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1 Introduction

The dark matter, which corresponds to 25 % of total cosmological density, makes it
possible to understand the creation of the large scale structures in the Big Bang. This
matter is named like this because it is nonluminous. The existence of dark matter was
confirmed by the astronomical observations. There are more accurate methods to calculate
the mass of matter in the Universe. Two of them permit to discover the dark matter for
the first time : the speed of rotations of the galaxies, which come from the Newton’s laws,
and the luminosity of the galaxies, which relates the mass of the galaxy to its luminosity.
The data obtained by this 2 methods have not the same value that means there is missing
matter, i.e dark matter. The non baryonic nature of the dark matter comes from analysis
of the nucleosynthesis of the Big Bang and the cosmic microwave background anisotropies.
The results obtained indicate the dark matter should be stable, saturate matter density
and decouple from the plasma just before matter dominance era ([1]).

Today we don’t know the nature of the dark matter, i.e its physical composition, the
mass of its constituents and the interaction with other particles. For every model of dark
matter, simulations of the large scale structures formation have been done. The results are
different according for the model of the dark matter. Some searches use the astroparticles
and the LHC data and other experiments to study the physical composition of the dark
matter. There are several types of dark matter, but the simpliest variant of dark matter is
the Weakly Interactive Massives Particles (WIMP). This is not the unique solution for the
dark matter scenario, and more elaborate models of composite dark matter are possible.

It is presented here one of the propositions for the cosmological dark matter, which
is the simpliest model of dark atoms, the O-Helium dark matter, abbreviated in OHe,
which corresponds to the composite dark matter model. I will explain in this referat the

research about OHe, the advantages of this model and finally the problems of this model.

2 The origin of the model

The particles in the composite dark matter model can be electrically charged, but they
are hidden in atom-like states maintaining dark matter of the modern Universe. This is
the origin of the name of this model : the electrically charged constituents of dark atoms
may be not only elementary particles, but can be composite objects.

This idea was proposed by Sheldon Glashow in his model ([2]) : it is based on million
times heavier partners of normal quarks and leptons related by a strict simmetry. The
lightest of these partners are the tera-electrons and tera-U-quark, they could form a
stable tera-helium atom (UUU)EE, in which +2 charged quark cluster (UUU) was bound
by ordinary Coulomb force with two tera-electrons. It was proposed that in the early

Universe, the excessive U-quarks first bind in (UUU) cluster, which recombines then



with excessive tera-electrons to form tera-helium atom. As revealed in [3], there is an
unrecoverable problem : binding of U-quarks and tera-electrons is incomplete, that implies
an overproduction +1 and +2 charged like (Uud), (UUu) hadrons or (UUU)E ions, which
bind with ordinary electrons. It makes impossible to realize the dark atom scenario not
only in Glashow’s sinister model, but also in any other model predicting stable +1 and
—1 charged species.

Since 2006, different solutions for dark atom scenario were proposed (|4, 5, 6, 7, 8]),
in which the important role of stable —2 charged species was revealed. The OHe dark
atoms scenario was first proposed in 2005 ([4]) : in this model, dark atoms are composed
by stable —2 charge particles, which should be heavy (~ 1TeV) called O~~, which are
bound by the Coulomb interaction with primordial helium. The candidates for O™~ are

(a) stable clusters of heavy quarks formed by 3 anti-U quarks of fourth generation
([9, 10, 11]), (b) AC-leptons predicted in the extension of standard model ([12]) in the
case of the almost-commutative geometry, (c) Technileptons and technibaryons in the
framework of walking technicolor models (WTC) ([13]), and finally (d) the stable charged
clusters, composed by 3 anti-quarks of fifth family ([14]).

Creation of OHe dark matter following the scenario below : after its formation in
the Standard Big Bang Nucleosynthesis (SBBN), * He screens the excessive O™~ charged
particles in composite O-Helium. In all the considered forms of OHe, O™~ behaves either
as a lepton or as a heavy quark cluster with strongly suppressed hadronic interaction. Thus

the OHe interaction with matter is determined by the Coulomb barrier of He nucleus.

