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Abstract

This paper extensively explores the concept of dark atoms, hypothetical stable lepton-like
particles with a charge of 2n (where n is any natural number) that form neutral bound
states with n primordial helium nuclei. The discussion begins with the introduction of
multiply charged stable particles. Next, the formation and evolution of dark atoms are
examined, followed by a review of related constraints. The capture of dark atoms by the
Earth and implications for direct dark matter search are subsequently discussed. Then, the
guantum-mechanical description of bound states between dark atoms and ordinary nuclei
is addressed. Moreover, procedures for systematic comparisons with this model, which
have general interest, are presented considering the DAMA published results on the dark
matter annual and diurnal modulation signatures as a benchmark.

Keywords: composite dark matter; stable charged particles; dark atoms; low-energy
bound state; annual modulations; diurnal modulations; DAMA/LIBRA experiment;
anomalous isotopes

1. Introduction

The cosmological paradigm requires dark matter (DM) as dominant matter component
in the Universe; this is further supported, e.g., by investigations on large-scale structures
formation, on behavior of galaxies, on gravitational lensing, and on anisotropy of cosmic
microwave background. A large DM candidate particle zoology beyond the standard
models of fundamental interactions has been made available for investigations on their
nature, dynamic characteristics and observability. When candidates arisen by extension of
the Standard Model (SM) of electroweak and strong interactions of elementary particles
are considered, the non-baryonic nature of DM implies the existence of new stable forms
of nonrelativistic matter, whose stability assumes that they have new conserved charges,
which SM particles do not have, re ecting a new strict symmetry that extends the SM
symmetry. In this article, the dark atom scenario for dark matter is discussed in some
detail, outlining its peculiarities. A dark atom consists of the new heavy particle X 2"
(without or with strongly suppressed QCD interaction) with even negative charge and
nuclei of *He, bound by ordinary electromagnetic Coulomb force. This scenario does not
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involve new physics, with the exception of X 2", and reduces the effects of dark atoms
on the nuclear interaction of their nuclear shells. Multiple charged stable particles arise in
several possible extensions of the Standard Model as, e.g., the model of a minimal walking
technicolor (WTC) [1 6], considered here. In the latter model, the existence of additional
heavy fermions with new gauge interaction is assumed, and the Higgs boson physics is
formulated in terms of a single scalar doublet describing the Higgs boson as a composite
particle. This similarly leads to a new approach revealing the composite nature dark matter.
This WTC approach becomes of special interest since, if the SUSY energy scale corresponds
to much higher energies than the electroweak scale, the problems of the Standard Model
(divergence of the Higgs boson mass and the origin of the electroweak energy scale) may
need a non-supersymmetric solution, which may be provided by models of a composite
Higgs boson. The basic description of the dark atom model is given in [7] and references
therein. In this paper, the dark atom model is discussed in detail, focusing in particular on
the relevant parameters in light of the annual and diurnal DM modulation signatures. As a
benchmark, we consider the already published results from the ultra-low-background (ULB)
experimental setups DAMA/Nal, DAMA/LIBRA phasel, and DAMA/LIBRA phase2.
Notably, these experiments, spanning over 22 independent annual cycles and different
detector con gurations, con rm an annual modulation effect, satisfying all the requirements
of this signature, at more than 13 s C.L.; see [8 10] and references therein. A wide
literature (see, e.g., in publications list of [10]) is available discussing the realization
and features of these setups, the possible sources of systematic uncertainties, and, to
some extent, comparisons with other experiments employing different target materials
and/or other approaches (e.g., those relying on background subtraction based on inherently
uncertain background models). The published results on the investigation of the diurnal
modulation signature [11], as well as the measured energy spectrum reported in [12], are
also considered.

