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The big bang

Fisica
Astroparticellare
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Physics of Particles and Fundamental Interactions — smallest
distances (TeV ™! ~ 1071 cm today)

Cosmology — largest distances (Gpc ~ 10%” cm  today)

... Universe is expanding ... Early Universe was small and hot — and it tests
particle physics at small distances/high energies



Intuiting Dunkle Materie

&

R  Existence of invisible (dark) matter in the galaxies and in the

TR, Universe was hypothetized long time ago ... (e.g. Zwicky applied
Virial to Coma cluster and noted the deficit of mass ...)

Zurab Berezhiani

e Jan Oort 1932 e Fritz Zwicky 1933 e Vera Rubin 1970

Dark Matter

That time, in principle, this dark matter could be more conservatively
interpreted as invisible baryonic matter in the form of dim stars

... Zwicky also hypothesized, after discovery of the neutron, existence of
neutron stars



Dark matter is everywhere in the Universe ...

Windows to Dark
World (or . A A )
Anti-world 7) Evidence for the existence of an dark matter in the Universe comes
Zurab Berezhiani from several independent observations at different length scales ...
and now we are certain that that dark matter is not baryonic !

... but unfortunately we do not know who is dark matter !

Dark Matter

Experimental Hints:
@ Rotation Curves
o Clusters of Galaxies
o CMB and LSS
@ Supernovae la

@ Gravitational Lensing




Rubin:  Galactic rotation velocities

&

Windows to Dark
World (or In disc galaxies (differential) rotation velocities, as a function of the

Anti-world 7)
distance from the center, indicate flat behaviour v ~ Const.
instead of Keplerian Fall (v oc r=1/2)

Grav. force = Centr. force m‘/—: =m0y~ /GM(r)/r

r2
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Dark Matter
Instead .... flat rotational curves were observed

NG 2403 ML =08

200

Galaxy Rotation Curve
Creal: Matthen Newsy, Mikyway@home

Observed

Orbital Velocity (art.)

Racius (kpe)



Precision Cosmology CMB, LSS, lensing ....
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Planck measurements of CMB anisotropies

Dark Matter
Multipale moment, ¢
@ ow mo wen 1 e
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Angulas seale

6, = (1.041540.0006) x 10~2
Ho = (67.3 £ 0.6) km/s - Mpc™*, inflation ny = 0.960 4 0.005

Qg = 0.0487 + 0.0006, Qp = 0.2647 £ 0.0060 Qior ~ 1
Qu=0s+Qp ~0.31 — Qa ~ 0.69
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Dark Matter

Dark Matter Candidates

In the Standard Model SU(3) x SU(2) x U(1) we do not have a
candidate particle for dark matter ... massive neutrino (~ 20 eV)
was a natural “standard” candidate of dark matter (HDM) forming
cosmological structures (Zeldovich's Pencakes) —

but it was excluded by astrophysical observations in 80's

— and later on by the neutrino physics itself

In about the same period the BBN limits excluded dark matter
in the form of invisible baryons (dim stars, etc.)

In 80's a new Strada Maestra was opened - SUSY

— well-motivated theoretical concept promising to be a highway

for solving a vast amount of fundamental problems, brought to a
natural almost “Standard” candidate for dark matter — LSP or WIMP

* Another interesting candidate, Axion, emerged from Peccei-Quinn
anomalous global U(1) for solving strong CP problem: dark matter as a
condensate of very light scalar bosons, m ~ 107* eV



WIMP detection modes

&

Windows to Dark
World (or

Anti-world 7) Weak scale MSSM + R-parity:  lightest spartner (LSP) is stable !
Fureb Bereetiant A perfect candidate for CDM with mass Mx ~ 100 GeV

thermal freeze-out (early Univ.)
indirect detection (now)

——
DM %&' M
DM SM
—

production at colliders LHC

Dark Matter

direct detection

Direct Detection @ LNGS: DAMA, CRESST, XENON, DARKSIDE



WIMP miracle and optimism for direct detection

Windows to Dark

P e WIMP/LSP with mass Mx ~ 100 GeV — perfect candidate for CDM

VOann
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Qph? ~ 202 (ﬂ) VOum ~1pb = Qph?~0.1
&

2
. 2 —
WIMP Miracle: voun ~ %z ~ (2589 )" x 10720 om?
S

Dark Matter

But for elastic scattering
X+ N — X+ N one ex-
Pects Oscat ™~ Tann

which is important for di-
rect detection

XENONIO-LE " CDMS-LE
@], .EDELWEISS-LE

S

However ... no evidence at
LHC and no evidence from
DM direct search 4+ many
problems to natural SUSY w0,

. 2 .
Cross—section [cm”] (normalised to nucleon)
>
T

WIMP Mass [GeV/c?|



Dark Side of the Universe

v
W Todays Universe: flat Qior &= 1 (inflation) and multi-component:

World (or

Anti-world 7) o Qp ~0.05 observable matter: electron, proton, neutron
el Bt e Qp~0.25 dark matter: WIMP? axion? sterile v? ...
o Qp~0.70 dark energy:  A-term? Quintessence? ...

