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Disclaimer:

Introduction:

e Mater — No torsioning of gravity
— No Ghost-fighting
— No entangled (poor) Cats ...

In short, no Sado-Mazo no transgressions
— All innocent and peaceful as stories of Alice or Harry

Open your mind, relax and go downstream .....

Tomorrow never knows



. Bright & Dark Sides of our Universe
2

Todays Universe: flat Qo &~ 1 (inflation) ... and multi-component:

Fantastic Beasts
and Where to

Find Them .. @ Q5 ~0.05 observable matter: electron, proton, neutron !
Alce n he o Qp~025 dark matter: WIMP? axion? sterile 7 ...
i B e Qp~0.70 dark energy:  A-term? Quintessence? ....
e Qr <1073 relativistic fraction: relic photons and neutrinos
Miror Miatsr Matter — dark energy coincidence: Qp/Qn =~ 0.45, (Qu = Qp + Q5)
pn~ Const.,  py~a3  why pu/pn~1 - just Today?

Antrophic explanation: if not Today, then Yesterday or Tomorrow.
Baryon and dark matter Fine Tuning: Qg/SQp ~ 0.2

pg ~ a3, pp~ a3 whypg/pp ~ 1 - Yesterday Today & Tomorrow?
Baryogenesis requires BSM Physics: (GUT-B, Lepto-B, AD-B, EW-B ...)

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

Different physics for B-genesis and DM?
Not very appealing: looks as Fine Tuning
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Introduction:
Mirror Matter

Everything has the End. But the Wurstle has two Ends ...

Dark sector ... similar to our luminous sector?

For observable particles .... very complex physics !!
G = SU(3) x SU(2) x U(1) ( + SUSY ? GUT ? Seesaw ?)
photon, electron, nucleons (quarks), neutrinos, gluons, W* — Z, Higgs ...
long range EM forces, confinement scale Aqcp, weak scale My,
. matter vs. antimatter (B-L violation, CP ... )
. existence of nuclei, atoms, molecules .... life.... Homo Sapiens !
Best of the possible Worlds ... (Candid, Frank and Uncontrived)

If dark matter comes from extra gauge sector ... it is as complex:
G' =SU@B) x SU(2) x U(1) ? ( + SUSY ? GUT '? Seesaw ?)
photon’, electron’, nucleons’ (quarks’), W' — Z’, gluons’ ?
... long range EM forces, confinement at Agcp, weak scale My, 7
. 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,

ESXEgl
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Introduction:
Mirror Matter

SU(3) x SU(2) x U(1)

Two parities
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SU@B) x SU(2) x U(1) + SU(3) x SU(2) x U(1)
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Introduction:
Mirror Matter

rebrove  onsixz
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e Two identical gauge factors, e.g. SU(5) x SU(5)’, with identical field
contents and Lagrangians:  Liot = £ + L + Lunix

e Exact parity G — G’: no new parameters in dark Lagrangian £’
e MM is dark (for us) and has the same gravity

e MM is identical to standard matter, (asymmetric/dissipative/atomic)
but realized in somewhat different cosmological conditions: T'/T < 1.

e New interactions between O & M particles  Lmix
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Loix: possible portals to M World

e Kinetic mixing of photons eF*”F/,

Makes mirror matter nanocharged (g ~ ¢) §'
€ <3x 107" (EXP) € <5x107° (COSM) e
2
GUT: L(ZGM)(T'GL) e~ (%) /N///é\\\“\

SUSY:  (4102) (1 65)
o Higgs-Higgs' coupling A(¢7¢)(¢'T¢') A ~ Msusy/M
A < 1077 (COSM) or NMSSM (Twin Higgs)
AS(p12 + P15) +AS ...

e Neutrino-neutrind’ D =5:  L(I¢)(I'¢’) (AL AL =1)
Weinberg: % (19)(I¢) (AL=2) &(I'¢")(I'¢) (AL =2)

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




— All you need is ... M world colder than ours !

&

Fantastic Beasts

and Where to 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
ice in the

Mirrorland implies also their cosmologies are exactly identical :

B T =T, g=g — ANT=615 vs. ANST <05 (BBN)
eng/n,=ng/ny (n =n) — Q=0 vs. Qp/Qs~5(DM)

Introduction:
Mirror Matter

But M World is OK if : Z.B., Comelli, Villante, 2001

(A) after inflation M world was born colder than O world

(B) all particle interactions between M and O sectors are so feeble that
cannot bring them into equilibrium in later epochs

(C) two systems evolve adiabatically with the universe expansion (no
entropy production); the temperature ratio 7'/ T remains ~ constant.

If x=T'/T <1, BBN is OK 75% H + 25% *He.

In turn, for M world this implies helium domination: 25% H’ + 75% “He’.



