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We consider composite dark matter scenario in which hypothetical, 
stable, relict, lepton-like, massive X particles with charge -2n 
(where n is any natural number) escape experimental discovery 
because they are coupled by Coulomb interactions with n primordial 
helium nuclei into neutral atom-like states of XHe (X - helium), 
called «dark atoms».

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

Illustration of the OHe dark atom and the outer nucleus of substance A.

Scenarios of hypothetical, stable, electrically charged particles.
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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 
quantum 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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The problem of the X – helium hypothesis.

Hypothetical effective potential of interaction of XHe with the nucleus of substance.



CRESST-III
Ca, W, O 
(CaWO₄)

40, 182-186, 16 20, 74, 8 Cryogenic –

SuperCDMS Ge, Si 70-74, 28-30 32, 14 Cryogenic –

COSINE-100 Na, I 23, 127 11, 53 300 K –

ANAIS-112 Na, I 23, 127 11, 53 300 K –

LUX-ZEPLIN 
(LZ)

Xe 124-134 54 Cryogenic –

XENONnT Xe 124-134 54 Cryogenic –

PandaX-4T Xe 124-134 54 Cryogenic –

Detector Nuclei А Z Temperature Detection

DAMA (/NaI +
/LIBRA)

Na, I, Tl 23, 127, 205 11, 53, 81 300 K 13.7 σ

CoGeNT Ge 70-74 32 70 K 2.8 σ

CDMS Ge
(Si)

70-74
(28-30)

32
(14)

Cryogenic _

XENON100 Xe 124-134 54 Cryogenic _

LUX Xe 124-134 54 173 K _

Experiments on the direct search for dark matter particles.
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Stark effect.
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Quantum-mechanical calculation.



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).



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 𝑅𝑂𝐴. The red circle marks 

the value of the radius of the He nucleus. 9/20



The total potential of helium in the OHe - Na system for fixed position of sodium 𝑅𝑂𝐴 (blue solid line), graph of the squared 
modulus of the wave function of the ground state of helium in polarized «dark atom» for fixed 𝑅𝑂𝐴 (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).

Integration limits for δ calculating.
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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 𝑅𝑂𝐴. 11/20



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 𝐽(𝑂𝐻𝑒−𝑁𝑎)=3. 12/20



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.
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Comparison with the DAMA experiment.
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He-Na Interaction potentials as function of the distance between the He and Na nuclei: the sum of the Coulomb and nuclear potentials of 

the interaction of helium with sodium for the case of lateral collision (blue dotted line), the sum of the Coulomb and nuclear potentials 
of the interaction of helium with sodium for the case of axially symmetric configuration (red dotted line).



• 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 ХНе-nucleus system reconstructed using this quantum mechanical numerical model. After that, it 
is planned to calculate of the cross section of inelastic capture of ХНе dark atom by sodium nucleus into a low-
energy bound state of the ХНе-nucleus system and comparison with the results of experiments on direct search for 
particles of dark matter.

Conclusion.
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Thank you for your 
attention!



Additional slides



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 𝑅𝑂𝐴. The red circle indicates the value of the sum of the radii of the He and Na nuclei.





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 = 𝑍𝝰𝑍𝑋𝝰A𝑚𝑝𝑅𝑛𝐻𝑒

• At 0 < a < 1 bound state looks like Bohr atom with doubly negatively charged
О−− particle in the core and He nucleus moving along Bohr orbit.

• At 1 < a < ꝏ 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.



Electric potential of unpolarized X-helium.




