hemispheres, respectively—i.e.,
all galaxies above and below the celestial equator with redshifts
placing them in the cylinder and with Ks ! 11.75 mag. Many
of our favorite structures and several prominent voids are easily
seen in these plots.

The northern puck is dominated by the LSC at the center,
the Great Wall (now straight in this cylindrical projection) at
10–14.5 hr, and Pisces-Perseus at 0–5 hr. In addition, there are
several new but smaller structures such as the one at 19 hr and
4000 km s−1, probably best associated with the Cygnus Cluster
(Huchra et al. 1977).

The southern celestial hemisphere is more amorphous. There
is the well-known Cetus Wall (Fairall et al. 1998) between 0
and 4 hr, the southern part of the LSC at the center, and the
Hydra-Centaurus region, but also a large and diffuse overdensity
between 19 and 22 hr, a region hitherto not mapped because of
its proximity to the galactic plane. This structure appears to be
both large and rich and should have a large effect on the local
velocity field.

4.2. Onion Skins

Another projection that can highlight the properties of nearby
structures are surface maps of the galaxy distribution as a
function of redshift. Since these are conceptually like peeling
an onion, they are best called “Onion Skins.” Figures 9–11
show three sets of these skins, moving progressively outward
in redshift, while Figure 12 shows the entire 2MRS catalog
with the major structures of the Local Universe labeled. These
figures use Galactic coordinate projections; the corresponding
equatorial coordinate projections are shown in Figures 15–18.

Figure 9 shows the distribution on the sky of all galaxies
in the survey inside 3000 km s−1 color coded by redshift in
1000 km s−1 skins. The plane of the LSC dominates the map, but
there is also a diffuse component between 2000 and 3000 km s−1

and 6–13 hr in the south. The next two figures again show
some familiar structures but with a few surprises. The Great
Wall, Pisces-Perseus, and the Great Attractor dominate the mid
ranges. The overdensity of galaxies in the direction of A3627
is high, and the comparison of Figure 10 with 11 clearly shows
why we are moving with respect to the CMB toward a point
around l = 270◦ and b = 30◦.

5. GALAXY MORPHOLOGIES

Morphological types are listed in Table 3 for all of the 20,860
galaxies in 2MRS11.25. We used the classifications listed in
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Figure 8. Same as Figure 7 but for the south celestial cap.

ZCAT (based on RC3, NED, and other catalogs) when available,
but 5682 of these galaxies had no type information. They were
visually examined and classified by J. Huchra using blue plates
from the Digitized Sky Surveys. These new morphological types
are identified by code “JH” in column 24 of the catalog. We also
list morphological types from the literature for fainter galaxies
in the catalog, when available.

Morphological typing in 2MRS uses the modified Hub-
ble sequence (de Vaucouleurs 1963; de Vaucouleurs et al.
1976). Elliptical galaxies have integer types −7 through −5.
S0 galaxies range from integer type −4 (E/S0) through 0 (S0/
a), in a sequence from least to most pronounced disks. Spirals
are assigned integer types 1 (Sa) through 9 (Sm), without dis-
tinction between barred, unbarred or mixed-type. Irregular and
peculiar galaxies are assigned integer types 10 and above. The
format for the morphological type designations is described in
detail in Table 5.

The distribution of the galaxies in 2MRS11.25 by morpho-
logical type is shown in Figure 13, while Figure 14 shows his-
tograms by redshift for the three broad morphological classes
described above. While the histograms show the same pattern as
Figure 6, spirals dominate the data set at lower redshifts, while
ellipticals flatten near z ≈ 0.03 and extend to higher redshifts,
as expected given their higher luminosity.

6. PREVIOUS RESULTS FROM 2MRS

The 2MRS11.25 sample has been used in several publica-
tions.

1. Erdoǧdu et al. (2006a) calculated the acceleration on the
Local Group (LG). Their estimate of the dipole seems to
converge to the CMB result within 60 h−1 Mpc, suggesting
that the bulk of the motion of the LG comes from structures
within that distance. They also carried out an analysis of
the dipole weighting the sample by its luminosity (rather
than the counts) and found relatively minor changes.

2. Erdoǧdu et al. (2006b) calculated density and velocity
fields. All major LSCs and voids were successfully identi-
fied, and backside infall on to the “Great Attractor” region
(at 50 h−1 Mpc) was detected.