For completeness, we brie y comment on the recent results of ANAIS-112 and
COSINE-100 [13] (see also [8]). Although these collaborations state that their setups
are the same as DAMA/LIBRA because they use Nal(TIl) crystals, the experiments
differ substantially in detector characteristics, setup con gurations and operational
procedures, exposure, background conditions, and data-analysis methods [8]. Among
other differences, their total accumulated exposures are signi cantly smaller than that
accumulated by DAMA/LIBRA, implying lower statistical sensitivity and less precise
control of uncertainties. Moreover, in the few-keV region relevant for the DAMA signal,
their counting rates (”2 5 counts/day/kg/keV) are considerably higher than those of
DAMA/LIBRA (?0.5 1.0 counts/day/kg/keV) and exhibit a strong time dependence,
making the extraction of a small annual modulation signal more challenging. Additional
differences arise from the experimental sites: COSINE-100 and ANAIS-112 operate
with a smaller overburden than Gran Sasso National Laboratory, resulting in different
residual cosmic-ray uxes and background levels. Furthermore, the determination of
ef ciencies associated with event-selection cuts in COSINE-100 and ANAIS-112 introduces
non-negligible systematic uncertainties that can affect sensitivity to a small modulation
effect. In view of these differences, the DAMA results used in this paper, covering both the
annual and diurnal modulation signatures, as well as additional analyses, can be regarded
as a benchmark for studies of the dark atom model across its possible detection strategies.
On the other hand, the procedures discussed here are of general relevance and applicability
to the eld. In particular, in regards to the DAMA benchmark, their application shows that
the dark atom framework consistently accounts for the observed DAMA annual modulation
while remaining compatible with the absence of modulation signals in experiments based
on heavy nuclei.
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Furthermore, we also recall that other signi cant activities employing different target
materials and experimental strategies are ongoing, such as XENON-nT [14] and CDMS [15],
while for Nal-based detectors the SABRE experiment [16] is currently in preparation.
Finally, it should be emphasized that the DAMA effect remains compatible with a wide
range of theoretical models, particularly in view of the substantial uncertainties that persist
in astrophysical, nuclear, and particle-physics aspects [10].

This paper provides a detailed description of the dark atom scenario, including
model-independent signatures and their possible interconnected analyses. The resulting
methodology and framework can be of even broader interest than the speci c applications
discussed here. With the above-described aim, this paper is organized as follows:

1.  Section 2 is dedicated to aspects and properties of Multiple charged stable particles,
discussing: (i) New stable quarks; (ii) Multiple charged leptons; (iii) Charged
constituents of composite Higgs boson.

2. Section 3 is dedicated to dark atom formation and evolution, discussing: (i) Balance of
baryon asymmetry and electroweak charged particle excess; (ii) Capture by primordial
helium formation of dark atoms and problem of anomalous isotopes overproduction.

3. Section 4 is dedicated to experimental constraints on the properties of multiply
charged heavy particles and generally the dark atom model.

4.  Section 5 is dedicated to dark atom capture by Earth and Direct dark matter search,
discussing (i) Monte Carlo Simulations; (ii) Annual and diurnal modulations of
the signal.

5. Section 6 is dedicated to the quantum mechanical description of the bound states of
dark atom with the nuclei of matter, discussing (i) Binding of the nucleus of substance
to a dark atom in the total effective interaction potential of the OHe nucleus system;
(ii) Calculation of the radiative capture cross-section in the OHe nucleus system.

6. Section 7 is dedicated, as a benchmark, to a comparison with the published
experimental results of DAMA: (i) Annual modulation; (ii) Diurnal modulation;
(iii) High-energy gamma rays.

7.  Section 8 addresses the constraints of the dark atom model parameters derived by
applying the DAMA results as a benchmark.

8.  Section 9 is dedicated to conclusions.

2. Multiple Charged Stable Particles
2.1. New Stable Quarks

Elementary (at a certain level) particles of matter, fermions, are either neutral (with zero
electric charge) or have electric charges ¢ = 1. However, when forming bound systems
(atoms, molecules, clusters), composite (not necessarily stable) objects with electric charges
jgj > 1 are possible these are ionized atoms or molecules. More precisely, within the
Standard Model (SM) only fundamental neutrinos are absolutely neutral. Objects which
participate in strong interaction are composite and fractionally charged quarks are those
initial building blocks from which neutral and charged complexes can be built including
multi-particle states with charges jgj >> 1. However, these obvious statements should be
overcome when considering extensions of the SM which is inevitable bearing in mind the
SM generic problems mentioned in the Introduction.