Hydrogen Lifetime ? Helium Abundance 7

Fantastic Beasts
and Where to
Find Them ...

or

Aiice in the Two things are infinite: the universe and human stupidity;
Hirerand but I'm not sure about the universe — A. Einstein

Two things are infinite: the universe and alien stupidity;
Introduction: , . . .
Mirror Matter but I'm not sure about the universe — B. Zweistein

There is more stupidity than hydrogen in the universe,
and it has a longer lifetime — Frank Zappa

There is more stupidity than helium in the universe,
and it has a larger binding energy — Appaz Knarf
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Brief Cosmology of Mirror World

T'/T < 0.5 is enough to concord with the BBN limits
Cosmological limits are more severe, requiring T'/T < 0.2 or so.

Because of T’ < T, in mirror photons decouple much earlier than ordinary
photons, and after that M matter behaves for the structure formation and
CMB anisotropies essentially as CDM. This concords M matter with
WMAP /Planck, BAO, Ly-« etc. if T'/T < 0.2 or so.

Halo problem — if Q5 ~ Qg, M matter makes ~ 20 % of DM, forming dark
disk, while ~ 80 % may come from other type of CDM (WIMP?)

But perhaps 100 % ? if Q5 ~ 5Qg: — M world is helium dominated, and
the star formation and evolution can be much faster. Halos could be
viewed as mirror elliptical galaxies, with our matter inside forming disks.

Because of T’ < T, the situation Q5 > Qg becomes plausible in
baryogenesis. So, M matter can be dark matter (as we show below)
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Mirror Matter

Experimental and observational manifestations

A. Cosmological implications. T'/T < 0.2 or so, Q5/Q2 =1+ 5.
Mass fraction: H' — 25%, He' — 75%, and few % of heavier C', N’, O’ etc.
e Mirror baryons as asymmetric/collisional /dissipative/atomic dark matter:
M hydrogen recombination and M baryon acoustic oscillations?

e 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 eF*"F},,, 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 Lnix 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 Q5/Qg =1 + 5.
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Neutrino — mirror neutrino mixings



B-L violation in O and M sectors: Active-sterile mixing

&
o w(19)(1¢) (AL = 2) — neutrino (seesaw) masses m, ~ v?/M
and Vihere to M is the (seesaw) scale of new physics beyond EW scale.

Fantastic Beasts

or
Alice in the
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irab Berezhiani

Chapter I:
Neutrino - mirror
neutrino mixings

e Neutrino -mirror neutrino mixing — (active - sterile mixing)
L and L' violation: & (19)(19), +(I'¢’)(I'd') and % (1$)(I'd')

Al=1, AL’=1 ,
e
\'\l/

Mirror neutrinos are natural candidates for sterile neutrinos

¥
l



Co-leptogenesis: B-L violating interactions between O and M worlds

7

gipiseall L and L' violating operators 71 (16)(19) and 3;(I6)(I'¢") lead to
Find Them .. processes ¢ — /—qg (AL=2) and I — /_IQZ/ (AL=1, AL’ =1)
Alice in the
Mirrorland

irab Berezhiani

Al=2 - /e
(p\\AL_l, AL _1// o

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

/

P P
Chapter I: \,\

Neutrino - mirror l l
neutrino mixings

e These processes should be out-of-equilibrium
e Violate baryon numbers in both worlds, B — L and B’ — L’
e Violate also CP, given complex couplings

Green light to celebrated conditions of Sakharov



Co-leptogenesis: Z.B. and Bento, PRL 87, 231304 (2001)

7

antstic Beas %(Iq_b)(/q_b) and %(/gg)(//q_b’) via seesaw mechanism —
Find Them ... heavy RH neutrinos N; with

Fantastic Beasts Operators

or
Alice in the = H H L 4 4 ®
Wi Majorana masses 5 Mg NNy + h.c. f Ny o/
irab Berezhiani ’ N \ /
1 r 1 4
_ _ ) ?, M K3 X ) ¢
4, ? 4, 9 o~/ o~
Ghaeeel! \ y \ 14 m N N
Neutrino - mirror N N 1 1
neutrino mixings ! ! 4 4 1 4
1 1 l l
7 I (ﬁ\ /Q;I q)\ {ﬁ,
¢, p ¢ ¢, y 2 1 NS X
\ A~ N/ AN~ ) NATT
I y_»
N l’ / 1 N \ @ _
1

7 l I l r

Complex Yukawa couplings Yj/;N;¢ + Y,-J’-/,-’Njgg’ + h.c.