3 The atomic structure of OHe

An OHe atom is composed by a helium nucleus and a heavy double charged particle O™~
([15]), which is a particle with strongly suppressed hadronic interaction. There are the
mass Mo and My, , and the charge Zp = 2e. The potential interaction follows the laws

below :

ZoZy.
V(’/’ > RHE) - —% (1)
ZoZy. r?
V(r < Ry,)=—2220" (3 - —) (2)
r R%{e

where a = €? /47 is the fine structure constant and r the distance bewteen O~ and
the center of the nucleus. The potential is represented in Figure 1. Then, we put the
expression of potential (1) in the radial time-independent Schrédinger equation, to obtain
the eigenvalues of an OHe atom. At angular momentum [ = 0, the non-modified WKB

approximation was used in ([16]) as potential V is regular at the origin (lim, o 7V (r) = 0).
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Figure 1 — The O-helium interaction potential (red) and the elementary Coulomb potential
(green) obtained for a point-like helium nucleus, as a function of the distance r between
O~ and the center of the helium nucleus.

For states at [ # 0, we replace (I + 1) by (I + 3)? in the centrifugal term of the effective
potential. For the first ten values of the quantum numbers n and [, the formula looks like

pure hydrogen :

For the fundamental level, Eff = 1.5879MeV . In fact the potential is no longer oc 1/7, so
energy depends on both n and [, the energy of ground state increases with Ef’, when we
take into account the charge distribution of the helium nucleus. The eigenvalues E,, ; are
shown in Table 1. In general, at fixed n, the pure hydrogen-like energy levels constitue
a lower limit to which the levels E,,; tend as I increases, i.e. as the states are excited
and thus as O™~ and He lie further apart from each other, making the helium nucleus
increasingly point-like. As it is well known that the WKB approximation is less accurate
for the deeper bound states, the energy of the ground state was computed by a variational
method using up to 11 hydrogen-like s-orbitals and found the result —1.1771 MeV, which
shows that the error on the values given in Table 1 is less than 0.1% ([15]).

4 The OHe model of the Universe

During the radiation dominance (RD) era, O-Helium, plasma and radiation are in thermal
equilibrium, while the plasma transfers the energy and momentum to OHe ([1]). The
radiation pressure in the plasma is transferred to density fluctuations to the OHe gas and

transforms them in acoustic waves at scales up to the size of the horizon. To explain the



n| 1= | 1=1 | 1=2 [ 1=3 | 1=4 [ EI |
1 -1.1760 - - - - -1.5879
2 | -0.3446 -0.3969 - - - -0.3970
3 | -0.1607 -0.1764 -0.1764 - - -0.1764
4 | —9.253872 | —9.923072 | —9.924072 | —9.92392 - —9.924472
5 | —6.005772 | —6.351172 | —6.351172 | —6.351172 | —6.351072 | —6.351672
6 | —4.209772 | —4.410672 | —4.410672 | —4.410672 | —4.41062 | —4.410872
7 | —=3.113672 | —3.240472 | —3.240472 | —3.2404% | —3.240472 | —3.24062
8 | —2.395772 | —2.480872 | —2.481172 | —2.481072 | —2.481072% | —2.48112
9 | —1.900272 | —1.960272 | —1.96022 | —1.9602—2 | —1.96022 | —1.96042
10 | —1.543972 | —1.587872 | —1.587872 | —1.587872 | —1.587872 | —1.5879~2
(o | 1=5 [ =6 | 1=7 [ I=8 | 1=9 | B |
1 - - - - - -1.5879
2 - - - - - -0.3970
3 - - - - - -0.1764
4 - - - - - —9.924472
5 - - - - - —6.351672
6 | —4.410572 - - - - —4.410872
7 | —3.240372 | —3.24062 - - - —3.24062
8 | —2.481072% | —2.481072 | —2.481072 - - —2.481172
9 | —1.960472 | —1.960272 | —1.960272 | —1.96022 - —1.960472
10 | —1.587872 | —1.58787 2 | —1.587872 | —1.58787 2 | —1.587972 | —1.58792

Table 1 — Energy levels E,,; (MeV) of the OHe atom, for the first ten values of the principal
quantum number n and the corresponding angular momenta [ = 0,...,n — 1. In the last
column are also shown the pure hydrogen-like solutions Ef n (MeV) obtained when the
helium nucleus is assumed to be point-like. The exponents indicate the power of 10 by
which the numbers have to be multiplied to obtain the energy in MeV ([15]).

next step of the scenario, we use the following relations :

2T

v=4]— (3)
My

o~ 0oy~ RS ~ 10 % em? (4)