3. Westover (2007) measured the correlation function and
found a steeper relationship between galaxy bias and
luminosity than previously determined for optical samples,
implying that near-infrared luminosities may be better mass
tracers than optical ones. The relative biasing between
early- and late-type galaxies was best fit by a power law with
no improvement when stochasticity was added, leaving
open the possibility that populations of galaxies may evolve
between one another.

4. Crook et al. (2007) produced a catalog of galaxy groups,
which was later used to model the local velocity field in
Crook et al. (2010).

5. Erdoǧdu & Lahav (2009) predicted the acceleration of the
LG generated by 2MRS in the framework of ΛCDM and
the halo model of galaxies. Their analysis suggested that
it is not necessary to invoke additional unknown mass

10

The northern sky is well structured, dominated by LSC at the center, and
the Great Wall and Pisces-Perseus ... The southern hemisphere is more
amorphous. There is a Cetus Wall, southern part of LSC at the center,
Hydra-Centaurus region but also a large and diffuse overdensity between 19
and 22 h ... ”Hockey Puck” diagrams from Huchra et al., 2Mass
Catalogue
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Arrival directions TA and PAO events of E > 100 EeV

TA 2008-14 • E > 100 EeV, • 79÷ 100 EeV, ◦ 57÷ 79 EeV
PAO 2004-14 .... the same for Er = 1.1× E



Extremely
Energetic Cosmic

Rays:
A signal to new
Astro/Particle

Physics?

Zurab Berezhiani

Summary

Introduction: Old
and Gold ....

Chapter I: Dark
Matter from a
Parallel World

Chapter II:
Neutrino - mirror
neutrino mixings

Chapter III:
neutron – mirror
neutron mixing

Chapter IV:
n − n′ and
UHECR

Backup

TA & PAO events:

correlations with sources (AGN & radiogalaxies) and mass
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TA & PAO events: autocorrelations & with tracers
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Local structure – Mass2 catalogue

• 0-15 • 15-30 • 30-45 (d [Mpc]) • 45-60 • 60-75 • 75-90

The Astrophysical Journal Supplement Series, 199:26 (22pp), 2012 April Huchra et al.

JINA Participation Group, Johns Hopkins University,
the Lawrence Berkeley National Laboratory, the Max
Planck Institute for Astrophysics, New Mexico State
University, New York University, The Ohio State Uni-
versity, Pennsylvania State University, the University of
Portsmouth, Princeton University, the Spanish Participa-
tion Group, the University of Tokyo, the University of Utah,
Vanderbilt University, the University of Virginia, the Uni-
versity of Washington, and Yale University.

5. The VizieR catalog access tool operated at the CDS,
Strasbourg, France.

6. The Digitized Sky Surveys, produced at the Space Tele-
scope Science Institute under U.S. Government Grant NAG
W-2166. The images of these surveys are based on photo-
graphic data obtained using the Oschin Schmidt Telescope
on Palomar Mountain and the UK Schmidt Telescope.

7. NASA’s Astrophysics Data System at the Harvard-
Smithsonian Center for Astrophysics.

Typing services provided by Fang, Inc.
Facilities: FLWO:1.5m (FAST), CTIO:1.5m (RCSpec),

Blanco (RCSPec), Struve (es2), HET (LRS)

APPENDIX

In this appendix, we present all-sky plots of the 2MRS data
set in the equatorial coordinates in Figures 15 through 18 as well
as supplementary tables 8 through 13. Table 8 lists 324 sources
of galactic origin which were removed from the catalog. T.

Figure 15. 2MASS galaxies inside the 3000 km s−1 sphere in equatorial
coordinates (centered at R.A. = 0◦ and following the convention of R.A.
increasing to the left). Heliocentric velocities are color coded with red,
blue, and green representing bins of increasing redshift/distance. Red for
Vh < 1000 km s−1, blue for 1000 < Vh < 2000 km s−1, and green for
2000 < Vh < 3000 km s−1.
(A color version of this figure is available in the online journal.)

Figure 16. Same as Figure 15, but for velocities between 3000 and 6000 km s−1.
(A color version of this figure is available in the online journal.)

Figure 17. Same as Figure 16, but for velocities between 6000 and 9000 km s−1.
(A color version of this figure is available in the online journal.)