Z, (Xerox) symmetry — Y/ =Y,
PZ, (Mirror) symmetry — Y’ = Y*



Co-leptogenesis: Mirror Matter as hidden

2 Anti-Matter  z.B., arxiv:1602.08599

Fantastic Beasts
and Where to dn 5
Find Them ... (# 9NBL —

; L (3H + Mgy, = Ao n?
Alice in the - @

Mirrorland @ \-i-; —~ dn;
b Bt @ A @ - o 70,1?11 —+ (3H + I )nBL = —A¢o’ n
e . = T _ (T3
e & © ® o(leg — 19) —a(lp — 19p) = Ao
) &
& / .

Chapter I:
Neutrino - mirror

neutrino mixings O'(I()ZS — l_/¢?/) — U(l_(z_) — Ild),) = 7(A0’ =+ AU’)/2 — O (AO' = O)
olp = 1'¢)—o(lg =T¢)=—(Ac—Ac")/2 — Ao (0)

Ao =TmTr[g~ L (YTY) gL (YTY)g2(YTY)] x T2/M*

Ao’ =Ao(Y = Y)

Mirror (PZ;): Y/ =Y* — Ac'=-Ac — B,B'>0
Xerox (Z2): Y=Y —= Ad’=Ac=0 — B,B =0
k= () ror,

IMp T3 3 5 gev)?
9%2932103 s 10J(011 GeV) (10 M V)

< 1, neglecting I'ineqgs — ngL = ng,

eq



Cogenesis: Q% ~ 5Qp Z.B. 2003
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=T, ™~ 1, Boltzmann Egs.

or
Alice in the

Mirrorland d"BL +(BH4+NngL = Ac n dnBL + (3H+ F’)nBL = Ao n g

should be solved with I':

08 Dk
Chapter I:
Neutrino - mirror
neutrino mixings 06

D(k) = Qg /3, x(k) = T'/T for different g.(Tg) and I'1/T>.

So we obtain Qp = 5Qpg when mj; = mg but n = 5ng
— the reason: mirror world is colder
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B violating operators between O and M particles in £«
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Mirrorland
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e Neutron -mirror neutron mixing — (Active - sterile neutrons)

w5 (udd)(udd) and 755 (udd)(v'd’d’)  (+ h.c.)

Chapter Il
neutron — mirror AB=2 AB=1, AB/=—1
u ,

neutron mixing U u
==
d T

Oscillations n(udd) «» n(ddd) (AB =2)
n(udd) — @ (a'd'd"), n'(udd) — a(add) (AB =1, AB = —1)




Neutron— antineutron mixing

4

Fantastic Beasts

and Where to Majorana mass of neutron e(n” Cn+ AT Ci) violating B by two units

3 comes from six-fermions effective operator s (udd)(udd)

Alice in the
Mirrorland

irab Berezhiani

AB=2
U

u
==
d T~
Chapter Il

eSS |t causes transition n(udd) — A(@dd), with oscillation time 7 = ¢~
neutron mixing 6
e = (n|(udd)(udd)|A) ~ 2950 ~ (100 TeV)® » 10-25 gy

Key moment: n — i oscillation destabilizes nuclei:
(A Z) - (A-1,n2) = (A-2,Z/Z—-1)+7's

1

Present bounds on € from nuclear stability
e<12x107% eV — 7>13x10%s Fe, Soudan 2002
£<25x107%* eV — 7>27x108s 0, SK 2015



Neutron — mirror neutron mixing

/,\;/'
Effective operator 745 (udd)(u'd’d’) — mass mixing enCn’ + h.c.
and Vihere to violating B and B’ — but conserving B — B’
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AB=1, AB'=-1 ,
U

d/

P~ d’

6
e = (n|(udd)(v/'d'd")|7') ~ 22  (LIeV)® 5 1910 gy
Chapter Il
neutron — mirror

LR (T Key observation: n — " oscillation cannot destabilise nuclei:
(A, Z) = (A=1,2)+ n'(p’'e'V') forbidden by energy conservation
(In principle, it can destabilise Neutron Stars)

For m, = m,s, n — i oscillation can be as fast as e 1 = 7,7 ~ 1 s

without contradicting experimental and astrophysical limits.
(c.f. Thw > 2.5 x 10% s for neutron — antineutron oscillation)

Neutron disappearance n — @’ and regeneration n — @’ — n
can be searched at small scale ‘Table Top' experiments



Free Neutrons: Where to find Them 7
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Alice in the Neutrons are making 1/7 fraction of baryon mass in the Universe.