The formula (3) is the baryon thermal velocity, with T the temperature of the plasma and
m, the mass of the proton and the relation (4) is the cross section of OHe. At temperature
T < Ty~ 2005’??/ eV the energy and momentum transfer from baryons to O-Helium is

not effective because :
np{ov)(my,/mo)t <1

where S3 = my/(1TeV), and my the mass of the OHe atom. In this formula o(m,/m)

is the transport cross section per nucleon. This relation means at this temperature the



baryon thermal velocity is too weak and the transport cross section per nucleon is too
small to make possible the transfer of energy to OHe atoms ([4]). After OHe gas decoupled
from plasma, it started to become dominant after ¢t ~ 10'%s at 7' ~ 1leV and OHe atoms
have the main role in the development of gravitationnal perturbations, and the formation
of large scale structure. The nature of OHe determines the features of the composite dark
matter scenario. At T' > Trys, the density of OHe gas is pg = (Tra/T)pior- After we
obtain the total mass of OHe gas within the cosmological horizon t = [}, :
4 47 Trys mpy

M= 2L, ZTIRM  (TPLy
3 P 5 el

During the period of decoupling T' = T}, this mass depends strongly on the OHe mass S5

and is given by :

Tr M
Mog = i mPl(mP

T )2 &2 x 104552

Tod

At T = T the OHe forms and within the cosmological horizon the total mass is My =
Mog(Tpa/Ty)? = 10%7g.

During the radiation dominance era, just before the decoupling, the propagation of
the sound waves in the plasma is limited the Jeans length A; of the OHe gas. The
relativistic equation of state is p = ¢/3, at the cosmological horizon the Jeans length is
at the same order \; = I;,/v/3 = t//3. After decoupling it decreases to A; ~ vgt, with
vy = \/m, and the Jeans mass decreases to :

My ~ viMug ~ 3 x 107 M,

we expect, at scales M < M, a strong suppression of fluctuations, and an adiabatic
damping of sound waves in the plasma at the radiation dominance era for scales M, <
M < M,;. This suppression has not the same effect as the free streaming suppression in
the Warm Dark Matter model, and its impact on the structure formation needs a special
study in detailed numerical simulations. In WDM, the free-streaming scale corresponds to
the mode that enters the horizon at the time when WDM particles become non-relativistic
([17]). In the case of O-Helium, its composite nature makes the large scale structure
formation more close to CDM, but a bit Warmer. Due to the slight suppression of small
scale fluctuations, the OHe model is called the Warmer than Cold Dark Matter model.
After the decoupling from the baryonic matter, the OHe gas does not follow the
formation of baryonic astrophysical objects (stars, planets, molecular clouds...) and forms
the dark matter halos of galaxies, the problem is OHe has too small interaction to follow

baryonic matter, but sufficiently large interaction to make baryonic objects opaque for it.



5 Signatures of OHe

5.1 The solution for puzzles of direct dark matter searches

Dark atom interpretation of the puzzles of direct dark matter search is based on the
interactions between OHe nucleus and the baryonic matter. If dark matter can bind
to normal matter, the observations from DAMA /LIBRA experiments ([18]) could be
interpreted like come from the radiative capture of thermalized OHe and could depend
on the detector composition and temperature ([19]). The concentration of OHe in the
underground detector is determined by the equilibrium between the infalling cosmic OHe
flux and its diffusion to the center of Earth. The infalling flux experiences annual changes
due to Earth’s rotation around Sun and modifies the OHe concentration, so this local
OHe concentration possess annual modulations.

Many experiments have been done but only one gave a positive result ([19]) : DAMA /Nal
and DAMA /LIBRA. The interpretation of the experiments in terms of OHe model are
based on the idea that OHe slowed down in the terrestrial matter, can form a few keV
bound state with sodium nucleus, if OHe is situated beyond the nucleus. The positive
result of these experiments is explained by annual modulation in reaction of radiative

capture in the detector :
A+ (*He™O0 ) = [A(*He™ O™ )]+~

The low energy OHe-nucleus bound states is possible only for intermediate-mass nuclei
. this explain the negative results of LUX experiments and all heavy nuclei detectors
(XENON 100, XENON 1T etc...). To calculate the rate of this capture, [20] use an
analogy with the radiative capture of neutron by proton, without the M1 transition from
conservation of orbital momentum and suppression of E1 transition in the case of OHe.
The rate of OHe radiative capture according to atomic numbers A and Z, the energy level

