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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



Ultra High
Energy Cosmic
Rays and Dark

Matter

Zurab Berezhiani

Summary

Chapter I: Dark
Matter from a
Parallel World

Chapter II:
UHECR

Chapter III:
n − n′ and
UHECR

Summary

Backup

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

new parameters – constrained only by experimental and astrophysical limits
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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.
L′Yuk = 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 = Z2 × CP symmetry (L,R → R, L): Y ′ = Y ∗ B − B ′ → B − B ′
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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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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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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

K

N Na

Ka
MD

l la

Mirror neutrinos are natural candidates for sterile neutrinos
Akhmedov, Z.B. and Senjanovic, 1992,

Foot and Volkas 1995, Z.B. and Mohapatra, 1995

But also Berezinsky and Vilenkin 2000
Berezinsky, Narayan and Vissani 2002



Ultra High
Energy Cosmic
Rays and Dark

Matter

Zurab Berezhiani

Summary

Chapter I: Dark
Matter from a
Parallel World

Chapter II:
UHECR

Chapter III:
n − n′ and
UHECR

Summary

Backup

Venya and Mirror Neutrinos

After Gran Sasso Summer Institute 1993 (organized by Gianni Fiorentini)
I started with Venya (and Rabi Mohapatra) a work on RH neutrinos as
”sterile” neutrinos in the context of low scale L− R symmetric models
SU(3)× SU(2)L × SU(2)′R × U(1)
I had a prototype model but one had to clear BBN constraints...
At some moment, I twisted the idea – to double all gauge factors:[
SU(3)× SU(2)L × U(1)

]
×

[
SU(3)′ × SU(2)′R × U(1)′

]

equivalent to introducing mirror sector. Venya refused to sign the paper!

  47

Photos with VS #2 

  47

Photos with VS #2 

”Ultrahigh-energy neutrinos from hidden sector topological defects”,
V.S. Berezinsky and A. Vilenkin, Phys.Rev.D 62 (2000) 083512
And also ”Mirror model for sterile neutrinos”,
Berezinsky, Narayan and Vissani, Nucl.Phys. B 658 (2003) 254
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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

Asymmetric reheating: our world is heated and mirror is empty:
but lφ→ l̄ ′φ̄′ heat also mirror world (but with T ′ < T )

• 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

Co-leptogenesis in both sectors Z.B. and Bento, PRL 87, 231304 (2001)

naturally explaining Ω′B ' 5 ΩB Z.B., IJMP A19, 3775 (2004)
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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.

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

∆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

If k =
(

Γ
H

)
T=TR

� 1

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

Sign of BA is same for two sectors: B > 0 −→ B ′ > 0
in other terms, both sectors are left-handed
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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 < 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

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

Z.B. and Bento, PRL 96, 081801 (2006)
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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)

2 2

2 2 2 2

2 2

2 2 2

( ) ( ) ( ) cos

sin ( ) sin ( )
( )

2 ( ) 2 ( )

sin ( ) sin ( )
( )

2 ( ) 2 (

B B B

B

P t p t d t

t t
p t

t t
d t

C

X X X X

U X X U X X

X X X X

U X X U

a

� � ¸

  ¯   ¯a a� �¡ ° ¡ °¢ ± ¢ ±�
a a� �

  ¯   ¯a a� �¡ °

�

¡ °¢ ± ¢ ±�
a�

�

Neutron disappearance in the presence of

where  = and - oscillation time

assymetry

2

1 1
2 2

det

)

( ) ( )
( ) ( ) cos

( ) ( )
B B

B collis B
B B

B B

N t N t
A t N d t

N t N t

X X

X N X N U

C�

�

a�

a a�

�
� ¸ k

�

   ;     
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B a
G

B
G

C

B�
G

Z.B. Eur.Phys.J C 64, 421 (2009)
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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
5.3 σ anomaly in asymmetry