Let us note right away that the understanding and studying of the existence of
fundamental objects with large charges have led to experimental searches for hypothetical
(multi- or milli-charged) particles (see [17 24] and references within) with charges jgj >> 1.
The main goal of searching for these objects is to study the traces of their interaction with
matter, which are distinctive due to the high ionizing ability of these particles. They can be
observed in speci c astrophysical events in our Galaxy and found in cosmic rays generating
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unusual extensive air showers (EAS) in the Earth atmosphere; manifestations of such
particles can be detected by ground-based observatories such as LHAASO, Augier, IceCube,
Baksan and Baikal observatories, and others [25 28]. Besides the ATLAS detector, special
experimental setup, MoEDAL, was used also at LHC to search signals of multi-charged
particles (experiment MOEDAL [17,20,29]). Note, however, that the results of these searches
did not demonstrate any obvious traces of multi-charged particles establishing only some
limitations on their masses for various charges.

New heavy (vector-like) quarks, mg > m, can result from various BSM scenarios-
grand uni ed, little Higgs or hypercolor [30 34]. In the models with a fourth family of
quarks [35 37] or with an additional heavy singlet quark [38,39], probable problems with
the Higgs boson parameters can be substantially decreased if the mixing of the SM quarks
with the new ones is small. Stability or decay channels of new heavy mesons and baryons,
i.e., charged bound states like Q(ﬁ or QQQ, would be analyzed in more detail. However,
this study is not yet completed.

In any case, such new fundamental or composite objects from the SM extensions could
be stable or long lived to avoid unwanted signals in the well-studied energy regions and
be interpreted as possible hidden mass carriers. As of recent, there are no clear signals
generated by heavy (at O( TeV) scale) multi-charged states from colliders, ground-based
experimental setups or from space telescopes.

Additional vector-like quarks arise in hypercolor models and their masses should
be lighter than the scale of hypercolor con nement if an analogy with the QCD is used.
Further, formation and manifestations of H-mesons and H-baryons can be considered in
the framework of linear s model predicting some interesting phenomena at colliders
and in astrophysics due to special type of multi-component dark matter [33]. However,
an emerging of heavy unstable states with jgj > 1 in the H-color scheme is not considered.
Note that stable exotic H-mesons with jgj = 1/2 arise in SU(6) ¥ Sp(6) generalization
of hypercolor [34]; their bound (stable?) multi-charged or neutral states can be produced at
early stages of evolution, but this question was not studied in detail. Nevertheless, some
interest in the SM extension of such type is maintained, for example, in the consideration
of the 2HDM model with additional heavy vector-like quarks [33,40 44].

There is also an interesting scenario with the fourth family of new leptons where
the Higgs should be composite (this construction emerges from walking technicolor [1 6]
considered with different possibilities to mix standard fermions with the new one). In this
way, meta-stable heavy charged leptons can be introducedm and possible signals of such
objects have been described [45,46].

Now, we can refer to the modi ed gauge group SU(3) SU(2) SU(@)" U(1)
where the SM fermions can be converted to the so called terafermions by operation of
the CP transformation. This left right symmetric model (it is referred also as the sinister
model [47]) where the numbers of ordinary and tera-fermions are equal contains heavy
gauge W, Z bosons due to the CP breaking which is naturally introduced in the Higgs
SU(2) SU(2) doublets. Additional (tera)fermions are also massive. Dirac neutrinos are
provided by small mass resulting from seesaw, and so, as a result of this doubling of the
number of fermions, we obtain some set of new heavy objects the lightest fundamental
terafermions which are stable (teraelectron and teraquark, U, with electric charge qy = 2/3
and massmy (1 3) TeV) and new massive composite states, like terahelium; it is formed
by electromagnetic interaction.

We remind that the search of heavy (multi-)charged new states, fundamental or
bounded, is based on the analysis of ionization losses (and corresponding radiation) of a
charged particle which is moved in some media. The quantitative characteristics of such
signals strongly depend on the value of electric charge, mass, velocity and structure of such
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object which can be neutral but is formed by bounded charged components. In this way,
the candidates for the dark matter can be built as well: they can be made from terafermions
in the sinister models, for example. However, the most elaborated, detailed, and interesting
in terms of the link to results of the DAMA experiments, considered here as a benchmark,
is the dark atom model based on the Walking Technicolor extension of the SM [5 7].