Figure 18. Same as Figure 12, but in equatorial coordinates (centered at
R.A. = 0◦ and following the convention of R.A. increasing to the left).
(A color version of this figure is available in the online journal.)

Table 8
2MASS XSC or LGA Objects Removed from Input Catalog

2MASS ID Reason for Rejection

00031127−5444588 Piece of galaxy 00031064 − 5444562
00240535−7204531 Globular cluster in SMC
00255209−0939420 Piece of galaxy 00255246 − 0939427
00265282−7132113 Globular cluster in SMC
00364578+2134078 Piece of galaxy 00364500 + 2133594
00460635−0143434 Piece of galaxy 00460539 − 0143242
00520075+6821243 Image flaw
00523957−2637338 Star cluster (NGC 288)
00524844−2637078 Star cluster (NGC 288)
00525061−2635148 Star cluster (NGC 288)
00525389−2635418 Star cluster (NGC 288)
00584209+5628334 Image flaw
01024864−0624482 Piece of galaxy 01024825 − 0624419
01081982−7252599 Star cluster in SMC (NGC 419)
01240782−7309037 H ii region in SMC

(This table is available in its entirety in a machine-readable form in the
online journal. A portion is shown here for guidance regarding its form and
content.)

Jarrett used the original 2MASS LGA pipeline to reprocess 72
of the flagged galaxies by the date this paper was submitted
for publication. These galaxies are listed in Table 9. The
remaining 242 flagged galaxies are separated in two categories.
Table 10 lists 87 objects for which the photometric parameters
are expected to exhibit little change after reprocessing, but
would still benefit from such a procedure. These galaxies have
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Figure 15. 2MASS galaxies inside the 3000 km s−1 sphere in equatorial
coordinates (centered at R.A. = 0◦ and following the convention of R.A.
increasing to the left). Heliocentric velocities are color coded with red,
blue, and green representing bins of increasing redshift/distance. Red for
Vh < 1000 km s−1, blue for 1000 < Vh < 2000 km s−1, and green for
2000 < Vh < 3000 km s−1.
(A color version of this figure is available in the online journal.)

Figure 16. Same as Figure 15, but for velocities between 3000 and 6000 km s−1.
(A color version of this figure is available in the online journal.)

Figure 17. Same as Figure 16, but for velocities between 6000 and 9000 km s−1.
(A color version of this figure is available in the online journal.)

Figure 18. Same as Figure 12, but in equatorial coordinates (centered at
R.A. = 0◦ and following the convention of R.A. increasing to the left).
(A color version of this figure is available in the online journal.)
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2MASS XSC or LGA Objects Removed from Input Catalog

2MASS ID Reason for Rejection

00031127−5444588 Piece of galaxy 00031064 − 5444562
00240535−7204531 Globular cluster in SMC
00255209−0939420 Piece of galaxy 00255246 − 0939427
00265282−7132113 Globular cluster in SMC
00364578+2134078 Piece of galaxy 00364500 + 2133594
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00525061−2635148 Star cluster (NGC 288)
00525389−2635418 Star cluster (NGC 288)
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01240782−7309037 H ii region in SMC

(This table is available in its entirety in a machine-readable form in the
online journal. A portion is shown here for guidance regarding its form and
content.)

Jarrett used the original 2MASS LGA pipeline to reprocess 72
of the flagged galaxies by the date this paper was submitted
for publication. These galaxies are listed in Table 9. The
remaining 242 flagged galaxies are separated in two categories.
Table 10 lists 87 objects for which the photometric parameters
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The UHECR spectra observed by TA and PAO are perfectly concordant
(after 10% rescaling) at energies up to 10 EeV ... but become increasingly
discordant at higher energies, very strongly above the GZK cutoff (60 EeV)

The discrepancy can be due to difference between the N- and S-skies ...
N-sky is well structured, with prominent overdensities and large voids
inbetween S-sky is more amorphous with diffused galaxies ...

It is unlikely that PAO–TA discrepancy is due to different power of sources
within the GZK radius (no correlation with the mass distribution at highest
energies E > 79 EeV, no event from the Virgo or Fornax clusters, etc. )

But it can be explained in ”Swiss Cheese” model: the highest energy
UHECR are born from mirror UHECR in nearby holes within the GZK
radius (Voids = small magnetic fileld) via n′ − n conversion

The TA signal at super-GZK energies is boosted by prominent Voids in
N-hemisphere. This can also explain intermediate scale anisotropies (20-30
degrees) in the TA arrival directions while the PAO data show non ...
Interestingly, the TA/PAO spectra are concordant in the common sky ...

