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Anti-particles and anti-matter (antinulei)

&
From discovery of positron, 1930-32

Antinuclei in
cosmic rays:

2 Quest for New and all other antiparticles
(antiproton, antineutron etc.)

Zurab Berezhiani
Summary
... to a great vision 1967

Matter (Baryon asymmetry) in the early universe can be
originated (from zero) by New Interactions which

o Violate B (now better B — L) and also CP

@ and go out-of-equilibrium at some early epoch .. * &
o(bb — bb)/o(bb — bb) =1 — ¢ o’ o @ e
€ ~ 107%: for every ~ 10° processes one unit of B °e " €

is left in the universe after the process is frozen S

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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Aboundances: in cosmic rays vs. cosmological
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Antiprotons in Cosmic Rays

&

Antinuclei in cbﬁ/cbp ~ 10_4 AMS-02

N can be produced as secondaries in collisions of cosmic rays with
ey interstellar gas, or can be signature of Dark Matter annihilation?

Zurab Berezhian

WIMP + WIMP annihilation into proton + antiproton ?

(electron + positron?) Mx ~ few hundred GeV

Anti-deuteron test?  Donato, Fornengo, Maurin, 2008

Summary

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

P/p ratio

104

A

Secondary production

¢ F. Donato et al., Physics Review Letters 102 (2009) 071301
WIMP mass My=1 TeV (http://arxiv.org/pdf/0810.5292v2.pdf)
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Antinuclei in Cosmic Rays ...  AMS-02

4

Antinuclei in
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Physics? ®(He) ~ 102 cm 25~ tsr!

Zurab Berezhiani

But 8 anti-helium candidates were observed by AMS-02:
6 helium-3 and 2 helium-4  with energies ~ GeV

¢(He)/®(He) ~ 10-8 - no anti deuteron candidate

Summary

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

Some specifically tuned DM models could explain the flux of
antihelium-3 — but not antihelium-4 !

Ting promised that AMS-02 will publish the anti-nuclei data as soon
as they see first anti-carbon



i My hypothesis ...
7

Antimuclel in e DM from a hidden gauge sector having physics ~ to ordinary matter:
cosmic rays: SM x SM" e, p,n,v. < e, p n" v SUB) x SU(5), ... Es x Eg

a Quest for New

Physics? e Neutron stars (NS) exist and NS-NS gravitational mergers are observed
Zurab Berezhiani e There exist dark neutron stars (NS’) built of mirror neutrons n’
S e Neutron—mirror neutron mixing induces n’ — i transition
— antimatter "eggs” grow inside NS’ - a small antistar inside NS’

e NS’-NS’ mergers "liberate” the anti-nuclei with v ~ ¢
o &5 ~ R(NS'=NS') x NJ™® X Tgury X € ~7? Tourv < 14 Gyr




SU@3) x SU(2) x U(1) + SUB) x SU(2) x U(1)

/,3;/'
Antinuclei in G x G’

cosmic rays:

a Quest for New Regular world Mirror world
Physics?

et ‘ Elementary Particles 29bits9 yisnsmsll
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Summary
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e Two identical gauge factors, e.g. SU(5) x SU(5)’, with identical field
contents and Lagrangians: Lot = £ + L' + Linix

e Mirror sector (£') is dark — or perhaps grey? (Lmix — portals )

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

e G <+ G’ symmetry no new parameters in £’

e Cross-interactions between O & M particles
Lmix: new operators — new parameters! _limited only by experiment!



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

> Matter and Antimatter

fermions and anti-fermions :

Antinuclei in
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a Quest for New u
Physics? Z = ( ) ; URr, dR: er LefT
L ‘
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B=1/3 L=1
Summary i CP

R - % _ =
qR:<J>>£R:(é); o, di, & :
R R Right
B=-1/3 L=-1 B=-1/3 L=-1

C and P are maximally broken in weak interactions
(not respected by gauge interactions)

but CP: F, — FS = Fr = CF = CHo(FL)™ is a nearly good symmetry
transforming Left-handed matter — Right-handed antimatter

— broken only by complex phases of Yukawa couplings to Higgs doublet ¢
Lyuk = KjFT?,'FLJQS = Y,-jl:_L,-Fngi) + h.c. + O-term in QCD

B and L are automatically conserved in (renormalizable) couplings:
accidental global symmetries U(1)s and U(1).

B—L is conserved also by non-perturbative effects
B—L breaking needs New Physics
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B-L violation: Majorana masses of neutrinos

o A(tO)(t0) (AL=2)
induces Majorana masses of
neutrinos: m, ~ v2/M

— seesaw mechanism

M ~ 10'® GeV is the scale of new physics beyond EW scale (¢) = v
~ Majorana masses of "new" singlet fermions (RH neutrinos)

P ®
N N
! T ./ .