Mirrorland
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But most of neutrons bound in nuclei ....
n— i’ or ' — A conversions can be seen only with free neutrons.
Free neutrons are present only in

Chapter I e Reactors and Spallation Facilities

neutron — mirror

neutron mixing ° In COSrTlIC RayS

e During BBN epoch (fast n’ — 7 can solve Lithium problem)

— Transition n — @ can take place for (gravitationally) Neutron
Stars — conversion of NS into mixed ordinary/mirror NS
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N n— n’ and Neutron Stars

n
Neutron Stars

Z.B., Biondi, Mannarelli, Tonelli



Neutron Stars: n — n’ conversion
&

Two states, n and n’
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Mirrorland € m:] + \/,; _ /unBlo'

irab Berezhiani

np =cosfn+sinfn’, ny =sinfn—cosfn’, 0~ <

2
nn — nn’ with probability Poy = 1 sin® 20,y = 2 (ﬁ)
7
Er ~(n/ns)?/3 x 60 MeV, ns=0.16 fm=3 EL=..n

Fo = (ovE)nnoPny(0) = (ﬁf (m)z x 10713 yp-1

Chapter IlI:
n —n" and
Neutron Stars

018
016
014

°
I

M — Ny O N N+ N = Const.



Mixed Neutron Stars: TOV and M — R relations

2 1
g =€, gn = 1507,

Fantastic Beasts

; 2 2.2
and Where to g = diag(—gs, gor, 1o, r° sin” 0)

Find Them ... 1 > . ) > . o
o Tuv = Ty + Ty, = diag(pgie, pgir, pre, pr-sin® 0)
Alice in the
Mirrorland p=pi+p&p=pi+p, po=F(pa)
irab Berezhiani d
dé _ _ 1 dp dpy/dr __ dpy/dr
dr = ptpdr prte = p2tp2
d mt4mpr’
dr (p+ p) 2mr—r2

(m1 75 07 my = O)in — (ml = m2)ﬁn r — %'

20} 25f
151 20}
Chapter IlI: -
n —n" and ° o 15t
Neutron Stars E 1ol E
= = 10
05
05
ook . . ] 0ok
0 5 10 15 0
R[km] RIkmI

VZrule:  MIE = LME Run(M) = % Rys(M)
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— M13
— M28
2.5F — M30 MPAT
—— NGC 6304
—— NGC 6397 A
2.0F — wCen
~ —— 47 Tuc X5
s —— 47 Tuc X7
% 1sf
&
=
1.0
Ms1
0.5
SQM1
Chapter IlI: L L X
n — n" and
5 10 15
Neutron Stars
Figure 4 Radius (km)

Mass (M..)

2.5

2.0

0.5

0.0

observational M — R

T

—— 4U1820-30
— SAXJ1748.9-2021
b — exo 1745-248 MPAT
—— KS 1731-260
—— 4U 1724207 AP
— 4U1608-52
L 6s1
SQM1
L L L
0 5 10 15
Radius (km)

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.)




Neutron Stars: Evolution to mixed star
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M\lo‘an‘d d"i}f” =N dl\Zt(t) =TI N; + Ny = Const.

Initial state Ny = Ny, Nb, =0 final state Ny = Np = Np/2

05f  Sly: Muw=205 Mo 05| Polyt: Musc=257 Mo
<145M0 <181 Mo
04
£ 03]
E3
02|
Chapter IlI:
n —n" and 01
Neutron Stars
o
0.001 0.010 0.100 T 10 100 1000 0.001 0010 0.100 1 10 100 1000
7 vt

NS-NS merger: can be at the origin of heavy *trans-lron* elements
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UHECR and GZK cutoff

Fantastic Beasts GZK Cutoff:

P Trem Photo-pion production on the CMB if E > Egzk ~ 727> ~ 6 x 10" eV .
Alice in the p+y—p+ w0 (or n + 7T+), Imep ~ 5 Mpc for £ > 10%° eV = 100 EeV

Mirrorland

Neutron decay: n —p—+e+ e, laec = (7o55w) MPC
Neutron on CMB scattering: n+~y —n+7° (orp+77)

E(R) [eV]

Chapter IV:

3

10° 10 10° 10



UHECR and GZK cutoff

2

I Two giant detectors see UHECR spectra different at E > Eqzk
and Where to
Find Them .

- Pierre Auger Observatory (PAO) — South hemisphere

Alice in the

ice i th Telescope Array (TA) — North hemisphere

irab Berezhiani

At E < Egzk two spectra are perfectly coincident
by relative energy shift ~ 8 %

i KGH i KGall HR I i TALS i KGH ¥ KGall HR1-3% § TA15-5%
#  KGHe:Si I Akeno HR I & PAO-15| & KGHe:Si Akeno -20% HRII-4% & PAO-152%
3 KGFe ©  AGASA e
10°
[ abslnama,
-f.oio‘éiiqi‘f{ N
3

2571y

E*J(E) [eVim s s

E*J(E) [eVim

- ?Zsﬁazgg
{EHH{ {H

Chapter IV:

10
E [eV]

+ 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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Chapter IV:

But also other discrepancies are mounting ...

e Who are carriers of UHECR 7
PAO and TA see different chemical content: TA is compatible with protons
at all energies, PAO insists UHECR become heavier nuclei above E > 10
EeV or so — perhaps new physics ?

o Different anistropies from North and South ?