Our hypothesis is testable by analyzing the new data of TA/PAO at higher
statistics (e.g. studying the average hmax and its RMS in the common sky)

Remarkably, it can be tested in laboratories via looking for anomalous
(magnetic field dependent) disappearance of the neutrons (for which there
already exist some experimental indications, most remarkable at the 5.2σ
level).
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Summary

n − n′ conversion also has interesting implications for the neutron
stars (gradual conversion of the neutron stars into mixed
ordinary-mirror stars till achieving ”fifty-fifty” mixed twin star
configuration with

√
2 times smaller radius and

√
2 smaller maximal

mass

Remarkably, it can be tested in laboratories via looking for anomalous
(magnetic field dependent) disappearance of the neutrons (for which
there already exist some experimental indications, most remarkable at
the 5.2σ level) due to n→ n′ conversion and and ”walking through
the wall” experiments (n→ n′ → n regeneration). n − n′ oscillation
can be also related to the neutron lifetime puzzle.
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My hypothesis ...

• DM from a hidden gauge sector having physics ∼ to ordinary matter:
SM × SM′ e, p, n, ν..↔ e′, p′, n′, ν′ SU(5)× SU(5)′, ... E8 × E ′8
• Neutron stars (NS) exist and NS-NS gravitational mergers are observed
• There exist dark neutron stars (NS′) built of mirror neutrons n′

• Neutron–mirror neutron mixing induces n′ → n̄ transition
– antimatter ”eggs” grow inside NS′ – a small antistar inside NS′

• NS′-NS′ mergers ”liberate” the anti-nuclei with v ∼ c

• Φb̄ ∼ R(NS′−NS′)× NNS
b̄ × τsurv × c ∼?? τsurv < 14 Gyr
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How large the antinuclear flux can be ?

• Φb̄ ∼ R(NS′−NS′)× NNS
b̄ × τsurv × c

Merger rate:
R(NS′−NS′) ∼ R(NS−NS) ∼ 103 Gpc−3 yr−1

Amount of antibarions produced in NS′

Nb̄ ∼ N0 × (tNS/τε) ∼ 3 · 1052 × (tNS/1010 yr) (1015 yr/τε)

Survival time:
τsurv = (np〈σannv〉)−1 ' 3 · 1014 × (1 cm−3/np) tNS, τsurv < 14 Gyr

• Φb̄ ∼
(

R
103 Gpc−3 yr−1

)(
Nb̄

1053

) (
τsurv
1017 s

)
× 10−6 cm−2s−1
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Transforming Dark Matter into Antimatter: n or n̄?

Cross-interactions can induce mixing of neutral particles between two
sectors, e.g. ν − ν′ oscillations (M neutrinos = sterile neutrinos)

Oscillation n→ n′ can be very effective process, faster than the neutron
decay. For certain parameters it can explain the neutron lifetime problem,
4.5σ discrepancy between the decay times measured by different
experimental methods (bottle and beam), or anomalous neutron loses
observed in some experiments and paradoxes in the UHECR detections

n→ n′ transition can have observable effects on neutron stars. It creates
dark cores of M matter in the NS interiors, or eventually can transform
them into maximally mixed stars with equal amounts of O and M neutrons

Such transitions in mirror NS create O matter cores. If baryon asymmetry
in M sector has opposite sign, transitions n̄′ → n̄ create antimatter cores
which can be seen by LAT by accreting ordinary gas and explain the origin
of anti-helium nuclei in cosmic rays supposedly seen by AMS2
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Antinuclei in Cosmic Rays ... AMS-02

6 helium-3 and 2 helium-4 with energies ∼ GeV

Φ(He)/Φ(He) ∼ 10−8 – no anti deuteron candidate

Discovery of a single anti-He-4 nucleus challenges all known physics.

AMS-02 signal (once published) will bring to a revolution in Physics

STing promised that AMS-02 will pu-
blish the anti-nuclei data as soon as
they see first anti-carbon

My scenario is optimistic – this depends in burning conditions in
antimatter core for nuclear reactions – depends on age, central
density etc. – First it should start to produce helium as in the Sun
(without initial Helium) – but then it can go to produce C-N-O and
perhaps further ...