Back to Sakharov: baryon asymmetry of the Universe can be induced
by L and CP-violation in decays: (N — £¢) # (N — 0¢)

" redistributed” to non-zero B via non-perturbative SM effects

— Baryogenesis via Leptogenesis — but the price is rather expensive



SU3) x SU(2) x U(1) wvs. SU3) x SU(2)" x U(1)

,,;'/- Two possible parities:  with and without chirality change

Antinuclei in

cosmic rays:
el o =( ) ¢ i ur dr, en LLe”
Zurab Berezhiani =1 B=1/3 L=1

/ ICP

Summary - - _
ug ) lr ) ; by, di, e Right
|
=1 B=-1/3 L=-1 9
ey ik g

B'=1/3 L'=1 L cp
; al, J/’ a
) boob Right
B'=1/3 L'=1
Lya = FLYF¢ + hec Ly =FY'Fl¢) + hec

Z: L(R) & L'(R'): Yige= Yude BL&B L
Z®% LR« R'(L'): Yige=VYige BL —B.L'  Z;f =2ZxCP
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— Sign of mirror baryon asymmetry 7

Ordinary BA is positive: B =sign(n, — nz) =1
— as produced by (unknown) baryogenesis a la Sakharov!

Sign of mirror BA, B’ = sign(ny — ng/), is a priori unknown!

Imagine a baryogenesis mechanism separately acting in O and M sectors!
— without involving cross-interactions in Lix
E.g. leptogenesis N — £p and N’ — '’

Zr — Yrj,d,e =VYide ie B =1
— O and M sectors are CP-identical in same chiral basis O=left, M=left

ZR 5 Y ye=Yig. e B =-1
— O sector in L-basis is identical to M sector in R-basis O=left, M=right

In the absence of cross-interactions in Lmix we cannot measure sign of BA
(or chirality in weak interactions) in M sector — so all remains academic ...
But switching on cross-interactions, violating B/L & B’/-L’ — as mixings
neutron—-neutron’ enn’ +h.c. A(B—B’)=0 or v/ +h.c. A(L-L)=0
B'=-1 — & —n M (anti)matter — O matter but’' — v

B =1 — n—n M matter — O antimatter but v/ — v




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

Z
Antinucle i ° %(&b)(&é) (AL = 2) - neutrino (seesaw) masses m, ~ v2/M
N M is the (seesaw) scale of new physics beyond EW scale.

Physics?

Zurab Berezhiani

Summary Al=2

e Neutrino -mirror neutrino mixing — (active - sterile mixing)
L and L' violation: £ (£0)(£9), 5 (£'¢')(¢'¢') and B (¢)(10'¢))

Al=1, AL’=1 ,
~ae 4

¥

Galt

I \l/

Mirror neutrinos as natural candidates for sterile neutrinos
ZB and Mohapatra 95, ZB, Dolgov and Mohapatra 96



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

7

PR S L and L’ violating operators i (£$)(£¢) and % (£¢)(¢'¢’) lead to
a Quest for New

Physice? processes (¢ — £ (AL =2) and (¢ — 0'¢’ (AL =1, AL' =1)

Zurab Berezhiani
Summary

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.

/

e P
O

l l

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

Aninal %(Iq_b)(/gz_b) and %(/&)(/’Q_S’) via seesaw mechanism —
LAY heavy RH neutrinos N; with

Antinucleiin Operators

Physics? 7
; LMo N- ¢ ¢ ¢ ¢
Zurab Berezhian Majorana masses 2 Mg:’kNJNk the. \\ / oy A
Summary / N \
1 T l 4
) ¢ s 3 N M ¢
é é ¢ 4 N\ Ay ) o~ A

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

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



Co-leptogenesis: Sign of Mirror BA

’,;/ Z.B., arXiv:1602.08599
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* dn 2
a Quest for New BL —
E VC ° dt + (3H + r)nBL Ao Ngq
Zurab Berezhiani ® - = ,
~ ) ~ dnpy, N, )
® 7 @® ) = dt + (3H + r )nBL = Ao neq
Summary Q)
(_\ ° & 0 .
e s ©Y - o(lp = 18) — (I — 1) = Ao
) &
p\—g

o(lp = T¢)—o(lp = 1'¢))=—(Aoc+Ac")/2 — 0 (Ac=0)
olp = 1'¢)—o(lg =T¢)=—(Ac—Ac")/2 — Ao (0)

Ao =Tm Tr[g X (YY) g L (Y'TY)g 2(YTY)] x T2/ M*
Ao’ =Ao(Y = Y)