TA excludes isotropic distribution at E > 57 EeV, observes hot spot for
events E > Eqzx (which spot is cold for E < Eqzk) . PAO anisotropies
not so prominent: warm spot around Cen A, but observe dipole for E > 10
EeV - are two skies realy different 7

e From where highest energy events do come 7

E > 100 EeV are expected from local supercluster (Virgo, 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?

e 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 ?




From where highest energy CR are expected 7
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Ordinary and Mirror UHECR
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Mirrorland Zmax =3, By =10% eV, 7, =2.6, m=0, T/T =0.2, =50

irab Berezhiani

Qp/Qp =5, Que/Qp =0.12, Que/Qp=0.4

Chapter IV: 3
— ourp —— mir. p E!
— ourHe —— mir. He
19 T T ! I L |
10%° 10" 10'® 0% 10%° 102 10% 107

E [eV]



n" oscillation and UHECR propagation

Fantastic Beasts
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Alice in the CMB vy fast oscillation, low field
irrorla @
Mirrorland SO ® o P
o el
TT scattering . ' large distance as less y'

<y |
e ® [ CMBy fast oscillation, low field
" - S~ n l decay
/1 e i
i
.scanaving (]
. ~al
m [ J

e @/ @
e, ¢

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

Chapter IV
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Chapter IV:

n — n’ oscillation in the UHECR propagation

Baryon number is not conserved in propagation of the UHECR

H— m, + p,Bo €
- € m, + u,B'o

In the intergalactic space magnetic fields are extremely small.

But for relativistic neutrons transverse component of B is enhanced
by Lorentz factor: By, =~B (v ~ 10! for E ~ 100 EeV)

Average oscillation probability: P, = ﬁ(E)

2
- w2 o (Bu=Bi E__)?
q =045 x () x ( fyen ) % (100 5ev)
If g(E) <1, n— n' oscillation becomes effective

3
’ , ’
:Cﬂ = (%) <1 IeBL ] M-star formation & evolution
CMB NEBL




Earlier (than GZK) cutoff in cosmic rays
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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: UHECR from Voids —
adjacent Void
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T T T

Bl = 1ZeV, 2oy =3, 7, =2.2, m'=0, T/T=0.2, =50, Que/Qy=0.5
void [0 - 50] Mpe, qy = [0.005, 0.05, 0.5, 5, 50, 500, 5000, 50000]

Chapter IV:




More distant Void
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T T T

Bl = 1ZeV, 2oy =3, 7, =2.2, m'=0, T/T=0.2, =50, Que/Qy=0.5
void [50 — 100] Mpe, qy = [0.005, 0.05, 0.5, 5, 50, 500, 5000, 50000]

Chapter IV:
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Mirror CRs are transformed into ordinaries in nearby Voids. n — n’
oscillation probability depends on the magnetic fields in the Voids.
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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~ and its radius is 15,000 km s~1.
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Figure 8. Same as Figure 7 but for the south celestial cap.



Arrival directions TA and PAO ev
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TA E > 100(93) EeV.
PAO E > 100(93) EeV

Fly's Eye E =300 EeV
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Arrival directions of E > 80 EeV events
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AGASA E > 120(91) EeV
HIRES E > 100 EeV
SUGAR E > 130(100) EeV

TA E >100(93)(79) EeV Fly's Eye E =300 EeV

rab Berezhiani PAO E > 100(93)(74) EeV -
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NP Volcano Ranch E > 100 EeV
50 Yakutsk E > 100 EeV/
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Correlations: arrival directions with AGN-+RG vs.
TA E > 100 EeV
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P-value - Correlation with TA High Energy Events P-value - Correlation with Sources
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Cosmogenic gammas vs Fermi-LAT IGRB spectrum
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Serenpidity: Who are you, Mr. DM ?
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giivesell e Have you relations with other (fundamental) problems? Yes
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= e Do you manage to match your Q to 5Q5g? Yes
ice in the
Mirrerland o Are you cold? Or self-interacting & dissipative? Depends when...

irab Berezhiani

e Are you neutral? Or you have electric charges? Depends which...
e Do you agree with astrophysical tests (BBN, CMB, LSS, ...) ? Yes
e Can you form halos, stars & massive Black Holes? Yes

e Are you directly detectable? Can you be converted in visible? Yes
e Do you send indirect signals via cosmic rays & gammas? Yes
e Can you be produced at LHC or other experimental facilities? Yes
— Let me guess, is your name Susy?  No! but | know her very well

— Are you heavy or light? Well, I'm just normal ...
— Are you stable?  Stable enough... but my longevity also has limits

Backup

— Are you really dark? Well, it's relative ... to someone I'm blond

— Are you single? I'm a family ...