2.2. Multiple Charged Leptons

So, new heavy quarks emerging from various scenarios not only participate in strong
and EW interactions but can form charged bound states with jgj > 1. At the same
time, in the SM extensions, other new fermions can appear, namely charged leptons.
For example, almost-commutative geometry generates two heavy fermions with jgj = 2
which do not change the SM characteristics because the mixing of them with the SM
light fermions can be made very small. The new leptons should be (nearly) stable with
large masses which are generated without using the Higgs mechanism. If the additional
(electromagnetic) U (1) symmetry is exact, such leptons will be absolutely stable, and then
some manifestations of such particles can be seen in experiments [17,48]. New fermions
with opposite charges can bound forming speci ¢ neutral atoms which can be considered
as the hidden mass candidates.

A lot of interesting possibilities follow from the technicolor model, especially if we
consider its extended variant, more exactly the so-called Walking Technicolor. Here,
the gauge technicolor couplings vary slowly ( walk ) in some energy ranges; as a result,
dangerous FCNC are absent at leading order and the model can be used for the ordinary
mesons and techni-meson description. Moreover, the light (in a comparison with the
techni-scale) Higgs boson nd one’s niche in this SM extension. The minimal WTC [49,50]
operates with U, D techniquarks transforming under SU(2) technicolor gauge group,
global SU(4) symmetry breaks to SO(4), so the EW symmetry breaks down by the chiral
condensate of techni-quarks. Heavy techni-mesons are bound states UU, UD, DD with
non-zero techni-baryon numbers [51] and the lightest techni-baryon can be stable (see also
the akin hypercolor model with the stable lightest hyperpion [52]). Importantly, the WTC
model allows for techni-baryon-speci ¢ values of electric charges: n, n 1 where nisan
arbitrary real number.

In addition, the minimal WTC model contains an additional generation of leptons,
techni-electron and techni-neutrino, which have the following hypercharges: 3y/2,
((3y 1)/2. So, in the special case y = 1, the UU state and the new lepton have
g = 2 and the minimal WTC predicts an existence of two stable doubly-charged particles,
the technibaryon and the technilepton with masses signi cantly exceeding the EW
scale. Stability of new mesons and leptons is determined by possibility of mixing these
techni-particles with the SM generations. For example, the mixing between new heavy
neutrino and light standard neutrinos can be strongly forbidden; nevertheless, heavy new
leptons can mix with standard leptons. Then, for the case of large mass of new neutrino,
new charged lepton is nearly stable. So, new fermions from the additional fourth generation
can possess large charges and be nearly stable at the same time. Note that possible problems
with Higgs boson can be diminished considering the Higgs boson as composite particle
made from these new objects.

2.3. Charged Constituents of Composite Higgs Boson

It is an old idea to introduce the Higgs boson as some composite state instead of an
elementary scalar using dynamical symmetry at a scale higher than the EW symmetry
breaking one. In fact, models of the composite Higgs (CHM) originate from the various
SM extensions where new fermions and/or bosons arise as a consequence of additional

https://doi.org/10.3390/universe12040116


https://doi.org/10.3390/universe12040116

Universe 2026, 12, 116

6 of 48

symmetry at some high energy scale ( (1 10) TeV) [53]. Some of these new degrees of
freedom can be the Higgs boson components bounded by new (strong) interactions. Then,
known quadratic ultra-violet divergences in the Higgs boson mass should be eliminated by
contributions of the new strong interactions at some high energy scale.

New (heavy) particles not only work as strongly bounded parts of the Higgs scalar
but can form new mesons and baryons. Some traces (direct or not) of such particles
(techni-quarks, -leptons and their bound states, new mesons and baryons), in principle,
can be observed at colliders, other grounded or underground setups, or manifested in
astrophysical events which can be seen at space telescopes as some direct or indirect

ngerprints of new particles [5,6,49,51,54].