Mirror (ZLF): Y/ =Y* — Aoc'=-Ac — B>0,B>0
Xerox (Z2): Y=Y —= Ad'=Ac=0 — B,B =0

If k= (5)7_7, <1, neglecting [ineqs — ngL = ng;

4
;o ~103IMETE 103 Te \3 (10" Gev
QB_QB—IO M ~10 J(1011 GeV) M




Cogenesis: Q% ~ 5Qp Z.B. 2003

&

Antinuclei in
aaiserzécf;?yNS;w |f k = (%)T=TR ~ 1, BOIthann Eqs
Physics?
Zurab Berezhiani d’;%qL(?)HJrr)nBL :Agngq d’;%+(3H+r’)n]’3L :Aangq
<A should be solved with T:
D(k) = Qg/Qs, x(k) = T'/T for different g,(Tg) and I'/T5.

So we obtain Qp = 5Qpg when mj; = mg but n = 5ng
— the reason: mirror world is colder



B violating operators between O and M particles in £«
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Physics? e Neutron-mirror neutron mixing — (active - sterile neutrons)

Zurab Berezhiani

p— w5 (udd)(udd) & s (udd)(v'd'd")

AB=2 y D81 AR

=

d/

Oscillations n -+ a7 (AB = 2)
Oscillations n - @ (AB =1, AB'=1) B — B’ is conserved

1 _oscillation time

Exp. bounds on n — 7 oscillation 7 =¢"
e<75x107% eV — 7>086x10%s direct limit free n

£<25x107#eV — T7>27x10%s nuclear stability



Neutron — mirror neutron mixing
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Effective operator s (udd)(v'd’d’) — mixing enCn’ + h.c.
violating B and B’ — but conserving B — B’

Zurab Berezhiani

Summary u AB=1, AB/=-1

6
e = (n|(udd)(u'd"d")|7") ~ "952 ~ (L0TeV)® 1015 ey

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,,, n — i oscillation can be as fastas e 1 =7, ~1s

without contradicting experimental and astrophysical limits.
(c.f. 7> 10 yr for neutron — antineutron oscillation)

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



Free Neutrons: Where to find Them 7

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

cosmic rays:
a Quest for New
Physics?

But most of neutrons bound in nuclei ....

Zurab Berezhiani

SERy n — i’ conversions can be seen only with free neutrons ... and, under
some parameters, it can explain the neutron lifetime puzzle !

Free neutrons are present only in

o Reactors and Spallation Facilities (experiments are looking for)
e In Cosmic Rays (n— n’ in TA and Auger experiments)

e During BBN epoch (fast n” — 71 can solve Lithium problem)

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

We do not observe the strong effects since n — i’ is suppressed by
some environmental factors (matter, magnetic field) or simply by
some mass splitting between n — n’
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Summary

B'[G]
Several new experiments are underway at PSI, ILL and ORNL
and are projected at ESS



Neutron Stars: n — n’ conversion
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Antinuclei in
- Two states, n and n
a Quest for New
Physics?

Zurab Berezhiani H_ E(nb) + Mn§5 e
Summary - £ El(nb/) + ;J,né/a"

/

np =cosfn+sinfn', ny =sinfn—costn’, 0~ 5
Fermi degenerate neutron liquid pr ~ (np/0.3fm™%)%/3 x 400 MeV

nn — nn’ with rate I = 20%n{(ov)n,

‘2—’:’ =-—IN d(’,\:/ =IN N + N’ = Ny remains Const.

Te=T"1 e x10% yr  N'/No = t/7.
for t = 10 Gyr, 7. = 10% yr gives M fraction 107> — few Earth mass

E=EN — (@) x 103 erg/s NS heating — surface T




Neutron Star transformation
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% =_IN dd—’\{ =T N+ N = Ny remains Const.

Initial state N = N, N/ =0 final state N = N’ = %No

Summary

150 M, =142, M,=0
M, =141, M,=0.006
o M;=132, M,=0.09
5 10l M,;=100, M,=037 1
=
ﬂm M, =M,=0.66
o
— m——
a 051 b 1
~
.
0.0E. L e ey ; ;
0 2 4 6 8 10 12



Mixed Neutron Stars: TOV and M — R relations

2

Antinuclei in 1

. 2 2 -2 2
e o guv = diag(—gee, g, r*,r*sin® 0) g = €%, g = 19

a Quest for New 1 > . 2 2 .2
Physics? Tuw = Tu + T, = diag(pgie, pgrr, pre, presin®0)
Zurab Berezhiani p=pi+p&p=pi+p, pa=F(pa)
d