E in the medium and the temperature T is given by the relation below :

fra3T [ Z\?
ov= (S (5)
mp\/2AmpE

with the factor f = (m, —m,)/my ~ 1.4 x 1073, corresponding to the difference of
mass of neutron m, and proton m,, relative to the mass of nucleon my. The capture
rate is proportional to the temperature at the thermal equilibrium : this leads to a
suppression of this effect in cryogenic detectors. Since OHe capture rate is proportional
to the temperature, it looks like it is suppressed in cryogenic detectors by a factor of
order 10~*. However, for the size of cryogenic devices less, than few tens meters, OHe gas
in them has the thermal velocity of the surrounding matter and the suppression relative

to room temperature is only ~ ma/meo (mo is the mass of OHe). Then the rate of



OHe radiative capture in cryogenic detectors is given by equation (5), in which room
temperature T is multiplied by factor m4/meo, and the equation becomes :
(6)

ov =

fra3T (Z>2 L ma
m2y\/2Am,E mo

A
5.2 Positron annihilation in the galactic bulge

The composite nature of O-helium dark matter results in a number of observable ef-
fects. The satellite INTEGRAL observed a positron-annihilation line excess in the galactic
bulge. This observation can be explained by the presence of OHe (|15, 19]). The O-helium
collisions excite the 2S level, after OHe de-excites by electron-positron pair-production.
The rate of collisions between OHe particles can take place everywhere in the Galaxy. It
is nonzero and grows in the regions of higher OHe density, particularly in the central part

of the Galaxy because these collisions are enhanced. The collision rate is estimated to
([21]) -
dN 5 Am

=" th?r? ~ 3 x 101255271
At a velocity v, ~ 3 x 107cm/s, the energy transfered in the collisions is AE ~ 1MeV Ss.
The collisions excite the OHe gas, which de-excites by pair production, then the de-
excitation in EQ transitions had been observed by excess of positron-annihilation line.
However, measurement of the collisions rate depends of the density of OHe, but the
theoretical estimations for dark matter are uncertain because in the bulge OHe gas density
doesn’t lead to strong gravitationnal effect and can vary by several orders of magnitude.
The last analysis indicates a lower value of dark matter density, which makes it possible
to explain the observed effect if the mass of O™~ near 1.0 TeV.

The collisions excite the OHe gas at the first level with non-zero angular momentum,
the E1 transition create gamma lines with principal quantum numbers n and m, when n

is higher than m, at the energies :

E.m= (% — %) x 1.587T9MeV

The interest of this predictions is to analyze and compare the unidentified lines from the
center of the Milky Way. In all line emissions from the Galaxy ([15]), there are some X-Ray
and gamma ray, probably produced by OHe. The important line for INTEGRAL data
have an energy around 20 keV, and the X-Ray lines have a lower energy. XMM-Newton
can check the observations between 0.1 — 12keV.

Taking into account all the possible electric dipole transitions (E1) between the states
of OHe between 3 and 4 keV, several hundreds of allowed lines were found in ([15]), with



energies from the eV to the MeV range. The comparison between the predictions and the

observations provides an effective tool to test OHe dark matter model.

5.3 Composite dark matter solution for high energy positron ex-

cess

PAMELA and AMS02 experiments (|22, 23, 24|) found an excess of high-energy cosmic-ray
positrons. This can be explained by the decay of doubly positive charged techniparticles to
pairs of same-sign leptons. This is the two-component dark atom model, based on Walking
Technicolor sparse WIMP-like component of atom-like state, made of positive and negative
doubly charged techniparticles. This is possible for the mass of decaying +2 charged
particle below 1 TeV and depends on the branching ratios of leptonic channels ([19]).
Since even pure lepton decay channels are inevitably accompanied by gamma radiation
the important constraint on this model follows from the measurement of cosmic gamma
ray background in FERMI/LAT experiment. The multi-parameter analysis of decaying
dark atom constituent model is under way in order to determine the maximal model
independent value of the mass of decaying +2 charge particle, at which this explanation

is possible.

5.4 The LHC probes

One of the propositions to understand the constitution OHe atom, is to do searches
for stable doubly charged lepton-like particles at the LHC ([19]). The objective is to
compare the results with astroparticle data. The ATLAS and CMS experiments give the
lower value for double charged particle around 700 GeV (|25]), this result will permit to
test OHe explanation when the future data can approach 1 TeV range in this searches.
Recently, a Yu S Smirnov’s studies improved this result, he found a value for double
charged particle around 685 GeV ([26]).