Signals from possible events generated by such objects of BSM physics depend on the
way of the Higgs composite state arising: as a bound state produced, for instance, in the
Technicolor framework, or resulted from the extended symmetry breaking (as a Goldstone
boson) [55 59]. Certainly, the Technicolor scheme is suf ciently different from its initial
variant having known problems with the top-quark mass and unobserved signals from

avor-changing neutral currents (FCNC); the path to the modern TC passes through the
extended technicolor to the walking TC model which is free from these old defects and
has somewhat other strong dynamics at high energy scale. These new strong interactions
operate on a scale higher than that of the EW and QCD condensates, v = 246 GeV; then the
model symmetry is close to the conformal one.

As estimated, new TC states can be manifested starting at the scale (1 10) TeV. An
important feature of the presence of heavy charged techni-fermions is their ability to form
some (possibly neutral and stable) bound states with ions and/or nucleus of matter [60] (see
also Section 1). Another way to have the light Higgs boson in the theory with additional
high scale is to consider the vacuum state which is misaligned with the EW vacuum,
so the new energy scale is suf ciently higher that the EW one [57]. Here, a composite
sector consists of hyperquarks which are charged under an asymptotically free hypercolour
gauge group. Further, at a high scale of compositeness, bilinear hyperquark condensates
emerge and the global symmetry breaks to some subgroups. It means that to obtain light
(in comparison with the new energy scale) Higgs boson, the global symmetry breaking
results in a number of Nambu Goldstone bosons produced. So, the Higgs boson is one
of these states which should obtain nonzero mass when the Higgs state is transformed to
pseudo-Nambu Goldstone after the EW symmetry breaking. Note that in the extended
TC, we also tried to keep both heavy top-quark and light Higgs boson using the so-called

ne-tuning of the model parameters. So, in this scheme, the Higgs boson can also be
considered as the composite object appearing in the framework of the new strong dynamics
with the techniparticles participation.

Summarizing, in various scenarios to replace the elementary Higgs scalar with
some compound state, the SM extensions should operate with the extended symmetry
groups, global and/or gauged, where the symmetry breaking can result in the (pseudo-)
Nambu Goldstone boson emerging which can be interpreted as the light Higgs. Or,
considering other ways, this scalar can be formed by new charged components from
various modi cations of the TC.

Importantly, all possible schemes of the Higgs boson compositeness simultaneously
add to the EW scale standard particles some new objects at higher scale, for example, heavy
charged techni-quarks and techni-leptons in the WTC. These new objects, which are used
for the Higgs boson construction, should be manifested in some processes at colliders or in
astrophysics events and taken into account for the EW Peskin Tackeuchi parameters. They
can form unique neutral stable states. Such objects, so-called dark atoms, can be considered
as the hidden mass candidates [60].
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3. Dark Atom Formation and Evolution
3.1. Balance of Baryon Asymmetry and Electroweak Charged Particle Excess

A necessary condition for dark atom formation is an excess of negatively charged
particles over the corresponding antiparticles. In this context, the process of sphaleron
transitions may be considered as the main way to produce the required density of new
heavy particles. While it is well known that sphaleron transitions cannot be the only source
of the baryon asymmetry, this non-perturbative process may nevertheless play a signi cant
role in related mechanisms. Indeed, new heavy families described in the previous section
have weak charges, and consequently they should participate in sphaleron processes.
After the formation of particle excess over the antiparticle at very high temperatures (the
mechanism is not important), sphaleron transitions, as the last baryon number violating
process, should provide the observed ratio of densities of light and heavy species. This
scenario has been described for the case of the SM [61] and WTC model [5,6,62]. In [62], the
model with a successive fourth generation was also considered.

Number densities can be expressed in the form of linear combinations of chemical
potentials, which depend on the masses of the particles and the temperature. For instance,
the baryon number density is de ned as

1

- ,gT
gT? . 6

i mi
TI_S T -

— 6 — 3
B= ﬁ(nb ng) =

D
1 1
=3 3 (2+St)(mu|_+muR)+§ 3 3 (MmgL +mgRr),

where in the rst line the summation is carried out over all avors of quarks. Their masses
are included in equations as the argument z = ? of the weight functions