B-genesis and DM require new physics: but which ?

USRI RS Visible matter from Baryogenesis ( Sakharov)

and Where to

Find Them ... B (B — L) & CP violation, Out-of-Equilibrium

or

Alice in the pg =mgng, mg~1GeV, n=ng/n, ~ 107°

Mirrorland

wrab Berezhiani 7 is model dependent on several factors:
coupling constants and CP-phases, particle degrees of freedom,
mass scales and out-of-equilibrium conditions, etc.

Dark matter:  pp = mxnx, but mx=7, nx=7
and why mxnx = 5mgng ?
nx is model dependent: DM particle mass and interaction strength

(production and annihilation cross sections), freezing conditions, etc.

@ Axion e my~meV n,~10%, - CDM
o Neutrinos e m, ~eV n,~n, —HDM (X)
Backup @ Sterile v/ e m, ~keV n,~10"3n, —WDM
o WIMP e mx~TeV nx~1073ng —CDM
°

o WimpZilla mx ~ ZeV  nx ~1072pg - CDM



How these Fine Tunings look ...
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B-genesis + axion B-cogenesis

B-genesis (ccp...) 40 B-genesis (ccp...)
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Log (p/GeV')

Log (p/GeV*)

Log (p/GeV*)
°

mxnyx ~ mgpng myng ~ mMpnp mpngr ~ Mgng
mx ~ 103mg m, ~ 1073 mg mg ~ mg

nyx ~ 10_3n3 ny ~ 1013n5 ngr ~ ng

Fine Tuning? Fine Tuning? Natural ?

Backup

Two different New Physics for B-genesis and DM 7
Or co-genesis by the same Physics explaining why Qpy ~ Qg 7
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CMB and LSS power

spectra
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Can Mirror stars be progenitors of gravitational

5 Wave bursts GW150914 etc. ?

MW Picture of Galactic halos as mirror ellipticals (Einasto density profile),
HE Ot O matter disk inside (M stars = Machos).

P Microlensing limits: f ~ 20 — 40 % for M =1 —10 Mg,

Mirrorand f ~ 100 % is allowed for M =20 — 200 M,  but see Brandt '05

Zurab Berezhiani

Ly GW events without any

i optical counterpart
0.8
point towards massive
BH compact binaries,
M ~ 10 — 30 My and
radius R ~ 10Rg

0.6

fDM, max

0.4

0.2

| ‘ How  such  objects

1 10 100 1000 can be formed 7
MACHO Mass (Mg)

Backup

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 ?



Discussing Lix:  possible portal between O and M particles
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v £/
eF F;w

Makes mirror matter nanocharged (g ~ €)
A promising portal for DM direct detection Foot, 2003

XENONI0-LE CDMS-LE

DELWEISS-LE

Mirror atoms: He' — 75 %,
C',N',O’" etc. few %
Rutherford-like scattering

S

doja (GOLZZ,)Z 10 i
= > —2 3

dQ 4y, v sin®(60/2) “‘ CDVISSERQELWEISS

or
N2 » CMSSM-preLHC
doa 2m(eaZZ’) 10 ) 6%
Backup JE = M 2E2 XENON100
R AvZEL

J
Lux pPMSSM 956
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Cross—section [cm”] (normalised to nucleon)
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Backup

OM-MM interactions in the Early Universe after

recombination

After recombination fractions ~ 10~* of OM and ~ 1073 of MM
remains ionized. v —+ kinetic mixing — Rutherford scatterings
ep’ — ep’, ee’ — ee etc

Relative motion (rotation) of O and M matter drags electrons but
not protons/ions which are much heavier. So circular electric currents
emerge which can generate magnetic field. MHD equations with the
source (drag) term induces magnetic seeds B, B’ ~ 107!° G in
galaxies/clusters then amplified by dynamo. So magnetic fields ~ uG
can be formed in very young galaxies Z.B., Dolgov, Tkachev, 2013

MM capture by Earth can induce mirror magnetic field in the Earth,
even bigger than ordinary 0.5 G.

New EDGES measurements of 21 cm emission (T-S hydrogen)
indicates that at redshift z ~ 17 baryons were factor 2 cooler than
predicted: if true, it can be beautiful implication of OM matter
cooling (momentum transfer) via their Rutherford collisions with
(cooler) MM




Free Energy from DM for the future generations 7
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Zurab Berezhian Encounter of matter and antimatter
leads to immediate (uncontrollable)

annihilation which can be destructive

Annihilation can take place also bet-
ween our matter and dark matter,
but controllable by tuning of vacuum
and magnetic conditions. Dark neu-
trons can be transformed into our
antineutrons ....