Matter — dark energy coincidence: Qpm/Qp ~ 0.45, (Qm = Qo + Q5)
Dark Matter pa ~ Const., M~ a=3; why pm/pn ~1 — just Today?
Antrophic explanation: if not Today, then Yesterday or Tomorrow.

Baryon and dark matter Fine Tuning: Qg/Qp ~ 0.2
pg~ a3 pp~ a3 whypg/pp ~ 1 - Yesterday Today & Tomorrow?

Atoms

Dark

ey — How Baryogenesis could know about Dark
Matter? popular models for primordial Ba-
ryogenesis (GUT-B, Lepto-B, Affleck-Dine
B, EW B ...) have no relation to popular
E;i DM candidates (Wimp, Wimpzilla, sterile v,

S axion, gravitino ...)
o — Anthropic? Another Fine Tuning in

49%

Dark
Matter
268%

Neutrinos
10%

Atoms

2 3 Particle Physics and .Cosmology?
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Dark Matter

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
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Dark Matter
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Parallel hidden sector vs. observable sector 7

7

Windows to Dark For observable particles .... very complex physics !!
o) Gauge G = SU(3) x SU(2) x U(1) (+ SUSY ? GUT ? RH neutrinos ?)
el Bttt photon, electron, nucleons (quarks), neutrinos, gluons, wt -z, Higgs ...
long range EM forces, confinement scale Aqcp, weak scale My,

. matter vs. antimatter (B-conserviolation, C/CP ... Sakharov )

. existence of nuclei, atoms, molecules .... life.... Homo Sapiens !

What if dark matter comes from extra gauge sector ... which is as complex
as the observable one?
Parallel gauge sector: — G’ = SU(3)" x SU(2)" x U(1)" ?
photon’, electron’, nucleons’ (quarks’), W' — Z’, gluons’ ?
... long range EM forces, confinement at /\'QCD, weak scale My, ?
. asymmetric dark matter (B’-conserviolation, C/CP ... Sakharov’ ) ?
. existence of dark nuclei, atoms, molecules ... life ... twin Homo Sapiens?

Mirror Matter

Dark gauge sector ... similar to our particle sector? ... or exactly the same?
.... two (or more) parallel branes in extra dimensions?  Eg x Eg ?
..... let us imagine !

“Imagination is more important than knowledge..."  A. Einstein



Ordinary and Mirror Worlds
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Regular world Mirror world

Elementary Particles 29bit69 visinems|3

Mirror Matter

rebrove gnsike

2
@
2
o
el
5
g
b=

e Two identical gauge factors, e.g. SU(5) x SU(5)’, with identical
field contents and Lagrangians: Loy = £+ L' + Lok

e Exact parity G — G’: Mirror matter is dark (for us), but its
particle physics we know — no new parameters!

e Naturally in string theory: O & M matters localized on two parallel
branes and gravity propagating in bulk: e.g. Eg x E{



Mirror vs. ordinary matter

<
Windows to Dark

World (or
Anti-world ?)

Particle physics will is described by a symmetric Lagrangian:

Zurab Berezhiani

£tot =L+ L' + [fmix

1 H H . !/
Mirror Matter @ Invariant under two identical gauge groups: G x G

o ldentical field contents
@ Mirror Parity P(G «<» G’) (no new parameters in L)

Gravity /s not the only common force between two sectors!
Other interactions are possible L ix

@ Mirror Matter is a natural candidate for dark matter.
o If after Inflation T/ < T/2 or so — consistent with BBN



Mirror Particle Physics

4

Windows to Dark For Ordinary particles we have the Standard Model:

World (or

Anti-world 7) o Gauge Symmetry: G = SU(3) x SU(2) x U(1)

Zurab Berezhiani

o Particles: quarks, leptons, photon, gluons, W=, z, Higgs.

o Interactions: long-range EM forces, Strong interaction
confinement (Aqcp ), Weak scale My,

Mirror Matter In the Mirror Sector we have the same:
o Gauge Symmetry: G’ = SU(3)' x SU(2)' x U(1)
o Particles: quarks’, leptons’, photon’, gluons’, W', Z’, Higgs'.

@ Interactions: long-range EM forces, Strong interaction
confinement (Agcp), Weak scale My,

Lmix — possible interactions (also B — L violating as %LHL’H’)
as Lepton + Higgs — Lepton’ + Higgs’ scattering: AL=1, AL’ =1

O-M particle mixing (only for neutral particles)
v — v/ mixing, photon-photon’ kinetic mixing, etc.
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Mirror Matter

Mirror Matter Detection Modes

A candidate for self-interacting DM with mass Mx ~ few GeV

The lightest baryon’ is stable (B-conservation) !