Summary I —arr’p — T2 =Anrpip m=m + m

df(ﬁ _ _ 1 dp N dp1/dr __ dpy/dr

dr ptp dr 3ﬂ1+P1 p2+p2

dp _ m-+4mwpr

(p+ p) 2mr—r2

(m #0,mz =0)in — (M1 = mM2)sn r — 7

20f 25}
20f
15}
° © 15
2 10 2
= = 10}
05
osf
00t . . . E| 0.0
0 5 10 15 0
Rkm] Rkm]

V2 rule: MO = L 5 MRE* Ruix(M) = %RNS(M)



Transforming Dark Matter into Antimatter: n or n?
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Cross-interactions can induce mixing of neutral particles between two
sectors, e.g. v — v’ oscillations (M neutrinos = sterile neutrinos)

Zurab Berezhian
Summary
Oscillation n — n’ can be very effective process, faster than the neutron
decay. For certain parameters it can explain the neutron lifetime problem,
4.50 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 i’ — A 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



Mergers of NS .. and mirror NS

e
Antinclel i NS-NS merger and kilonova  (GW170817 ?)
S e r-processes can give heavy *trans-lron* elements

a Quest for New

Mirror NS-NS merger is invisible (GW190425 ? Mo, = 3.4Mp, )

Zurab Berezhiani

But not completely ... if during the evolution they developed small
core of our antimatter (depends on the mirror BA sign)
— their mergers can be origin of antinuclei for AMS-2

Summary
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How large the antinuclear flux can be 7

[ ] ¢E ~ R(NS/*NS/) X NEIS X Tsurv X C

Merger rate:

R(NS’'—NS') ~ R(NS—NS) ~ 10° Gpc ™3 yr™?

Amount of antibarions produced in NS’

NE ~ Np % (th/TE) ~3- ].052 X (th/].Olo yr) (1015 yI‘/Tg)

Survival time:
Toury = (Mp{Cannv)) ™1 =~ 3-10" x (1 ecm™3/np)  ts, Teury < 14 Gyr

_ R Np Tsurv —6 —2.-1
o bp ~ (103Gpc*3yr*1) (1053) (10175) x 107" ecm™"s
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Looking for antimatter stars/planets

DUPOURQUE, TIBALDO, and VON BALLMOOS PHYS. REV. D 103, 083016 (2021)

FIG. 1. Positions and energy flux in the 100 MeV-100 GeV range of antistar candidates selected in 4FGL-DR2. Galactic coordinates.

The background image shows the Fermi S-year all-sky photon counts above | GeV (image credit: NASA/DOE/Fermi LAT
Collaboration).

. 2/3
Antimatter production rate: Np = 2 ~ ¢2 ( M ) x 3103 g1

y 15 \ Mg
2
; DN~ 2GMYhi 102 Nis M -1
ISM accretion rate: Nj o~ === ~ vio X\ ems ) (15 ) 8

Annihilation y-flux from the mirror NS as seen at the Earth:

2
~ 072 gy M 50pc)2 erg T
J =~ v (1/Cm3) (1.5,\/,@) ( o ) om3;  d —distance to source
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Summary

Getting Energy from Dark Parallel World

| argued that in O and M worlds baryon asymmetries can have same signs:
B > 0and B’ > 0. Since B — B’ is conserved, our neutrons have transition
n — A’ (which is the antiparticle for M observer)

while n" (of M matter) oscillates n’ — 7 into our antineutron

Neutrons can be transformed into
antineutrons, but (happily) with
low efficiency: Tps > 10% 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 7,7 < 10%s

E=2m,c®* =3x103erg
per every i1 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 x 10" n/s (PSI) — power = 100 MW




Asimov Machine: the "Pump”

Antinuclei in

a e for e 'I'HE First Part: Against Stupidity ...
Physics? W w

fu e Second Part: ... The Gods Themselves ...

SHVES Third Part: ... Contend in Vain?

ANDVELBY

Summary

m "Mit der Dummbheit kdmpfen Gétter
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 ...




Some auxiliary slides



&

Antinuclei in
cosmic rays:
a Quest for New
Physics?

Zurab Berezhiani

Summary

Visible vs. Dark matter: Qp/Qg ~17

Visible matter from Baryogenesis
B (B — L) & CP violation, Out-of-Equilibrium
pg = ngmg, mg~1GeV, n=ng/n, ~107°

71 is model dependent on several factors:
coupling constants and CP-phases, particle de- |

grees of freedom, mass scales and out-of-equilibrium [

conditions, etc. e Sakharov 1967

Dark matter: pp =nxmx, but mx =7, nx=7
nx is model dependent: DM particle mass and interaction strength
(production and annihilation cross sections), freezing conditions, etc.