Backup Two civilisations can agree to built scientific reactors and exchange
neutrons ... and turn the energy produced by each reactor in 1000 times
more energy for parallel world .. and all live happy and healthy ...



Isaak Asimov
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Zura Bereian N First Part: Against Stupidity ...
Second Part: .. The Gods Themselves ...
Third Part: ... Contend in Vain?

"Mit der Dummbheit kampfen Gotter
selbst vergebens!” — Friedrich Schiller

Backup



Mirror matter is a hidden antimatter: antimatter in

the cosmos?

&

e In mirror cosmic rays, disintegration of mirror nuclei by galactic UV
S MIRE background or in scatterings with mirror gas, frees out mirror

Alice i the neutrons which the oscillate into our antineutron, n’ — A, which then
Mirerland decays as 1 — p + € + v,.
B 0 we get antiprotons (positrons), with spectral index similar to that

of protons in our cosmic rays ?

T T T T T T T T
[ o AMS-02

P/p ratio

104

Ll

TS

Secondary production

¢ F. Donato et al., Physics Review Letters 102 (2009) 071301
WIMP mass My=1 TeV (http://arxiv.org/pdf/0810.5292v2.pdf)

10° L I I I I

I I
100 200 300

Backup

1

1 Il .|
400 500
Kinetic Energy [GeV]



Free neutron— antineutron oscillation
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Two states, n and 7@
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Oscillation probability Pys(t) = < sin® (wg t), ws = pnB
B

If wgt > 1, then Pps(t) = i(c/wp)? = (S;Z;

If wgt < 1, then Pps(t) = (t/7)? = (et)?

"Quasi-free” regime: for a given free flight time t, magnetic field
should be properly suppressed to achieve wgt < 1.
More suppression makes no sense !

Backup Exp. Baldo-Ceolin et al, 1994 (ILL, Grenoble) : t ~0.1s, B <100 nT
T>27x108 — £<77x107%%eV

At ESS 2 orders of magnitude better sensitivity can be achieved,
down to € ~ 1072 eV



Neutron — mirror neutron mixing

/,\;/'
B The Mass Mixing e(nCn’ + h.c.) comes from six-fermions effective
and Vihere to operator %(udd)(u’d’d’), M is the scale of new physics

or

Al the violating B and B’ — but conserving B — B’

Mirrorland
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AB=1, AB'=—1 , AB=2
U U U

/ ‘ 2 ; d , d @ d
,/«,, ~~—_ p d ’\ d

6
¢ = (n|(udd)(u'd"d")|n') ~ 2G50~ (10TeV)® 1015 ey

Key observation: n — n’ oscillation cannot destabilise nuclei:
(A, Z) = (A=1,2)+ n'(p'e'V') forbidden by energy conservation

Surprisingly, n — i oscillation can be as fast as e ' = 7, ~ 15,
Backup without contradicting any experimental and astrophysical limits.

(c.f. Tns > 2.5 x 10% s for neutron — antineutron oscillation)
Disappearance n — i’ (regeneration n — i@’ — n) can be searched at

small scale ‘Table Top' experiments



Neutron — mirror neutron oscillation probability
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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

P, (t) = py(t)+dy(t) cos B o
p(t) = sini[(w - w/’)zt] . sinzz[(w + wl’)zt] :\\\\ \ B
27 (w — w') 27 (w + w') S ‘ﬁ
_ sin® [ w— w')t] sin® [(w + w/)t] < R
d(t) = 27 (w — Ww')? a 27w + W)’ B

where w = HAB‘ and w’' = %‘[LB" ; 7 -oscillation time

Backup

N (1)-N (1)
Ay = =L BTN 4 (t)-cosf « assymetr
B ( ) Nili(t)-'r Nh,(t) collis E( ) y y



Experimental limits on n — n’ oscillation time
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A and E are expected to depend on magnetic field
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Experimental Strategy

2

SPS  To store neutrons and to measure if the amount of the survived ones

e depends on the magnetic field applied.

or

Alice in the o Fill the Trap with the UCN

Mirrorland
2

irab Berezhiani @ Close the valve
e Wait for Ts (300's ...)

@ Open the valve

@ Count the survived Neutrons
Repeat this for different orientation and values of Magnetic field.
Ng(Ts) = N(0)exp [— (T + R+ Pgv) Ts]

Nei(Ts) _ o [(Pay — P
Noa(Ts) — exp [(Ps2 — Pe1) v Ts]
- So if we find that:
A8, Ts) = NECTIS) = ReolTs) o g, 1) = NEVTS) 1 20
’ N&(Ts)+ N_g(Ts) T Ny(Ts)
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Several experiment were done, 3 by PSI group, most sensitive by the
Serebrov’s group at ILL, with 190 | beryllium plated trap for UCN

Backup
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Serebrov experiment Ill — 1st Fax