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

16

I myself have done another experiment with this chamber at ILL
– it was a fun! ∼ 4σ anomaly in asymmetry reduced to 2.7σ
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Exp. limits on n − n′ oscillation time – ZB et al, Eur. Phys. J. C. 2018

0.1 0.2 0.3 0.4
0

20

40

60

80

100

120

B' [G]

τ,
τ β

[s
]

n − n′ search in new experiments at PSI, ILL and ESS targeting
τnn′ ∼ 100− 200 s N. Ayres et al. [PSI collaboration] , 2021

limits from the Neutron Star surface heating: τnn′ > 1− 10 s
Z.B., Biondi, Mannarelli and Tonelli, Eur. Phys. J. C 81, 1036 (2021)

τ ∼ 1 s → ε ∼ 10−15 eV → M ∼ 10 TeV
– 1

M5 (udd)(u′d ′d ′) and underlying new physics at LHC?
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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 are bound in nuclei ....

n→ n̄′ conversions are effective only for free neutrons.
– it cannot occur for neutrons bound in nuclei – energy conservation!

N.B. n→ n̄′ can take place in Neutron Stars (gravitationally bound)
– conversion of NS into mixed ordinary/mirror NS

Free neutrons are present only in

• Reactors & Spallation Facilities (challenge τnn̄′ < τdec ' 103 s)

• UHE Cosmic Rays: p + γ → n + π+, NA + γ → NA−1 + n
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Chapter I

Chapter I

Extreme Energy Cosmic Rays:
where do they all come from?
and where do they all belong?

”Eleanor Rigby” and other beautiful pieces of Beatles
always inspired me to think differently to commonly
accepted paradigms
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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 EECR14 30. Cosmic Rays

1310 1410 1510 1610 1710 1810 1910 2010
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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

Events with E > 100 EeV were observed
Cosmic Zevatrons exist in the Universe – but where is the End?
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UHECR Observatories

Two giant detectors:

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

At E < EGZK two spectra are perfectly coincident by relative energy
shift ≈ 8÷ 10 % – but become discrepant at E > EGZK

+ older detectors: AGASA, HiRes, etc. (all in north hemisphere)
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But also other problems are mounting ...

• Who are carriers of UHECR? (chemical content)
Chemical content: extragalactic UHECR are protons for E = 1÷ 10 EeV.

But UHECR become gradually heavier nuclei above E > 10 EeV or so

Disappointing Model – or perhaps new physics?

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

E > EGZK. PAO anisotropies not prominent: a spot around Cen A and

warm spot at NGC 253 – are two skies really different?

• Arrival directions?
E > 100 EeV are expected from local supercluster (Virgo cluster etc.)
and/or closeby structures. But they do not come from these directions.

TA has small angle correlation for E > 100 EeV events (3 doublets) which

may indicate towards strong sources – but no sources are associated

– where do they all come from?

• Who are cosmic Zevatrons?
Several candidates on Hillas Plot (AGN, HBL, SBG, GRB etc.)

– but no reliable acceleration mechanism
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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 – but still cutoff
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Association with close sources (SBG, AGN etc,)

The flux of UHECRs along the SGP measured at the Pierre Auger Observatory 7
superga

lactic la
titude B

supergalactic longitude LPierre Auger Obs. FoVTelescope Array FoVFig. 1–2 range  
(a) ETA  57 EeV(b1) ETA  1019.4 eV(b2) ETA  1019.5 eV(b3) ETA  1019.6 eV

50°40°30°20°10°0°+10°+20°+30°+40°+50°

 0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330°
IC 342M81

M82
M94

M64
M83

Cen A
NGC 4945

CircinusNGC 253

M31

Maffei1
Maffei2

Telescope Array hotspot and new excess windows (2023 update)

Figure 3. The windows in which the TA collaboration reported excesses of events, as of their latest update (Telescope Array
Collaboration 2023), compared to the FoV of the Pierre Auger Observatory and of the Telescope Array