@ Axion m, ~107° eV n, ~ 10*n, - CDM
m, ~10"' eV n, ~n, - HDM (x)
m, ~ 10 keV  n, ~1073n, - WDM
mg ~1GeV ng ~ng - 777

mx ~1TeV  nx ~10"3ng - CDM

myx ~ 10 GeV nx ~ 10_14n3 - CDM

Neutrinos
Sterile v/

WIMP

°
°

@ Mirror baryons
°

o WimpZilla




Quick overview of mirror dark matter ...

7

Antinuclei in Parallel /mirror sector of particles as a duplicate of our SM: SM x SM’
Cosmic rays: (or SU(5) x SU(5)" or Eg x Eg or parallel branes ... or more sectors)

Physics? — all our particles (e, p, n, v, v...) have dark M twins (¢, p’, n’, V', v'...)
AEERBIRN  of exactly (or almost) the same masses

Summary M matter is viable DM (asymmetric/baryonic/atomic/self-interacting/
dissipative etc. as ordinary (O) baryon matter) — but M sector must be
colder than O sector: T'/T < 0.2 or so (BBN, CMB, LSS etc.)

— asymmetric reheating between the two sectors after inflation

— O matter mainly hydrogen (H 75%, “*He 25%)

while M matter mostly helium (H' 25%, “He’ 75%) — first M stars are
formed earlier than O stars, are bigger, helium dominated and end up in

heavy BH: M ~ (10 = 10%) M, (inferring ~ 80% of DM in galactic halo

and for the rest of ~ 20% — M gas clouds, ~ Mg stars etc.

There can exist interactions between O and M particles, e.g.
photon kinetic mixing e F**F},,, some common gauge bosons, etc.
Most interesting are the ones which violate baryon and lepton numbers
between two sectors, and namely B — L and B’ — L’ which can
co-generate baryon asymmetries in both sectors — and naturally explain

why the DM and baryon fractions are comparable, Qg /Qg ~ 5.0r so
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Summary

Now the neutrons: since 1932 they make 50% of mass in our bodies ...

Neutrons are closely mass degenerate with the proton

(in the SM n = udd, p = uud) since B is conserved in the SM, n and
p both are Dirac particles with B = 1)

Neutrons are stable in basic nuclei but decay in free state: n — pev,
. and decay also in some (3~ unstable) nuclei
. and can be even born in other (87 unstable) nuclei: p — ne™v,

p

Fermi V-A Theory — Standard Model T

S T(1—1*)y"d Te(l—*)yue + hec. Vs
w*

Gy = G |Vud| ansndue.

6 — 5 -~ 5 Neulron decay

5 P(gv—8a’y"'n Ve(l=7")yue +hec via weak
interaction

gy =1(CVC) & ga~1.2(PCAQ) i

b 4 =1

Yet, we do not know all its secrets in depth ...
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Majorana mass of the neutron = n — 1 mixing

Neutron is a Dirac particle: man (AB =0)

In principle, being neutral, it could have also a Majorana mass
e(n"Cn+ A" Ch) (AB =2) even with ¢ larger than m

But being composite, this Majorana mass can come only from
six-fermions effective operator % (udd)(udd), M >1 TeV or so

with m ~ 1 GeV

6
e = (n|(udd)(udd)|A) ~ 2952 ~ (L2TeV)®  10-15 gy (or ~ 1571)

Induces transition n(udd) — A(ddd), with oscillation time 7,5 = ¢!

M>10TeV — <107 eV — 71,5>1s
M~103TeV — e~10%eV — 7, ~1005

e<75x107%* eV — 71, >0.86x108%s direct limit free.n



n — i oscillation:  Free

4

At Two states, n and n

cosmic rays:
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Zurab Berezhiani H— m —+ ﬂé& -V, €
€ m— uBs —V;

Summary

Free oscillation probability P,5(t) = 5—2 sin? (wgt), €< wp=uB

wpt <1 = Poa(t) = (et)? = (t/7n5)?

1 Po(f) =1 2 (et)?
wet>1 — Pos(t) = 3(e/we)’ < (o

for a given free flight time t, magn. field should be properly
suppressed to achieve "quasi-free” regime: wpt <1

Baldo-Ceolin et al, 1994 (ILL, Grenoble) : t ~0.1s, B <1mG
Poa(t) = (t/77)? < 10718 — €< 7.7x107%# eV

In nuclei: AV = V; —V, ~ 100 MeV 0~ec/AV < 10—23
Pos >~ 0%~ (¢/AV)? <107  —is unobservable? Not really ...



n — i mixing and instability of matter (nuclei)
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Summary

In principle, n — i oscillation could be rather fast:
E.g. for M ~ 10 TeV (otherwise safe scale for new physics)
one would have 7,5 ~1s —  Ppa(t=0.1s) ~ (t/7p7)? ~ 10~*

However: n — i1 oscillation destabilizes nuclei:
(A Z) - (A-1,n2) = (A-2,Z/Z—-1)+7's