6 Some potential problems

6.1 Inelastic process

It was first assumed that the effective potential between OHe and a normal nucleus would
have a barrier, preventing He and/or O™~ from falling into the nucleus, allowing only
one bound state, and decreases rapidly the interactions of OHe. Under these conditions
elastic collisions dominate in OHe interactions with matter, and lead to a successful OHe
scenario. The cosmological and astrophysical effects of such composite dark matter (dark
atoms of OHe) are dominantly related to the helium shell of OHe and involve only one

parameter of new physics, the mass of O~~. In this section, I want to explore another



scenario (|4, 7]), in which OHe dark matter interacts strongly with normal matter : OHe
is neutral, but a priori it has an unshielded nuclear attraction to matter nuclei. I explain
in this section the consequences of this effect.

At the beginning of the Universe, inelastic scattering between particles of OHe and
between OHe and primordial He decreased the quantity of OHe (|27]). The nuclear

reactions are :

OHe+ OHe — O2Be (7)
OHe + He — OBe (8)

where Be is the beryllium. The OHe forms at a temperature T which depends of it
binding energy, which is 1.175 MeV, that corresponds to Ty = 50keV, i.e the energy
absorbed during the formation of OHe. The cosmological time is calculated with the

temperature, the inelastic process start at a time :

1 1

t(s) ~ ~ =400
()= T2(arev) = 0052 °

after the Big Bang and continue until helium freezes out at ¢, ~ 600s.
During these 200 s, the rate of the quantity of OHe decreases like this :

anHe
dt

2
= —3Hnome — Noge01V1 — NOHeNHeO2V2 (9)

with noy. and ny. are the number densities of OHe and He, H = 1/2t the expansion rate
of the Universe during the radiation dominance era, oy, g9, v; and vy are respectivly the
cross section and the relative velocity of the reaction (7) and (8). The only factor which

affect ny, is the expansion :

dnHe
dt

£\ 3/2
= —3Hnpg. <= ny(t) =nY, (—0) (10)
where nf;, is the number density of He at ¢ = ¢;. We calculate the fraction of free OHe
atoms due to their inelastic reactions, with the ratio f of the number density of OHe and

He nuclei, f = “2=. The expressions (9) and (10) give the relation of evolution :

e

4 _

di = —TLHef(Ul?Jlf =+ 0'2?)2) (11)

The cross sections o and o9 depend of the size of the nucleus :

o1 ~ 47 (2rom.)? (12)

oy & Am(Tone + THe)? (13)



where 7 are the radius of respectively the OHe nucleus and the He nucleus. The both are

2. The mean relative velocities v,

approximately equal to 2 fm, o, ~ 0y ~ 64710~ %cm
and vy are obtained by the Maxwell-Boltzmann velocity distributions, because the species

are in thermal equilibrium with the plasma :

8T
V) =4 — 14
! T (14)
U2 = —8T (15)
T2

with gy = g% the reduced mass of OHe-OHe and po ~ mp. the reduced mass of OHe-
He. During the radiation-dominated era, the relation between time and temperature is

L TH/? = Tot(l)/ ? we insert it in the expression of velocities, and use the relation (11) to

obtain :
d 1
Y s + ) (16)
with
— 91
a= N (17)
g=2 (18)

8T
v =nite [ =2 (19)

The initial condition is f(¢y) = fo, the solution of (16) is :

Bfo
N 20
f( ) exp(gﬁ,y(tg?’/‘l _ t—3/4))((l/f0 + ﬁ) —Q ( )

We can calculate the number density of He at the biginning of the baryon nucleosynthesis
from its actual value. It corresponds today about 10% of all baryons, and the current

critical density :
pr =567 x10"%m,/cm® <= ny, ~2.8 x 10 %cm™> (21)

Then, it is necessary to add the effect of the expansion, which is proportionnal at the

3
temperature of the CMB n%,_ = nl,, (%) ~ 2.8 x 107"em™3. At the early Universe

the number of O™~ particles was equal to OHe particles. Between t; and today, O
particles may have been bound in different structures, but they have not been created or

destroyed, so that their number density has only been diluted by the expansion in the

10



same way as that of He nuclei, so that the ratio of the number density of O™~ particles

to the number density of He nuclei remains unchanged : :000 = :110 . The fraction of OHe
He He

hasn’t been change, almost 25% of the critical density, so we can calculate the parameter

fo =~ 0.05. Now it is possible to insert this value in the equation (20) and calculate the

fraction at the freeze-out time :
f(t) ~5x 107 <« f, (22)

this results means the OBe creation by the reaction 1 decreases rapidly. To be more
clearly, the reaction (8) is prevalent, so the dark matter is now in form of OBe. The
suppression of f comes when the exponential term in (20) is evaluated to be e!*127. This

value represents the number Ny of reactions that happened between ¢, and t, :

ty
NQ = / nHe(t)agv2(t)dt

to

1/2 e
= Nyt —_— ——dt

—77,0 t7/4 8T0 092 ( 4)( 1 1 )
— '"He"0 =\ 3 “3/4  ,3/4
V.o T e 3)\e ¥
4 1 1
- )

This relation means the realization of the OHe dark matter model implies a very strong
suppression of the reaction (8), which corresponding to Ny < 1. This particular case

needs the development of a strong dipole Coulomb barrier in OHe-He interaction.