Table 2. The excesses reported by TA in the windows shown in Figure 3, as of their latest update (Telescope Array Collaboration
2023), and the corresponding results in our data. The Emin values are converted from the TA energy scale to ours using Pierre
Auger Collaboration & Telescope Array Collaboration (2023b, eq. (1)). Some of the TA values of Nbg, �in/�out and/or ZLM

shown here di↵er by up to a few percent from those reported in Telescope Array Collaboration (2023), presumably because
in that work Ein/Etot was estimated from a Monte Carlo simulation with 100,000 events (of which O(104) within the window,
hence with fluctuations ⇠ 1% in Ein), whereas here we computed it by numerically integrating the expression in Sommers
(2001, section 2) over a HEALPix grid with Nside = 210 (resolution ⇡ 0.�06). For the TA results, we computed the frequentist
99% CL lower limit to �in/�out defined analogously to (5) by

PNin�1
n=0 P (n|Ntot,�in/�out) = 0.01. Note that the TA post-trial

significances were computed under the assumption that only excesses near the center of a presumed emitting structure (the
Perseus–Pisces Supercluster) had been searched for.

Telescope Array (Telescope Array Collaboration 2023) Pierre Auger Observatory (this work)

Emin Ntot
Ein
Etot

Nbg Nin
�in
�out

ZLM
99%
L.L.

post-
trial Emin Ntot

Ein
Etot

Nbg Nin
�in
�out

ZLM
99%
U.L.

(a) 57 EeV 216 9.47% 18.0 44 2.44+0.44
�0.39 +4.8� 1.60 2.8� 44.6 EeV 1074 1.00% 10.7 9 0.84+0.31

�0.25 �0.5� 1.76

(b1) 1019.4 eV 1125 5.88% 64.0 101 1.58+0.17
�0.16 +4.1� 1.22 3.3� 20.5 EeV 8374 0.84% 70.1 65 0.93+0.12

�0.11 �0.6� 1.23

(b2) 1019.5 eV 728 5.87% 41.1 70 1.70+0.22
�0.20 +4.0� 1.25 3.2� 25.5 EeV 5156 0.84% 43.5 39 0.90+0.15

�0.14 �0.7� 1.29

(b3) 1019.6 eV 441 5.84% 24.6 45 1.83+0.31
�0.27 +3.6� 1.23 3.0� 31.7 EeV 2990 0.87% 26.0 27 1.04+0.21

�0.19 +0.2� 1.61

ray Collaboration (2018b), if anything, would make the

Telescope Array overestimate and the Auger Observa-

tory underestimate �out, going in the opposite direction

than what would explain away the di↵erence between

the �in/�out values from the two datasets.

5. DISCUSSION AND CONCLUSIONS

We have confirmed our previous finding (Pierre Auger

Collaboration 2023, with 4.0� post-trial there) that the

statistically most significant excess of UHECRs along

the SGP is from the Centaurus region, though still not

at the discovery level with the current statistics (post-

trial significance 3.1� in this work), and we have further

found that this excess extends to lower energies than

previously studied (down to 20 EeV), with no apprecia-

ble dependence of its position on the energy threshold

chosen. One possible explanation for this lack of energy

dependence (other than the absence of sizable coherent

magnetic deflections) could be an approximately con-

stant magnetic rigidity R = E/Z of the particles making

up this excess, i.e., an increasingly heavy mass composi-

tion such that their atomic numbers Z are proportional

to their energy. It was already predicted by Lemoine

& Waxman (2009) that in the case of a mixed compo-

sition anisotropies at high energies should be expected

to correspond to anisotropies of lighter nuclei at lower

energies, but in Pierre Auger Collaboration (2011) we

had failed to find any such indication possibly due to

4 Pierre Auger Collaboration

Figure 1. Local Li–Ma significance ZLM of excesses over the isotropic expectation as a function of the window center position.
The ZLM in windows whose center lies outside the FoV of the Observatory was not computed (shown as the gray disk wrapping
around the left and right edges of each panel; see also Figure 3). In each panel, the energy threshold used is written in the upper
right corner. The solid circle is the window position with the highest ZLM in the whole strip; the dashed one is that with the
highest ZLM excluding those overlapping with the solid one. Labels indicate the position of Council of Giants galaxies (McCall
2014) for reference only; they are not taken into account in the analysis in any way.