Everything is very simple as possible – but not simpler
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Getting Energy from Dark Parallel World

I argued that in O and M worlds baryon asymmetries can have same signs:
B > 0 and B ′ > 0. Since B −B ′ is conserved, our neutrons have transition
n→ n̄′ (which is the antiparticle for M observer)
while n′ (of M matter) oscillates n′ → n̄ into our antineutron
Neutrons can be transformed into
antineutrons, but (happily) with
low efficiency: τnn̄ > 108 s

dark neutrons, before they decay,
can be effectively transformed in-
to our antineutrons in controlla-
ble way, by tuning vacuum and
magnetic fields, if τnn̄′ < 103 s

E = 2mnc
2 = 3× 10−3 erg

per every n̄ annihilation

Two civilisations can agree to built scientific reactors and exchange
neutrons ... ... we could get plenty of energy out of dark matter !

E.g. mirror source with 3× 1017 n/s (PSI) −→ power = 100 MW
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Asimov Machine: the ”Pump”

First Part: Against Stupidity ...

Second Part: ...The Gods Themselves ...

Third Part: ... Contend in Vain?

”Mit der Dummheit kämpfen Götter
selbst vergebens!” – Schiller

Radiochemist Hallam constructs the ”Pump”: a cheap, clean,
and apparently endless source of energy functioning by the matter
exchange between our universe and a parallel universe ....
His “discovery” was inspired by beings of parallel (mirror) world where
stars were very old and so too cold – they had no more energy resources
and were facing full extinction ...
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Can neutron be transformed into antineutron
... effectively?

Small Majorana mass of neutron ε
2

(
nTCn + nCnT

)
= ε

2

(
nc n + n nc

)
≡ n − n̄ oscillation (∆B = 2)

Oscillation probability for free flight time t

Pnn̄(t) = (ε t)2 = (t/τnn̄)2 in quasi-free regime ωBt < 1

Present bounds on oscillation time τnn̄ = ε−1 are severe:
τnn̄ > 0.86× 108 s direct limit (free n) ILL, 1994
τnn̄ > 2.7× 108 s nuclear stability (bound n) SK, 2020 (this conf.)

Pnn̄(t) = t2

τ 2
nn̄

=
(

108 s
τnn̄

)2 (
t

0.1 s

)2× 10−18

Shortcult through mirror world: n→ n′ → n̄:
Experimental search to be tuned against (dark) environmental conditions

Pnn̄(t) = Pnn′(t)Pnn̄′(t) = t4

τ 2
nn′τ

2
nn̄′

=
(

1 s2

τnn′τnn̄′

)2 (
t

0.1 s

)4× 10−4

No danger for nuclear stability !

Nor for Neutron Stars
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2× 2 = 4 !
Z.B., Eur.Phys.J C81:33 (2021), arXiv:2002.05609

4 states: n, n̄ : n′, n̄′ and mixing combinations:

n←→ n̄ (∆B = 2) & n′ ←→ n̄′ (∆B ′ = 2)

n←→ n′ + n̄′ ←→ n̄ ∆(B − B ′) = 0

n←→ n̄′ + n′ ←→ n̄ ∆(B + B ′) = 0

Full Hamiltonian is 8× 8:


mn + µ~B~σ εnn̄ εnn′ εnn̄′

εnn̄ mn − µ~B~σ εnn̄′ εnn′

εnn′ εnn̄′ m′n + V ′n + µ′ ~B ′~σ εnn̄
εnn̄′ εnn′ εnn̄ m′n + V ′n − µ′ ~B ′~σ


Present bounds on oscillation time τnn̄ = ε−1:
τnn̄ > 0.86× 108 s (free n), τnn̄ > 4.7× 108 s (bound n)

Pnn̄(t) = t2

τ 2
nn̄

=
(

108 s
τnn̄

)2 (
t

0.1 s

)2× 10−18
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How effective n→ n̄ can be?

simulations for n − n̄ experiment with
t = 0.1 s (` = 100 m as ILL) and t = 0.02 s (` = 20 m)

P
ro

b
ab

ili
ty

    𝑃
௡
ത ௡

– and perhaps a chance for free energy ?
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Majorana Machine

11/30/2021 1525948330_macchina_majorana.webp (1050×590)

file:///Users/zurab/Downloads/1525948330_macchina_majorana.webp 1/1

Che cretini! Hanno scoperto il protone
neutro e non se ne accorgono!

