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“What comes beyond the Standard models?”



Scenarios of hypothetical, stable, electrically charged particles.

We consider composite dark matter scenario in which hypothetical,
stable, relict, lepton-like, massive X particles with charge -2n
(where n is any natural humber) escage_ experimental discovery
because they are coupled by Coulomb interactions with n primordial

helium nuclel into neutral atom-like states of XHe (X - helium),
called «dark atoms».

In the case of n=1, the X particle is called 0™, and the «dark atom»
Is called O-helium.

O~ + He' = (OHe) +~
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lllustration of the OHe dark atom and the outer nucleus of substance A. 2/20



The problem of the X — helium hypothesis.
Dark atoms of XHe provide the modern density of non-relativistic matter and play the role of non-trivial form of
strongly interacting dark matter.
The possibility of the existence of low-energy bound state of XHe with nuclei and the dominance of elastic
processes in the dark atom scenario is based on the hypothesis of the presence of potential barrier and shallow
potential well in the processes of interaction of X-helium with the nuclei of matter, which requires correct
guantum mechanical justification.
Task: development of numerical model of the interaction of X-helium with the nucleus of substance.
Purpose of the work: reconstruction of the form of the total effective interaction potential of the XHe-nucleus

system and calculation of the cross section of inelastic capture of X-helium by the nucleus of matter.
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Hvpothetical effective potential of interaction of XHe with the nucleus of substance.



Experiments on the direct search for dark matter particles.
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Stark effect.
Ugs = eZ,Eo

Quantum-mechanical calculation.
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Isolated O-helium dark atom.
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Eigenvalues of the Hamiltonian of the helium nucleus (the first 3 energy levels) in the
potential of the OHe «dark atom» (blue solid line) and the graphs of the squared modulus of the
wave function corresponding to these energy levels (red solid line). 6/20



Quantum - mechanical description of the three-body problem in the
OHe-nucleus system.
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Adding centrifugal potential to quantum mechanical numerical model of the OHe -

nucleus system.
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Potentials of Coulomb (red dotted line), nuclear (green dotted line) and centrifugal (green solid line) interaction between helium
and the nucleus of substance of Na, potential of Coulomb interaction between helium and O~ particle (black dotted line ) and

the total interaction potential of the helium nucleus (blue dotted line) in the OHe - Na system at fixed Rp4. The red circle marks
the value of the radius of the He nucleus. 9/20



6 Integration limits for 6 calculating.
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The total potential of helium in the OHe - Na system for fixed position of sodium R, 4 (blue solid line), graph of the squared
modulus of the wave function of the ground state of helium in polarized «dark atom» for fixed Rp4 (red solid line), the
intersection points of the graph of the total potential of helium and the graph of the squared modulus of the wave function
of the ground state of helium (black circles). 10/20
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Graph of the dependence of the dipole moment of polarized OHe atom (red dotted line) on the

radius vector of the outer sodium nucleus Ryy4.
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Interaction potentials in the OHe-Na system as a function of the distance between He, located in the Bohr orbit of the OHe atom, and
the Na nucleus: the Stark potential (red dotted line), the centrifugal potential (green dotted line), and the total effective interaction
potential (blue dotted line). This case corresponds to the total angular momentum for the interaction between OHe and the sodium

— —>
nucleus, equal to  Jope—na)=3. 12/20
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where TN, = 21 Na_ ~ 103 eV is the kinetic thermal energy of the sodium nucleus in the free state
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and Iope—na is the energy of the bound state of the sodinum nucleus with the dark atom of OHe.
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Graphs of the dependence of the total effective interaction potential of the OHe dark atom with the sodium nucleus (blue solid
line) and the square of the modulus of the sodium wave function (red solid line) corresponding to the energy level of the ground
state of sodium in this total effective interaction potential of the OHe-Na system, equal to 4.1 keV, on the radius vector of the

sodium nucleus. 13/20



Cross-section of XHe inelastic capture by the nucleus of substance.

According to Fermi’s Golden Rule, the probability of transition per unit of time from the initial
state |i) to the set of final states |f) is, to first approximation, determined by the expression:

Cisr = 20 |(FIB) 9(E), (1)

where (f|H’|i) is the matrix element of the disturbance H' between the final and initial states, and
g(Ey) - is the density of states at the energy of the final states Ey.

o, d d*q E3 (2)
g(Ey) =2V qu( (%)3) = S Va,

where ¢ is the wave vector of the photon.
The cross section of the inelastic capture of the sodium nucleus into the bound state of OHe-Na is
expressed by the formula:

l".
J0OHe—Na — ';f, (3)

where 7 = vOHe * Na. - 18 the flux of sodium nuclei. Assuming that the volume of V' is such that it
contains one particle of the sodinm nucleus ny, = 1/V, the flux of sodium nuclei can be expressed as:

= ‘Uoue/V = 7)/V
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The transition of the sodium nucleus to a bound state occurs when interacting with a photon, and
in the dipole approximation, the H’ perturbation between the final and initial states is given by:

ZNa€
H = X (’A()(F'ﬁNa)a (4)

Mya

where Zy, is the charge number of the sodium nucleus, € is the polarization vector of the electromag-
h2

250 E'.,V
where £ is the dielectric constant of the vacuum.

netic wave, and Ay = is the amplitude of the vector potential of the electromagnetic wave,