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

e<75x107% eV — 7>086x10%s direct limit free n



Neutron — mirror neutron oscillation probability

&

Antinuclei in
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Zurab Berezhiani - € m—+ Mé’&' + V/

Summary

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)+ d,(t) cos B B
sin” [(w -—w )t] sin” [(w + w’)t] . B
p(t) - 2 e T 2 2 A
7w — ) 27w + w') <) ﬁ
sin” [ w— } sin® [(w + w’)t] .
d(t) = 2 ne 2 N2 B
27 (w — ) 27 (w + w')
where w = “pB‘ and o’ ‘/LB/ ; T -oscillation time

— N (t
5t d,(t)-cos 3 « assymetry

Adct(t) — NfB(t) —
B N,B(t)+ NB(t) collis ™ B



Earth mirror magnetic field via the electron drag
mechanism
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Summary

by \\

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.

High temperature of the Earth core — mirror gas is partially ionized.

Rotation of the Earth drags mirror electrons but cannot move as well
mirror ions which are much heavier. So circular electric currents can
emerge which seed the mirror magnetic field. Rather tiny amount of
captured mirror matter (say ~ 10% particles) would suffice

These seeds can be strongly enhanced by the dynamo mechanism: mirror
plasma captured in the Earth must differentially rotate and also have
convective motions




2009 — magnetic field vertical

4
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Physics? Experiment sequence: {B_,B,,B,,B_,B,,B_,B_,B,},
Zurab Berezhiani B ~0.2G

N ,L]/L IR
¢ o LT T T
=10 T I 1

8010 8020 8030 8040 8050 8060 8070
t [hours]

Careful analysis has shown the non-zero effect: ~ Z.B. and Nesti, 2012
AB)=(7T0£13)x10™*  xj4r =09 — 520

Modulation with the period T = 24 hour — 5.5¢0



2009 — magnetic field Horizontal

large field By = 0.2 G and small field b+ < 1072 G

Ay - 2007 H Al Files
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Summary

Ag - 2007 H Al Files




2009 — magnetic field Horizontal

large field B = 0.2 G and small field b < 1072 G

Antinuclei in A - Binned 32

cosmic rays: 00010
a Quest for New
Physics? 0.0008
ooms-
Summary oooos|- w E!
AN
N
0.0002 - )
/
ool =
bl
Common - 4, - Binned 32 Common Ey, - Binned 32
o000 = oo
oons|- S oo
ooos- S oo
o &
ooof- S oom
oon2l- S oo
ool = oo
o w w @ w00 o kD w0 w0 w0
T b

small field: A, ~ 0, but large field measurements show non-zero Ag
and Eg, both with the period T ~ 300 hours
(Unpublished and not included in Fig. of exp. limits)



Can neutron be transformed into antineutron

W . effectively?

Antinuclei in Small Majorana mass of neutron § (nTCnJrﬁCﬁT) =3 (nTn Jrﬁnc)

LA™ = n—ioscillation (AB=2)
Physics?
Zurab Berezhiani Oscillation probability for free flight time t
S Poa(t) = (et)? = (t/7n7)? in quasi-free regime wst <1

Present bounds on oscillation time 7,5 = ¢! are severe:

Tor > 0.86 x 108 s direct limit (free n)  ILL, 1994

Ton > 2.7x 108 s nuclear stability (bound n) SK, 2020 (this conf.)
2

Poa(t) = Tt% = (18jﬁs> (51 S)zx 1018

ni

Shortcult through mirror world:  n— n’ — A
Experimental search to be tuned against (dark) environmental conditions
2
_ _ t* _ 12 t \4 _4
Pnﬁ(t) = Pnn’(t)Pnﬁ’(t) = m - < = ) (m) x 10

Tnn! Tni!

No danger for nuclear stability !
Nor for Neutron Stars



2x2=41

_ Z.B., Eur.Phys.J C81:33 (2021), arXiv:2002.05609

Antinuclei in 4 states: n,n : n', A

cosmic rays:
a Quest for New

and mixing combinations:

Physics? n<—n (AB = 2) & n +—— i (ABI = 2)
B )+ A A(B—-B')=0
Summary

n«—ia + n<—n A(B+B)=0

Full Hamiltonian is 8 x 8:

my + ,u,gé" €nn €nn’ €nn’
€nn mp — MEa: €nn’ €nn’
€nn’ €ni m, + V! + ,u’é’&’ €nii
Eni Enn’ €nii m, + V- ,u’é’&'

Present bounds on oscillation time 7,5 = ¢ 1:
Tos > 0.86 x 108 s (free n), 7,7 >4.7x10%s (bound n)

2
Pra(t) = 3 = (*%52) (st5)"x 207

Tna




Shortcut for n—n via n—n —n

Antinuclei in . . — .. .
cosmic rays: Consider case when direct n — i1 mixing simply absent:
a Quest for New
Physics?