La fisica è su una strada sbagliata. Siamo
tutti su una strada sbagliata...

La fantomatica macchina forse teorizza-
ta da Ettore Majorana! Nella sua for-
mulazione attuale violerebbe un’infinità
di principi scientifici, producendo enormi
quantità di energia a costo zero. Non può
affatto esistere ...
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Chapter IV

Chapter IV

n − n′ and Neutron Stars

Z.B., Biondi, Mannarelli, Tonelli
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Neutron Stars: n − n′ conversion

Two states, n and n′

H =

(
mn + Vn + µnBσ ε

ε m′n + V ′n − µnB′σ

)
n1 = cos θn + sin θn′, n2 = sin θn − cos θn′, θ ' ε

Vn−V ′n

nn→ nn′ with probability Pnn′ = 1
2 sin2 2θnn′ = 2

(
ε

EF−E ′F

)2

EF ' (n/ns)2/3 × 60 MeV, ns = 0.16 fm−3 E ′F = ....n′

Γ0 = 〈σvF 〉n η0Pnn′(0) '
(

a
1 fm

)2 ( ε
10−14 eV

)2 × 10−13 yr−1

F
/EFE'

0 0.2 0.4 0.6 0.8 1

η

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

dN1(t)
dt = −ΓN1

dN2(t)
dt = ΓN1 N1 + N2 = Const.
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Mixed Neutron Stars: TOV and M − R relations

gµν = diag(−gtt , grr , r 2, r 2 sin2 θ) gtt = e2φ, grr = 1
1−2m/r

Tµν = T 1
µν + T 2

µν = diag(ρgtt , pgrr , pr
2, pr 2 sin2 θ)

ρ = ρ1 + ρ2 & p = p1 + p2, pα = F (ρα)

dm
dr

= 4πr 2ρ → dm1,2

dr
= 4πr 2ρ1,2 m = m1 + m2

dφ
dr

= − 1
ρ+p

dp
dr
→ dp1/dr

ρ1+p1
= dp2/dr

ρ2+p2

dp
dr

= (ρ+ p)m+4πpr3

2mr−r2

(m1 6= 0,m2 = 0)in → (m1 = m2)fin r → r√
2
, mα → mα

2
√

2

0 5 10 15
0.0

0.5

1.0

1.5

2.0

R @ km D

M
�M

�

0 5 10 15
0.0

0.5

1.0

1.5

2.0

2.5
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M
�M

�

√
2 rule: Mmax

mix = 1√
2
Mmax

NS Rmix(M) = 1√
2
RNS(M)
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Neutron Stars: observational M − R

ω

Figure 4

The combined constraints at the 68% confidence level over the neutron star mass and radius obtained from
(Left) all neutron stars in low-mass X-ray binaries during quiescence (Right) all neutron stars with
thermonuclear bursts. The light grey lines show mass-relations corresponding to a few representative
equations of state (see Section 4.1 and Fig. 7 for detailed descriptions.)

(Guillot et al. 2013; Guillot & Rutledge 2014; Lattimer & Steiner 2014; Özel et al. 2015). The most

recent results are displayed as correlated contours on the neutron-star mass-radius diagram4 (see

Fig. 4).

Several sources of systematic uncertainties that can affect the radius measurements have been

studied, which we discuss in some detail below.

Atmospheric Composition. The majority of qLMXBs for which optical spectra have been ob-

tained show evidence for Hα emission (Heinke et al. 2014), indicating a hydrogen rich companion.

Although none of these spectra have been obtained for globular cluster qLMXBs, assuming that

sources in globular clusters have similar companions to those in the field led to the use of hydrogen

atmospheres when modeling quiescent spectra. There is one source among the six that have been

analyzed in detail, for which there is evidence to the contrary. There is only an upper limit on the

Hα emission from the qLMXB in NGC 6397 using HST observations (Heinke et al. 2014). Because

of this, this source has been modeled with a helium atmosphere and the corresponding results are

displayed in Fig. 4.

Non-thermal Component. Assuming different spectral indices in modeling the none-thermal

spectral component also has a small effect on the inferred radii (Heinke et al. 2014). The low

counts in the spectra do not allow an accurate measurement of this parameter; however, a range of

values have been explored in fitting the data.