6.2 Problems of OBe dark matter

Due to the Coulomb barrier, OBe can’t capture helium nucleus, and it recombines with
electrons during the radiation dominante era (|27]) at the temperature T,; = 2eV. With-
out this barrier there will be no suppression of inelastic reactions, in which O™~ binds with
nuclei. It makes anomalous helium the dominant form of dark matter in this scenario.
After recombination the OBe gas will undergo a decoupling from the plasma and the
radiation, after that there is an adiabatic damping slightly suppresses density fluctuation
at scales smaller than the scale of the horizon in the period of He recombination.

This dark matter is mixed with ordinary matter in the process of galaxy formation,
and become collisional on the scale of the galaxies. So there is some OBe in the stars, but
the thermonuclear reaction in the stars interacts with it and create anomalous isotopes.
OBe can be ionized, but the dominant part is neutral. In the atmosphere, OBe atoms

are the prevalent part of the dark matter, in the ionosphere the particles are ionized by

11



the radiation and neutralized by electron capture. When OBe fall down on the Earth
there are many collisions which decrease the velocity of OBe. The cross section of OBe
is in the order of o ~ 107!® — 10~ "em 2, with the number density of terrestrial matter

n = 0.27 x 10¥molecules/cm we calculate the OBe atoms velocity inside the Earth at :

I <97x 107" em/s ~ 270 fm/s (23)

nov

V:

To determine the OBe abundance in the Earth we need to know the equilibrium between
the in-falling and down-drifting fluxes. The flux of OBe in-falling from dark matter halo

is given by :
n — _
F=22x|V,+Vg| (24)
81

with Vj, = 220km/s the speed of the Solar System, Vi = 29.5km/s the speed of the Earth
and ny = 3 x 107%em ™2 is the assumed local density of OBe dark matter. To simplify
the calculation, Cudell et al (|27]) didn’t take into account the annual modualtion of the
incoming flux and take | V,, + Vg |= u ~ 300km/s. The equilibrium concentration of OBe

is obtained by :

2 x F
Vv

(25)

Norg =

and the ratio of anomalous isotopes to the total amount of the Earth matter is given by :

21 x F
rop = L0E = ST EOY 5 39 %107 (26)
n g

The upper limits on the anomalous helium abundance are very stringent (|28]) rop <
10719, and the rough estimate is ten orders of magnitude too large. Together with the

other problems of OBe Universe stipulated above, this rules out the OBe scenario.

6.3 Problem of seasonal variation for OHe model

O-Helium fall down to the terrestrial surface with the same velocity as OBe (23). At a
depth L below the Earth’s surface, the drift timescale is t4. ~ L/V where V is given by
equation (23). It means the motion of the Earth around the Sun cause a change of the
incoming flux, should lead at the at the depth L ~ 10°cm (|7]) to the corresponding change
in the equilibrium underground concentration of OHe on the timescale tg4, &~ 2.5 x 10255 1g
(S5 is defined in the section 4). In underground detectors, OHe dark atoms are slowed
down to thermal energies and give rise to energy transfer ~ 2.5 x 107%eVA/S3, where
A ~ 30 is the average atomic weight in terrestrial surface matter. OHe slowed down far

below the threshold for direct dark matter detection. The equilibrium concentration of

12



OHe is obtained by :

2 x F
= n) + 0l x sin(w(t — to)) (27)

Nor =

where w = 27 /T, T' = lyear and t; is the phase. This parameters are a consequences of

the rotation of the Earth. The 2 other variables are the average concentration

1 _ "o
0 = 3305, A12 (28)
and the annual modulation of concentration
@_ Wy (29)

"B T 54055 A172

The rate of nuclear reactions of OHe with nuclei is proportional to the local concen-
tration and the energy release in these reactions should lead to observable signal. There
are two parts of the signal : the one determined by the constant part and the second
determined by annual modulation, which is concerned by the strategy of dark matter
search in DAMA experiment (|29, 30, 31, 32, 33]).