Asymmetric Dark Matter: Baryon’ asymmetry of the Universe
(excess of baryons over antibaryons)

due to B — L and CP violating processes out-of-equilibrium

E.g. LH— L'H" - Leptogenesis via scattering in Early Universe
or UDD — U'D’'D’ and cross reactions - Baryogenesis at low
scale

Neutral DM particles (mirror neutrinos, neutron, hydrogen atom)
can mix our neutral particles (ordinary neutrinos, neutron and
hydrogen atom)



Neutron — mirror neutron oscillation

&

W The Mass Mixing e(An’ 4+ @'n) comes from a B and B’ violating
e six-fermions effective operator: ;% (udd)(u'd’d")

Anti-world ?)
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AB=1, AB'=—1

d T

Neutron - mirror M is the scale of new physics beyond EW scale.

My = My — Tpw ~ € 1~ (M/10TeV)® x 1s

oscillation

All the experimental limits on this transition become invalid in the
presence of a mirror magnetic field:

B wnBo €+ tpw(B+B')o
"\ e+ pm(B+B)o unB'o

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
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Neutron - mirror
neutron
oscillation

Experimental Strategy

We need to store neutron and to measure if the amount of the
survived ones depends on the magnetic field applied.

o Fill the Trap with the UCN
@ Close the valve
e Wait for Ts (75s, 150s, ...) °

@ Open the valve

[ ]

F00000000000000

[ ]

@ Count the survived Neutrons

10

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

Ng1(T. _ _
N‘;Eéi — exp [(Poz — Pex) vTs]
So if we find that:
_ Ng(Ts) — N_g(Ts) _ Ng(Ts)
A(B, Ts) = No(T<) + N_5(Ts) #£0 E(B,b,Ts)= No(Ts) 140
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E.g. assume B’=0.12 Gauss
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ILL Serebrov 2007 — magnetic field vertical

4

Windows to Dark
World (or

Anti-world ?) Experiment sequence: {B_,B,,B,,B_,B.,B_,B_,B,},
EEEEEE B =0.2G

30
o |
J IS YIS
e § op Ll S MEES
oscillation 10 T I 1

8010 8020 8030 8040 8050 8060 8070
t [hours]

Analysis! pointed out the presence of a signal:
AB)=(7T0£13)x10™*  xJ,r =09 — 520

so that: 7, ~ 2 —10s' and B’ ~ 0.1G

1Z .Berezhiani, F. Nesti, Eur. Phys. J. 72, 1974 (2012)



ILL Serebrov — measurements in horizontal
magnetic fields (ana/ysis by Z.B. and R. Biondi, 2015)
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Zurab Berezhiani Experiment sequence: {b;,B,,B_,b_,b_,B_,B.,B;}
With B =0.2G and b=10,0.7,3.0,5.6,12mG

The sequence has been repeated for 900 hours of continuous
measurement, if we measure A(b), A(B) and E(B, b):

Neutron - mirror A(b) — (9.277 4+ 6550) X 10—5

neutron

sl A(B) = (—3.144 £ 6.549) x 107°
E(B,b) = (—22.47 £9.261) x 10~°

Can Mirror Magnetic field variable in time?

Mirror matter could be captured by the earth and it also could be
co-rotating with it, most likely with a different period.

We need to check if A or E are variable in time



Time Modulation of A(b) for small field b < 1 mG

Fit by: C + Bcos(%(t — to))

C=(8.17946.672) x 107> B = (11.50 £ 9.715) x 10~5
T = (342.916 + 105.477) h  to = (163.487 + 49.522)

X gor = 0.982

nnnnnnn
oscillation

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\




Time Modulation A(B) for large field B = 0.2 G

2

Windows to Dark Fit by: C + BCOS(Z%(t _ tO))

World (or
Anti-world ?)

R C — (—2.265+6.755) x 1075 B = (3.555+0.922) x 10~*
T =(308.479 £ 18.64) h  ty = (—44.263  29.908) h

Xlgor =0969  ~3.80

0.004

Neutron - mirror

neutron 0.003
oscillation
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Time Modulation of E(B, b) between small and

large fields

2

Windows to Dark Fit by: C + BCOS(Z%(t _ tO))

World (or
Anti-world ?)

RS C — (—21.71+£9.290) x 1075 B = (3.543 +1.340) x 10~%
T = (281.762 + 17.686)  to = (77.913 + 26.355)

X?dof =0.977 ~ 2.60
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Fitting together A(B
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Conclusions

Most interesting is still ahead!

Identity of Dark Matter is still unknown ! And
parallel (mirror) world is most interesting
candidate for it ...

Plenty of perspectives for important discoveries

You have all chances to make it ...

but new experiments (+ smartness and
imagination) are needed !
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