Interstellar Extinction. Because of the low temperature of the surface emission from qLMXBs,

the uncertainty in the interstellar extinction has a non-negligible effect on the spectral analyses. Dif-

ferent amounts of interstellar extinction have been assumed in different studies (Guillot et al. 2013;

Lattimer & Steiner 2014). A recent study explored different models for the interstellar extinction

4The full mass-radius likelihoods and tabular data for these sources can be found at
http://xtreme.as.arizona.edu/NeutronStars.
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Neutron Stars: Evolution to mixed star

dN1(t)
dt = −ΓN1

dN2(t)
dt = ΓN1 N1 + N2 = Const.

Initial state N1 = N0, N2 = 0 final state N1 = N2 = N0/2

0.001 0.010 0.100 1 10 100 1000
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2
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Polyt: Mmax= 2.57 M☉

NS-NS merger: can be at the origin of heavy *trans-Iron* elements
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Neutron Stars: mass distribution
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Figure 2

The most recent measurement of neutron star masses. Double neutron stars (magenta), recycled pulsars
(gold), bursters (purple), and slow pulsars (cyan) are included.

masses, from ≈ 1.1−2 M⊙. The differences between the neutron star masses in different categories

are also evident. To study and characterize the mass distributions of these different classes in more

detail, it is possible to use Bayesian statistical techniques on the currently available measurements.

In particular, the three different categories of sources, namely, the DNSs, the slow pulsars (i.e., the

small spin period pulsars and neutron stars with high mass companions, which are likely to be near

their birth masses) and the recycled pulsars (which include all MSPs and the accreting neutron

stars with low-mass companions) can each be modeled with Gaussian functions with a mean of M0

and a dispersion σ

P (MNS; M0, σ) =
1√

2πσ2
exp

[
− (MNS − M0)

2

2σ2

]
. (8)

Several studies have employed Bayesian techniques to measure the most likely values of the mean

and dispersion for these systems (Özel et al. 2012; Kiziltan et al. 2013). Fig. 3 shows the inferred

mass distributions for these different categories of neutron stars. The most likely values of the

www.annualreviews.org • Masses, Radii, and Equation of State of Neutron Stars 13

Figure 3

The inferred mass distributions for the different populations of neutron stars.

parameters for these distributions are: M0 = 1.33 M⊙ and σ = 0.09 M⊙ for the DNSs, M0 =

1.54 M⊙ and σ = 0.23 M⊙ for the recycled neutron stars, and M0 = 1.49 M⊙ and σ = 0.19 M⊙
for the slow pulsars. A recent study also raised the possibility of two peaks within the recycled

millisecond pulsar population, with the first peak at M = 1.388 M⊙ and a dispersion σ = 0.058 M⊙
and a second peak appearing at M = 1.814 M⊙ with a dispersion of σ = 0.152 M⊙ (Antoniadis et al.

2016).

Among these inferred distributions, the narrowness of the DNS distribution stands out.

While clearly not representative of neutron stars as a whole, as it was once thought

(Thorsett & Chakrabarty 1999), it probably points to a particular evolutionary mechanism that

keeps the masses of neutron stars in these systems in a narrow range. Recent discoveries, such as

the DNS J0453+1559 (Deneva et al. 2013), indicate that the range of masses in double neutron-star

systems may also be wider than previously believed: the recycled pulsar has a mass of 1.559(5)

M⊙, the heaviest known in any DNS (Martinez et al. 2015), while the companion has a mass of

1.174(4) M⊙, the smallest precisely measured mass for any NS (We infer that the companion is a

NS from the orbital eccentricity of the system, e = 0.11251837(5), which would not arise if it had

slowly evolved to a massive white dwarf star).

2.6. Maximum Mass of Neutron Stars

Finding the maximum mass of neutron stars is of particular interest in mass measurements because

of its direct implications for the neutron star equation of state and neutron star evolution. The

largest neutron star mass can rule out the equations of state that have maximum masses that fall

below this value. The current record holder on this front is J0348+0432 with a mass of 2.01±0.04M⊙
(Antoniadis et al. 2013).

There are also some studies of a particular class of millisecond pulsars called black

widows (and their cousins redbacks) that have suggested higher neutron star masses (e.g.,

14 Feryal Özel and Paulo Freire
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