The terrestrial matter is opaque for OHe, what should inevitably lead to an effect of
Earth matter shadowing for the OHe flux and corresponding diurnal modulation. This

effect needs special study in the confrontation with the constraints, recently obtained in
DAMA /LIBRA experiment (|19, 18]).

7 Conclusion

The O-Helium dark atom, composed by helium nuclei and a double charged O™~ particle,
is a serious candidate for the dark matter. The physical nature of OHe is at the center of
the experimental astroparticles searches.

The warmer than cold dark matter scenario has the advantage to have a few parameters
for explain the Universe, and the scenario is not very different from the cold dark matter
scenario. The advantage is there is only one parameter in OHe scenario : the mass of
OHe. The OHe dark matter can explain the observations from the center of the galaxies,
especially the positron line excess due to OHe de-excitation. ATLAS experiments at LHC
gave lower limits of the particles which compose OHe, but didn’t rule it out yet.

The existence of heavy stable particles is one of the popular solutions for the dark
matter problem. These particles are usually considered to be electrically neutral, but
dark matter can also be formed by stable heavy charged particles bound in neutral atom-
like states by the ordinary Coulomb attraction. The OHe dark matter model needs
a deeply study about OHe-nucleus interaction and taking account the existence of the

strong Coulomb barrier.

13



8

References

References

1]

2l

3]

4]

[5]

(6]

7]

8]

19]

[10]

[11]

[12]

M.Yu Khlopov. The puzzles of dark matter searches. AIP Conf.Proc.1241, pages
388-397, 2009. arXiv:0911.5685.

S.L. Glashow. A sinister extension of the standard model to SU(3) x SU(2) x SU(2) x
U(1). In XI Workshop on Neutrino Telescopes, Venice, p 539-547, 2005. arXiv:hep-
ph/0504287.

D. Fargion and M. Khlopov. Tera-leptons shadows over sinister Universe. Gravitation
and Cosmology, 19, N-2:219-231, 2013. arXiv:hep-ph/0507087.

M. Y. Khlopov. Composite dark matter from 4th generation. Pisma
Zh.Eksp. Teor.Fiz. 83, 3-6; JETP Lett. 83, 1-4, 2006. arXiv:astro-ph/0511796.

Chris Kouvaris M. Y. Khlopov. Composite dark matter from a model with composite

Higgs boson. Phys.Rev.D, 78:23 pp, 2008. arXiv:0806.1191.

C. A. Stephan D. Fargion, M. Khlopov. Dark matter with invisible light from
heavy double charged leptons of almost-commutative geometry? Class. Quant. Grav.,
23:7305-7354, 2006. arXiv:astro-ph/0511789.

Evgeny Yu. Soldatov Maxim Yu. Khlopov, Andrey G. Mayorov. The dark atoms of
dark matter. Prespacetime Journal, 1:1403-1417, 2010. arXiv:1012.0934.

Maxim Yu. Khlopov. Physics of Dark Matter in the Light of Dark Atoms. Modern
Physics Letters A, 26(n°38):2823-2839, 2011. arXiv:1111.2838.

K.M.Belotsky et al. Heavy hadrons of 4th family hidden in our Universe and close
to detection ?  Gravitation and Cosmology 11, 3, pages p 3—15, 2005. arXiv:hep-
ph/0411271.

K.Shibaev K.Belotsky, M.Khlopov. Stable matter of 4th generation: hidden in the
Universe and close to detection ?  Gravitation and Cosmology, 12:46-47, 2006.
arXiv:astro-ph/0602261.

M.Yu.Khlopov. New symmetries in microphysics, new stable forms of matter around
us.  Gravitation and Cosmology 12, Vol 1, pages p 39-49, 2006. arXiv:astro-
ph/0607048.

Christoph A. Stephan. Almost-Commutative Geometries Beyond the Standard
Model. Journal of Physics A: Mathematical and Theoretical, 39:9657-9670, 2006.
arXiv:hep-th/0509213.

14



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

22]

23]

[24]

Kimmo Tuominen Dennis D. Dietrich, Francesco Sannino. Light composite Higgs
and precision electroweak measurements on the z resonance: An update. Physical

Review D, wvol. 73, Issue 3, id. 037701, page 8 pp, 2006. arXiv:hep-ph/0510217.