Table 1. Information about the maximum-significance excesses found along the SGP

1st maximum 2nd maximum

Emin Ntot L B Ein
Etot

Nbg Nin
�in
�out

ZLM
99%
U.L. L B Ein

Etot
Nbg Nin

�in
�out

ZLM
99%
U.L.

20 EeV 8832 162� �6� 9.56% 829. 990 1.19+0.04
�0.04 +5.2� 1.29 241� �5� 10.27% 900. 971 1.08+0.04

�0.04 +2.2� 1.17

25 EeV 5380 161� �9� 9.56% 504. 608 1.21+0.05
�0.05 +4.2� 1.33 275� �19� 8.00% 426. 482 1.13+0.05

�0.05 +2.6� 1.26

32 EeV 2936 163� �8� 9.68% 276. 363 1.32+0.08
�0.07 +4.7� 1.50 276� �17� 7.89% 229. 264 1.15+0.08

�0.07 +2.2� 1.34

40 EeV 1533 162� �6� 9.56% 140. 208 1.49+0.11
�0.11 +5.1� 1.77 345� �7� 1.00% 15.2 26 1.71+0.36

�0.32 +2.5� 2.68

50 EeV 713 161� �7� 9.56% 64.4 103 1.60+0.18
�0.16 +4.2� 2.05 322� �22� 3.69% 25.9 39 1.51+0.26

�0.23 +2.4� 2.20

63 EeV 295 163� �3� 9.56% 26.3 46 1.75+0.30
�0.26 +3.3� 2.54 223� +26� 9.56% 26.7 42 1.57+0.28

�0.25 +2.6� 2.31
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Year 2019: From my slides at TEVPA 2019, Sydney

UHECR E > 100 EeV (big circles) + all super GZK events E > 60 EeV

TA - 10 events, PAO - 8 events (data till 2015)

Eye: E = 320 EeV Fly’e Eye Monster Father McKenzie (FM)
Star E = 244 EeV TA Energetic Record Eleanor Rigby (ER)
+ 2 AGASSA events E > 200 EeV + 2 PAO & 2 TA events E > 165 EeV
– Where do they all come from... and where do they all belong?
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4 years after: Telescope Array, Science, Dec. 2023

E > 244 EeV (big circle) + 27 events E > 100 EeV (circles)

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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Local Universe: Local Void and others around ...

Local Universe within 150 Mpc (SG coordinates X ,Y ,Z )

Local Void – ∆X ×∆Y ×∆Z ' 70× 50× 60 ' 2× 105 Mpc3

4

Figure 1. Overview of the structure surrounding the Local Void. Isosurfaces of density are inferred from the velocity field
constructed from the Wiener Filter treatment of Cosmicflows distances, with the densest peaks in red and less dense filaments
in grey. The Milky Way is at the origin of the colored arrows, 5,000 km s�1 in length, oriented in the frame of supergalactic
coordinates (red toward +SGX, green toward +SGY, blue toward +SGZ). The Local Void fills the empty region above the
Milky Way in this plot. This view inward from a location at positive values of SGX, SGY, and SGZ will be referred to as the
reference orientation.

specified in the figure caption. The overdense contours
are stripped away in the lower right panel to fully reveal

the Local Void.
We introduce a naming convention that will be ad-

hered to in subsequent figures. The names of familiar
structures are retained. Otherwise, features are given
constellation names appended with a tag set by their
redshift in units of 103 km s�1, with the tags of un-
der densities preceded by a minus sign and those of

over densities preceded by a plus sign. Here in the Lo-
cal Void, Lacerta�2.4 is at the location of the lowest
density of �1.89 at supergalactic SGX, SGY, SGZ of

[+1650, �700, +1650] km s�1 ⇡ [+22, �9, +22] Mpc.