6,7,—1:0

Anyway, n — 7 emerges as second order effect via n — n'id’ — A

Zurab Berezhiani

Summary

ﬁnﬁ = ﬁnn’ﬁnﬁ’

P, = 2¢% , cos®(B/2) | 262, sin*(B/2) P, — 262, sin*(B/2)

+ Zeiﬁ/ cos?(6/2)
(Q_Q/)Q (Q+Q/)2 b

nn’ — (Q=Q")? + ()2

where (3 is the (unknown) angle between the vectors B and B’
Disappearance experiments measure the sum P,y + Poz o< €2,/ + €2

n — i transition measures the product Phz = Py Phar efm, ef,;,/

From the ILL'94 limit P,z < 107 (measured at B = 0) we get
2x10° _ (05G)?
Ton’ Tna! > ?2’2 ~ ( B ) x 100 S2

E.g. Toy Taiw ~ 1 second is possible if B’ ~ 5 G
Limits become even weaker if Am > 0.1 neV




&

Antinuclei in
cosmic rays:
a Quest for New
Physics?

Zurab Berezhiani

Summary

How good the shortcut can be?

Assuming e.g. Tow Tow = 100 s and B’ = 0.5 G, we see that
ILL94-like measurement at B = 0.45 G (or B = 0.49 G) would give
P.i~sin? 3 x 1071 (or P,; ~sin® 3 x 10712)

To maximalize n — i probability, one has to match resonance with
about 1 mG precision: we get

2 2
Pur() = (27) oot 4 Pan() = (557) sin’ 3
and

Pon(t) = Pom (£) P (£) = 528 (£ Y (1002 ) 198
ni(t) o () Po () 7 (o13) x

Ton! Tni!

Practically no limit from nuclear stability
E.g. 190 decay time predicted ~ 10% yr vs. present limit ~ 1032 yr |




How effective n — n can be?

&

At simulations for n — i experiment with

cosmic rays:

il t=0.1s (/=100 masILL) and t =0.02s (/=20 m)

Physics?
E-05
E-06 &
Summary E-07
E-08
E-09
E-10
E-11
E-12
E-13
E-14
E-15
E-16
E-17
E-18
E-19
E-20 + t
0.01 0.10 1.00 10.0
Magnetic field R [Gaussl]

Zurab Berezhiar

Probability P,;

— and perhaps a chance for free energy 7



Majorana Machine
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Che cretinil Hanno scoperto il protone
neutro e non se ne accorgono!
Zurab Berezhiani
La fisica & su una strada sbagliata. Siamo
tutti su una strada sbhagliata...

Summary

La fantomatica macchina forse teorizza-
ta da Ettore Majorana! Nella sua for-
mulazione attuale violerebbe un’infinita
di principi scientifici, producendo enormi
quantita di energia a costo zero. Non puo
affatto esistere ...
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The Universe: Anthrophic or Intelligent Design?

Is the Universe Anthropic?  multiverse...
or Anthropomorphic?  with basic instincts to survive
or Anthrophilic?  has sapience and purposes ...

Conspiracy in the fine selection of the SM parameters:

Mw, Aqcp, Yukawa constants  fgep?

and Cosmological term? (Weinberg's anthropic argument ...)

E.g. Neutron-proton-electron mass conspiracy: me < m, — m,
— neutron decays if free but is stable in nuclei with E, ~ few MeV

Taken Standard Model with all coupling constants fixed in UV,
sort of "explanation” why My, ~ 10? GeV

My < 10 GeV — me > m, — m, hydrogen atom decays pe — nv
My > 103 GeV — m,, > mp + me + Ep  only hydrogen, no nuclei

— in either case, no lifel  And noone can ask stupid questions
"Why?"
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Anthropic limit on n — A mixing

Nuclear instability against
(AZ) - (A-1,7,Z) > (A—2,Z/Z — 1) +7's scales as
Scale of new physics unknown — but Ty o €2 o< 1/M™¥ (e oc 1/M®)

Present limit Tyue > 1032 yr implies
€<25x107%* eV — M >500 TeV or so

M — M/3 (just 3 times less) would give 7,0 — Touel /3% ~ 1027 yr
fin (Ap) annihilation releases energy E,n, = 2m,c? ~ 3 x 10710 J

Then the Earth power = Eppy Ng /Tua =~ 10 TW
.. the Earth radioactivity turns dangerous for the Life!

And (happily) the neutron is not elementary particle

— in which case it could have unsuppressed Majorana mass en’ Cn
It is composite n = (udd) of three quarks — Majorana mass

can be induced only by D=9 operator 7 (udd)?