Fantastic Beasts
and Where to
Find Them ...

e 0,008 ~——p——r——

Alice in the
Mirrorland W6 o7 02(1;2) |
0,004 p i
. 23:14 (25.11) 3 /\00'01 (g (1)2)2 5 |
0,00é~ 13:46 (30.11) 19:40 212
S, % !
0.000 - 12:25(2 305 (p12) 3
15:14 (1.12
1507341%993/ 8. 3A136 +5-000000 22:52(30.11) (112) 1
9 gexk A
"] 4
A 4o
Wren wex ?(/wﬂ : i : . : . : ' I . I
b, «Hj) 0 2000 4000 6000 8000 10000 12000

Backup

Time (min)

ge”@*



Serebrov experiment Il — 2nd Fax

&
Fantastic Beasts

and Where to v ot
Find Them ... Dark, Mot RoforVent (Vo)
or

Alice in the
Mirrorland 0,006 T T T T T T T T T L T T T T
0,004 4 E
0,002 4 -
~ 0,000 TiH
9]
g ] T
w 4
-0,002 4 Data: EFF25NOV_B -
2 Model: y = b+cx
1 T Chi"2/DoF = 2.55062 1
»0,004 N R"2 = 3.3307E-16 El
b 0.00064 0.00024 .
c 0 +0
-0,006 -
Backup T T T ¥ T L T o T 4 T ¥ T T . .
0 2000 4000 6000 8000 10000 12000 14000 Time (min)
26Nov 28Nov 30Nov 2Dec 4Dec 6Dec



Fantastic Beasts
and Where to
Find Them ...

or
Alice in the
Mirrorland

irab Berezhiani

Backup

Eur. Phys. J. C (2012) 72:1974
DOI 10.1140/epjc/s100; 12-1974-5

Neutron — mirror neutron oscillation

THE EUROPEAN
PHYSICAL JOURNAL C

Letter

Magnetic anomaly in UCN trapping:

signal for neutron oscillations to parallel world?

Zurab Berezhiani**, Fabrizio Nesti'

" Dipartimento di Fisica, Universita dell’ Aquila, Via Vetoio, 67100 Coppito, L' Aquila, Taly

“INFN. Laboratori Nazionali Gran Sasso. 67010 Asserg

Received: 2 March 2012 / Published online: 11 April 2012

L' Aquila. Ttaly

© The Author(s) 2012. This article is published with open access at Springerlink.com

ﬁlrnct Present experiments do not exclude that the neu™
tron n oscillates, with an appreciable probability. into its in-
visible degenerate twin from a parallel world, the so-called
hed experi-
old neu-

mirror neutron 7’. These oscillations were sea

mentally by monitoring the neutron losses in ultr
tron traps, where they can be revealed by the magnetic field
dependence of n—n' transition probability. In this work we
reanalyze the experimental data acquired by the group of
A.P. Serebrov at Institute Laue—Langevin, and find a depen-
dence at more than 5¢ away from the null hypothesis. This
anomaly can be interpreted as oscillation of neutrons to mir-
ror neutrons with a timescale of few seconds. in the presence
of a mirror magnetic field order 0.1 G at the Earth. This re-
ult, if confirmed by future experiments, will have deepest

\rcqucnccx for fundamental particle physics, astrophysics.

and cosmology.

wrallel matter can be a viable candidate for da
[7-9]. Certain B — L and CP violating processes between
ordinary and mirror particles can generate the baryon asym-
metries in both sectors [10-12] which scenario can naturally
explain the relation 2p /82 = 5 between the dark and vis-
ible matter fractions in the Universe [13-16]. Such interac-
tions can be mediated by heavy messengers coupled to both
sectors, as right-handed neutrinos [10-12] or extra gauge
bosons/gauginos [17]." In the context of extra dimensions,
ordinary and mirror sectors can be modeled as two paral-
lel three-dimensional branes and particle processes between
them mediated by the bulk modes or “baby branes™ can be
envisaged [24].

On the other hand., these interactions can induce mixing
phenomena between ordinary and mirror particles. In fact,
any neutral particle. elementary or composite, may oscillate

K matter



Serebrov Il — Drifts of detector and monitor counts
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Serebrov Ill — magnetic field vertical
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Analysis pointed out the presence of a signal:

AB)=(7T0£13)x10™*  xj4r =09 — 520

Backup

interpretable by n — n’ with 7,,, ~2 —10s' and B’ ~ 0.1G
Z.B. and Nesti, 2012



Earth mirror magnetic field via the electron drag
mechanism
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s
EET =Y \\

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’ ~ €2 x 10%° G before dynamo, and even larger after dynamo.

Backup

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



Serebrov || — magnetic field Horizontal

{b_,B_,By, by, by,By,B_,b.} B=02G,b<10%G
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