Andromeda�2.3 is at a secondary minimum of �1.53 at
[+2100, �700, �300] km s�1 ⇡ [+28, �9, �4] Mpc and,

in the most familiar part of the Local Void, Aquila�0.8
is a tertiary minimum of �1.13 at SGX, SGY, SGZ of
[�200, �200, 700] km s�1 ⇡ [�3, �3, +9] Mpc in our
immediate vicinity only 10 Mpc away. More removed,
UMi�3.7 marks a minimum of �0.93 at [+3100, +1700,
+1200] km s�1 ⇡[+41, +23, +16] Mpc. Details regard-
ing these minima are accumulated in Table 1.

The deepest minima in the Local Void lie at very
low values of SGY; i.e., they lie close to the equato-
rial plane of the Milky Way in regions of obscuration.
The void manifests a tilt toward positive SGX, toward

5

Figure 2. The heart of the Local Void. The deepest parts of the void are mapped by surfaces of density �1.1 (black) and
�0.7 (dark grey). Local minima are located by red dots and given names. Contours in shades of light grey and red illustrate
surrounding high density structures. The Milky Way is at the origin of the red, green, blue directional arrows. The same scene
is shown from multiple vantage points. The reference viewing direction in the upper left panel is from positive values of all 3
coordinates (video frame time: 02:01). At upper right, the scene has been rotated around to almost in from the negative SGY
axis (02:25). Then at lower left, the view is in from very near to the positive SGZ axis. In this latter case, a foreground clip at
SGZ=+3000 km s�1 has removed the Arch to give an unrestricted view of the void (02:32). In the lower right panel, the Local
Void contours are shown alone, looking in from positive SGY (02:42).

the space in front of the Perseus-Pisces filament which is

the well documented domain of a void (Haynes & Gio-
vanelli 1986). The CF3 velocity information resolves
ambiguity in mapping based on redshift surveys, ag-
gravated by galactic obscuration, and clearly identifies

the Local Void and the void foreground of the Perseus-
Pisces complex as parts of the same feature. The ”hy-
pervoid” HV1 defined by the union of 56 small spherical

voids by Elyiv et al. (2013) reasonably approximates our
Local Void. The rough dimensions of the Local Void
at the isodensity contour �0.7 is �SGX,SGY,SGZ =
5200,3000,4500 km s�1 = 69,51,60 Mpc, hence a volume

of ⇠ 2 ⇥ 105 Mpc3.
A personalized tour of the Local Void stripped of over

dense boundaries (Figure 2, lower right panel) can be ex-

perienced by accessing the first interactive model.3 The
superimposed orbits were derived from Cosmicflows-

3 distance constraints using numerical action methods
(Shaya et al. 2017). The orbits are calculated in co-
moving space coordinates following the center of mass

of the sample. The orbits from z = 4 to today dramat-
ically illustrate the evacuation of the Local Void. See
also the sequence in the video frozen in the frame image
of Figure 3.

2.2. Hercules Void

3 https://sketchfab.com/models/f0a44df256aa4faf93391887d66010e2

Sculptor Void - ∆X ×∆Y ×∆Z ' 190× 90× 140 ' 2× 106 Mpc3.
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n − n′ oscillation and UHECR propagation
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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

� 1 −→ `′mfp

`mfp
'

(
T
T ′
)3 � 1
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zmax =3, Ecut =1021 eV, γg =2. 6, m =0, T′/T =0. 2, q=50

Qp′/Qp =5, QHe/Qp =0. 12, QHe′/Qp′=0. 4

ourp

ourHe

mir. p

mir. He
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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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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 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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2
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1
sr
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1
]