Anamarija Borstnik Braci¢ and Norma Susana Manko¢ Borstnik. On the origin of
families of fermions and their mass matrices. Phys. Rev. Lett. D74, page 30 pp, 2006.
arXiv:hep-ph/0512062.

J-R.Cudell, M.Yu Khlopov, and Q. Wallemacq. Effects of dark atoms excitations.
Mod. Phys. Lett. A, 29:8 pp, 2014. arXiv:1411.1655.

N. Froman and P.O. Froman. JWKB approzimation : Contributions to the theory.
North-Holland Pub. Co, 1965.

Katarina Markovi¢ and Matteo Viel. Lyman-a Forest and Cosmic Weak Lensing in a
Warm Dark Matter Universe. Publications of the Astronomical Society of Australia,

Vol. 31:20, 2013. arXiv:1311.5223.

R. Bernabei et al. [DAMA Collaboration|. Results on DAMA /LIBRA-Phasel and
Perspectives of the Phase2. In The XVIIIth Bled Workshop, Vol 121, 5 pp, 2015.

M.Yu Khlopov. 10 years of dark atoms of composite dark matter. In Bled Workshop
on Physics, p 71-77, 2015. arXiv:1512.0108]1.

Maxim Yu Khlopov. Dark atoms and puzzles of dark matter searches. International
Journal of Modern Physics A, 29:26 pp, 2014. arXiv:1402.0181.

M. Y. Khlopov. Composite dark matter from stable charged constituents. In Pre-
sented at 20th Rencontres internationales de Blois, Chateau de Blois, France, 2008.
arXiv:0806.3581.

C. Kouvaris K. Belotsky, M. Khlopov and M. Laletin. Decaying Dark Atom con-
stituents and cosmic positron excess. Advances in High Energy Physics, page 20 pp,
2014. arXiv:1403.1212.

M. Laletin K. Belotsky, M. Khlopov. Dark Atoms and their decaying constituents.
In Bled Workshops in Physics, V. 15, 2, p.1-10, 2014. arXiv: 1411.3657.

C. Kouvaris K. Belotsky, M. Khlopov and M. Laletin. High Energy Positrons and
Gamma Radiation from Decaying Constituents of a two-component Dark Atom
Model. International Journal of Modern Physics D, Vol. 24, No. 11, page 11, 2015.
arXiv: 1508.02881.

15



[25]

[26]

27]

28]

[29]

[30]

[31]

32|

[33]

ATLAS Collaboration. Search for heavy long-lived multi-charged particles in pp
collisions at 8 TeV using the ATLAS detector. The European Physical Journal C,
75:23, 2015. arXiv:1504.04188.

M.Yu Khlopov and Yu.S. Smirnov. Search for double charged particles as direct test
for Dark Atom Constituents. In VIA talk at Moscow astrophysical seminar, 2017.

J-R.Cudell, M.Yu Khlopov, and Q. Wallemacq. Some potential problems of
ohe composite dark matter. In Bled Workshops in Physics 15, pp 66-74, 2014.
arXiv:1412.6030.

R. J. Holt Z.-T. Lu T. P. O’Connor J. P. Schiffer P. Mueller, L.-B. Wang. Search for
anomalously heavy isotopes of helium in the Earth’s atmosphere. Phys. Rev. Lett.

92, 022501, page 13 pp, 2004. arXiv:nucl-ex/0302025.

R. Bernabei et al. [DAMA Collaboration|. First results from DAMA/LIBRA and
the combined results with DAMA /Nal. Eur. Phys. J. C' 56, pages p 333-355, 2008.
arXiv:0804.2741.

R. Bernabei et al. [DAMA Collaboration]|. New results from DAMA /LIBRA. FEur.
Phys. J. C 67, 39, 2010. arXiv:1002.1028.

R. Bernabei et al. [DAMA Collaboration]. Particle Dark Matter in DAMA /LIBRA.
In Vulcano Workshop 2010 "Frontier Objects in Astrophysics and Particle Physics”,
Vulcano (Italy), 2010. arXiv:1007.0595.

R. Cerulli et al [DAMA Collaboration]. DAMA annual modulation and mir-
ror Dark Matter. The Furopean Physical Journal C, Volume 77, page 20, 2017.
arXiv:1701.08590.

R. Bernabei et al [DAMA Collaboration|. DAMA /LIBRA results and perspectives.
In 19th Bled Workshop "What Comes Beyond the Standard Models", Vol 2, p 1-7,
2016. arXiv:1612.01387.

16