Life can exist because of the (intelligent) structure of the SM



Disgression: Anthropic 6-term in QCD

Z.B., EPJ C 76, 705 (2016), arXiv:1507.05478

4

Antinucle in QCD forms quark condensate (gq) ~ /\?QCD breaking chiral symmetry

cosmic rays:
a Quest for New

P (and probably 4-quark condensates (gqqgq) not reducible to (gq)?)

ATED AT Can six-quark condensates (qqqqqq) be formed? (i.e. 3 diquarks)
Summary {(udd)?) or {(uds)?) inducing n— A, A — A mixings (AB = 2)

glue

u d dd du

u d s s du

Vafa-Witten theorem: QCD cannot break vector symmetries ...
.. the prove relies on the absence of #-term (valid strictly for 6 = 0)
Imagine then world with § ~ 1 where <qcic;qqq> ~ /\?QCD

— bad for Life: enormous n—n or A—A ...

Let us assume (qqqqqq)e ~ F(6) /\?QCD with F(6) being
a smooth periodic and even function: F(6) ~ 62 + ...
Then for 6 ~ 107, (gqqqqq)e = 02/\%@3 ~ (1 MeV)?
Then € ~ 0°Ay o /m® — 0 <107 or so



Neutron Stars Evolution to mixed star
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Pl Te = (107 eV /e)? x 10" yr Two regimes are allowed :

Zurab Berezhiani

1. slow transformation (7. > 14 Gyr age of universe)
SHGER then limit from pulsar heating tells 7. > 10" yr — €< 107 eV or so
matches exp. limits for exactly degenerate n — n’

2. fast transformation 7. < 10° yrorso — € > 1072 eV or so
— then old pulsars all should be transformed into maximally mixed stars
matches explanation of neutron lifetime anomaly, non-degenerate n — n’

05F  SLy: Muw=2.05 Mo 05 Polyt: Muw.=257 Mo

<145Ms <181 My

o
0,001 0.010 0.100 1 10 100 1000 0.001 0010 0.100 1 10 100 1000
vre vre
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observational M — R
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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.)



&

Antinuclei in
cosmic rays:
a Quest for New
Physics?

Zurab Berezhiani

Summary

Back to trap-beam problem: 7, vs. [-asymmetry

Updated Fig.7 from Belfatto, Beradze and Z.B, EPJ C 80, 149 (2020)

Mé.[Kisch
895 7(ga) '_;:own ] A — 127625(50)
Mund
) [ ban ] Tean =888.0£205
I | } il Terap = 878.5+£ 0.5 s
) { i trap
o +_ ot )
Free neutron decay: 07 —0" decays:
o _ K/In2 G2 = K
vV = -7:n7'n(1+3g,§)(l+AR) 2.7‘-t(1+AR)
2Ft 5172.1(1.1 — 2.8
Th = o = ( 5 ) s Czarnecki et al. 2018
Fa(l+3g3) 1+3g;

Gy and Ag cancel out even in BSM Gy # G¢|Viud| :  ga = —Ga/Gv
ga = 1.27625(50) —» 7iheor =878.7+ (0.6 — 1.5) s~ Tipap
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[ beam
sesf 7 | * /
0.005 /
l;
I !
sso i material trap /
1 § = magnetic trap 0.002 i
87 i 0001
1.260 1.265 1.270 1.275 1.280 280 300 320 40 360 380 400
o Am (neV)
Torap = 878.5+£0.5 s (compatible)
(4.50)

riheor — 8787 +1.55s
Theam = 888.0 2.0 s
Toagn = 877.8 +0.3 s (3.30 discrepancy)

theor Tmat < Tbeam

Tmat = 880.1 £0.7 s
Tmagn < Tp_sp
So far so Good!

So experimentally we have
which is possible in n — n’ oscillation scenario



i Dark matter Factory 7
7

If my hypothesis is correct, a simple solenoid (magn. field ~ Tesla)
can be an effective machine transforming neutrons into DM neutrons
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0100k
0.010F
& 0001}

104k

T s - m/s Pgn’ res res
Pir, ~ 5621072 (25000 (T ) (B) (sfs)

ORNL experiment via n — n’ — n in strong magn. fields
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Cabibbo Angle Anomaly

“/ud‘

0.973¢

0.972}

0.971¢

0.970¢

m K3
m Kpu2

B B0 — 0F) 4+ 7

0.222 0.224 T 0.é26
[Vis|

0.228 0.230

If CKM unitarity is assumed — strong discrepancy between
A: |Vys| =sinfc

B: |Vis/Vid| = tanfc¢

C: |Vy| = cosfc

Unitarity excluded at > 30