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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Swiss cheese: More distant Void (50–100 Mpc)
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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 [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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Today’ ... UHECR events with E > 100 EeV
... works in progress with Gazizov and Rossi

TA – 28 events (red circles) – 9+6 from LV
PAO = 36 events (blue circles) – 2+3 from LV, many from Sculptor,
Eridanus etc.
2+1 events fin Hotspot TA, 0 in hotspot PAO, 0 in north cup δ > 60◦ –
and Virgo is a cold spot

But one can add other E > 100 EeV events: Fly’s Eye (FM), 12 AGASA, 3
HiRes, 4 Havera P + 1 Volcano R Now 5+3 events from LV
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Summary (From my talk at TEVPA 2019)

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 ...
S-sky is more amorphous with diffuse galaxies ...

It is unlikely that PAO–TA discrepancy is due to different power of sources
within the GZK radius (no correlation with the galaxy distribution at
E > 80 EeV, no event from the Virgo or Fornax clusters, etc. )

But it can be explained in ”Swiss Cheese” model: UHECR above 80− 100
EeV are born from mirror UHECR via n′ − n conversion in nearby voids
within the radius ∼ 50− 100 Mpc (Voids = small magnetic fields)

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 Interestingly, the TA/PAO spectra are
concordant in the common sky ...

My hypothesis is testable with the new data of TA/PAO at higher statistics
on E > 100 EeV events for which typical ”voidity” radius is ∼ 50 Mpc
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Summary (Continued)

Implication for cosmogenic neutrinos. Mirror Sector is Helium
dominated, and in mirror UHECR 4He′ can be more than p′. So
neutrons can be produced also by 4He′+ γ′ →3 He′+ n′. Subsequent
decay n′ → p′e′ν̄′ and (sterile-active) oscillation ν′ → ν can produce
large flux of cosmogenic neutrinos which may explain astrophysical
neutrino flux of IceCube above 100 TeV at higher redshifts

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 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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Exp. limits on n − n′ oscillation time – ZB et al, Eur. Phys. J. C. 2018
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limits from the Neutron Star surface heating: τnn′ > 1− 10 s
Z.B., Biondi, Mannarelli and Tonelli, Eur. Phys. J. C 81, 1036 (2021)

q = 0.5
( τnn′

1 s

)2 ( ∆B
1 fG

)2 ≥ 1 implies ∆B ≤ 1 fG for τnn′ ' 1 s
In turn, ∆B > 10−17 G implies τnn′ < 100 s

Optimism for n − n′ search in new experiments at PSI, ILL and ESS
targeting τnn′ ∼ 100− 200 s
N. Ayres et al. [PSI collaboration] , 2021
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Thank You ...

It’s wonderful to be here
It’s certainly a thrill
You’re such a lovely audience ...

I don’t really want to stop the show
But I thought that you might like to know
That the singer’s going to sing a song
And he wants you all to sing along

We hope you have enjoyed the show
We’re sorry but it’s time to go
It’s getting very near the end
We’d like to thank you once again
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Thanks

Many Thanks for Listening

The talk of Z.B. was supported in part by the research grant No.
2022E2J4RK ”PANTHEON: Perspectives in Astroparticle and
Neutrino THEory with Old and New messengers” under the program
PRIN 2022 funded by the Italian Ministero dell’Universitá e della
Ricerca (MUR) and by the European Union – Next Generation EU.
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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

14

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

14



Ultra High
Energy Cosmic
Rays and Dark

Matter

Zurab Berezhiani

Summary

Chapter I: Dark
Matter from a
Parallel World

Chapter II:
UHECR

Chapter III:
n − n′ and
UHECR

Summary

Backup

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
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TA & PAO events:

correlations with sources (AGN & radiogalaxies) and mass
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Transient sources (GRB?)
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TA & PAO events: autocorrelations & with tracers
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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"
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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
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4σ → 2.5σ effect