8

b 2 _
< 6 " ¥qgxx? cosh L x2+272 , for fermions;
s@)=_""g’, ‘o 2 )
- % o Oxx? sinh 3" x2+ 22 , for bosons

showing the particular species of particles in equilibrium. However, in the SM sphaleron,
transitions freeze out at T 131 GeV [63], which is suf ciently high to neglect all
SM particle masses except only the t- quark [5]. The resulting system of equations is
complemented by the electric charge neutrality conditions and the relations among the
chemical potentials obtained from electroweak processes (decays and sphaleron transitions).
The exact kind and number of these conditions depend not only on the model but also
on the temperature. For instance, the temperature of the standard electroweak phase
transition (EWPT) is T, = 159 GeV [63], which is quite close to T . The modi cations of the
electroweak sector assumed by composite Higgs models should change both temperatures.
Therefore, it may be useful to consider both cases (standard T, > T and modi ed T, < T ).
Also, a new charge conservation law adds an equation to the system.

In this paper, only the system of equations for the standard T > T case is written out
to demonstrate the described idea. The standard baryon and lepton number densities can
be found as [5,6,61]

B = (10 + 2s¢)my, + 6my, (©)
L= (mniL+mniR+miL+miR):
i (4)
= 4m+ 6myy,
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where m;r /. are the chemical potentials of right/left particles of i avor, my, corresponds
to the W boson and m = m,, . The additional conditions are mg = m;. mg and
m; = m; +my, where my = 0 in the SU(2)-broken phase. Similar conditions can be found for
new particle families if the new number densities (forth/techni baryon and lepton numbers)
are introduced. Conditions of neutrality assume zero density of charges: Q = ;sim; =0,
Y = ;sim;j = 0 for electric and new U (1) (if it is included in the model) charges. Sums are
over all charged particles. The last equation describes the sphaleron transitions:

3(myL + 2mg ) +m + (my + 2mp) +myL = 0. (5)

In WTC model, it is more convenient to use another form of this condition, where
myL +2mp. X %muu + mpp. In the case of the model with additional generation, one
should consider heavy quarks to write down a correct Y-neutrality condition. However,
there is no new U (1) symmetry in the technicolor model, and, consequently, the chemical
potentials of bound states of techniquarks could be found.
The solution to the resulting system of equations is a ratio of number densities as
a function of masses, temperature, ratios of other numbers and some model parameters.
For instance, the model with the fourth generation gives
1
FB L
B a(si) E"’ b(si) . (6)
where a and b are functions of all weight functions. In the simplest approximation (sg =

Sp = Sy, SN = 1, st = 1), they look like

_ sy(3sd +26sy +19) _ 98 +74sy +61
~ 16S? +116sy,+60 ' 3s2 +26sy + 19

()

Because the rst of them decreases exponentially, the masses of new particles cannot be too
high to describe the observed ratio of dark and baryonic matter densities, which could be
found as
Wpm _ 3my FB
W, m, B’

(®)

where mp,  0.931GeV is a baryon mass. This is shown in Figure 1. The approximation
SgE = Sp = Sy, mMn = 50GeV was used. The observed ratio \A(NL;V' is denoted by the red line,

whereas the right-hand side of (8) is plotted for different values of the g ratio. The lowest

value % = 3issetbased on the experimental limits on the masses of new charged particles
myyu > 1060 GeV [64]. The highest value § = ?ﬁ Eﬁ 6.6 10° follows from the modern

restrictions on lepton asymmetry [65]. Therefore, the approximate upper limit on the ANO-
helium mass could be set:
MANO-He - 11TeV. ©)

Similar calculations for the WTC model are complicated due to the lack of an
Y-neutrality equation and multi-component nature of dark matter (technibaryones and
technileptones). Therefore, the system of equations reduces only to

1

B TL L i
F"‘g(si)g: a(sj) g"'b(si) ;

(10)
myy TB . mnse TL _ Wpm

my B my B Wb '
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Since the charges of the new particles depend on model parameters, several cases can be

considered. First of all, it is possible to nd the allowed L/B ratio values for different
combinations of density signs. So

L — b(Si) d my Wpm

B ' 11
B a(si) mnse Wy (11)
where for signs (TB,TL):
(+ )d2[ M g(s)]:
( H)d2[ g(s) PE],
( ) disinregion with borders f g(sj), Tn“L‘J/UEg_

If the signs of the densities differ, these regions include the experimentally allowed
one jL/Bj < 6.6 107 at high masses. Furthermore, the allowed values of the ratio %
reduce to g(s;j) exponentially fast, which means that the left side of the

rst equation
in (10) vanishes. However, this does not give any constraints on masses.

n
|
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Figure 1. Dependence of number densities on mass of new heavy quark.