Z Na€
o 3 3=
(f|H'|i) = mNaA(,( zh(/‘D{N“VlI’,-Md r), (5)
where the gradient of the wave function of the initial state of the sodium nucleus
ikn - 2
V¥, ,. = 2 exp (ikyg - T) = ikn .U, v. s therefore we can express the matrix element of the pertur-

bation as follows:

kNa)@;lNu(ENa), (6)

(le IZ) == AU\/—((

where U*y, (kna) = [P}, exp (ikna - f')d”i", - is the Fourier transform of the sodium wave function
in the final OHe-Na bound state.
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The scalar multiplication of the polarization vector of the electromagnetic wave and the wave vector
of the sodium nucleus:

= — MNa¥
(€ kne) = |kna|sin (0) = [;; sin (#), (7)
v B, ~
OOHe—Na = h_cZN“ X|0*) . (kna)|? sin? (0)dS (8)
Integral over a solid angle:
. 8
sin” (0)dS) = -Tﬂ (9)
Finally, the final expression for the cross section of inelastic capture of the sodinum nucleus into the
OHe-Na bound state is: 8
OOHe-Na = _ﬂi_rZN“_E I‘I’*lN (kna)|?, (10)
OOHe—Na =~ 2.3 10734 em? = 2.3-10710 barn. (11)
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Comparison with the DAMA experiment.

f=14.10"°

ms (g) r (G0te-Na - v) = 87 Zq 1 By |1y, (iva)
m2 /2 \ A Am,E’ o

(ov)n, =~ 5.8-107%cm?/s, (0OHe—Na - V) ~ 1.4 - 1070 em? /sec.
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where S3 = Mp/1 TeV, and the mass of X He is assumed My = 2TeV, the
number of target Ny is the same for Na and lIodine nuclei: Ny = 4.015x 10%
nuclei per kg of Nal(Tl), the speed of Solar System is taken as Vj, = 233 -
10° cm/s and the speed of Earth is Vi = 30 - 10° em/s, local dark matter
concentration in case of considered particles ng = 1.5-10"%*em ™. Due to
the large mass of the DAMA /LIBRA detectors (approximately 9.7 kg cach),
we can assume that the low-energy ~-rays are completely absorbed inside
the detector.

PO

AR = (6.95 £ 0.45) x 1072 counts/(day kg)
Ry < 0.5 counts/(day kg)

R~ 2.951-10 %4 2.011 - 10 7 cos(w(t — ty)) counts/s kg
= 0.255 + 0.017 cos(w(t — tg)) counts/day kg
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of the interaction of helium with sodium for the case of axially symmetric configuration (red dotted line).
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Conclusion.

Quantum mechanical numerical model of the interaction of the OHe dark atom with the nucleus of Na is
constructed.

The total effective interaction potential of sodium with dark atom in the OHe —Na system has been restored, the
shape of which is consistent with the theoretically expected one.

Expression is obtained for calculating the cross section of inelastic capture of the nucleus of substance into the
OHe-nucleus bound state, the calculation of the rate of radiative capture for the sodium nucleus is consistent
with the experimental restriction on the capture rate at mass of dark atom greater than 2 TeV.

It is planned to improve the quantum mechanical numerical model of the interaction of the X-helium dark atom
with the nucleus of matter, taking into account the non-point-like structure of the interacting particles (the
nucleus of matter and the dark atom), the inhomogeneities of the distributions of electric charge and nucleons in
the nuclei and the deformation of the Na nucleus and its spatial configuration described by the angle between its
axis of axial symmetry and the straight line connecting the centers of interacting particles. It is also planned the
solution of the one-dimensional Schrodinger equation for the sodium nucleus in the total effective interaction
potential of the XHe-nucleus system reconstructed using this quantum mechanical numerical model. After that, it
is planned to calculate of the cross section of inelastic capture of XHe dark atom by sodium nucleus into a low-
energy bound state of the XHe-nucleus system and comparison with the results of experiments on direct search for
particles of dark matter.
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Structure of the bound state of X-helium.

The structure of the bound state of X-helium depends on the value of the parameter:

A= ZolxOAAMHR 1,

* At 0 < a <1 bound state looks like Bohr atom with doubly negatively charged
O™~ particle in the core and He nucleus moving along Bohr orbit.

Z2__Z% o*mpg, he ‘_ NERT
et L. 1.6 MeV Hpy= ~ 2107 cm

Iy = 7
0 5 20— LHMH

* At 1 < a < oo bound state looks like Thomson atoms, in which the nuclear body
nHe vibrates around heavy negatively charged particle X.



Root mean square radii of distribution of neutrons and protons.
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Electric potential of unpolarized X-helium.
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radius vector interval. That is, the radius vector of helium is given as 7 = [—a; a| and the
radius vector of the outer nucleus of matter as Ry, = [¢;b], where a,c,b > 0and a < b < c.
Thus, the fixed position of the nucleus of the substance, Roa, consistently takes values
from the interval [c; b], starting from point ¢ to point b. And for each point p* € [c; b], the
distance between the helium nucleus and the nucleus of matter, R;;,4, = Ry — 7, varies in
the interval Rjjoq = [p* + a; p* — a]. As the external nucleus approaches the dark matter
atom, polarization of OHe intensifies, responding to the proximity of the nucleus.