If the signs of the densities are the same, the allowed regions become non-overlapping

at high masses. Therefore, the restrictions can be found. In the simplest assumption
(Suu = sup = Spp = SN = sg) the particles cannot be heavier than m¢jy 3.6 TeV.

Moreover, the positively charged component should be strongly suppressed, which is
possible only at the boundary of the allowed parameter region.

In summary, the mass constraints obtained from the sphaleron transitions depend

strongly on the model. If the number of equations in the system is enough, the upper limit
can be set using the modern lepton asymmetry data. Because of the exponential suppression
(or growth [62]) of the density ratio caused by particles falling out of thermodynamic
equilibrium, the maximal mass value cannot be arbitrarily large.

3.2. Capture by Primordial Helium Formation of Dark Atoms and Problem of Anomalous
Isotopes Overproduction

After the generation of an excess of negatively charged particles X 2", the dark atom’s

nuclear shell should be formed. The description of such dark recombination is complicated,
on the one hand, by the multi-stage nature of the process at high charges and on the other
by the necessity of accounting for the nite nuclear size. Unfortunately, these two features
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cannot be considered separately. Therefore, the interaction of heavy X 2" with light nuclei
produced at the nucleosynthesis stage should be considered rst.
There are four types of 2 ¥ 2 reactions possible:

N+ N2 & N3+ g/N% (12)
X+N ¥ XN+g, (13)
XN+ N? ¥ XN®+g/N%, (14)
XN+ XN? ¥ X,N° +g/N* (15)

Here, Ni denotes an ordinary light nucleus. Reactions of the rst type are standard
and therefore their properties are well established experimentally. The evolution of
concentrations is described by standard Big Bang nucleosynthesis theory (SBBN) (see
the book [66] for example). Reactions (13) are the rst stage of dark atom recombination.
The type of nucleus captured at the beginning should determine the further chain of
reactions (14). The interaction (15) of two bound states of heavy core X 2" should be rare
due to the low expected concentration of such particles. In all three types (13) (15) one can
see the possibility of charged bound state overproduction. There should be distinguished
negatively charged states (dark ions), neutral particles (dark atoms) and anomalous isotopes
with a positive electric charge.

The reactions should affect the primordial concentrations of ordinary nuclei. A similar
effect is well described in the case of singly negatively charged particles [67 69]. The results
were extrapolated on doubly charged states [70]. In both cases, the overproduction
of primordial metals and anomalous isotopes is expected. The processes in the
nuclear shell of the OHe dark atom leading to the catalytic formation of helium from
deuterium were considered in [71]. However, the result of modi ed nucleosynthesis
may signi cantly depend on the value of the X 2" electric charge. It could be shown
with the qualitative estimation of the temperatures of dark atom recombination. Let us
assume that all DM density of the Universe is provided by heavy multicharged particles.
The second assumption is that the rst stage of dark recombination (13) with one of
N 2 fp,d,t,2 He,* Heg becomes possible due to the high-energy photon density drops
suf ciently. Only the XN; dark ions are produced because all other reactions are neglected.
Then the analogue of the Saha equation could be written:

1 ]
Oxgn  MNT i Exn

ex , 16
gxN  2PExn P T (16)

nn(T) =

where g; are the number of spin degrees of freedom of particles, Exy is the dark ion binding
energy. The solution to this equation

OO0 1

0% 2372 11,
Tee Exn @@

m mp TS 1
N b0~ AA (17)

OxNn  2PExn re Wp Yn

depends on the usual constants like the baryonic density of the Universe W, and N nucleus
mass my, parameters that can be calculated with SBBN theory (concentration Yy = TT’:
at temperature Tp) and unknown values gx, Exn. However, spin coef cients are not
signi cant, as they are under the logarithm.

Binding energies of dark ions should be estimated numerically. In the general case, it

is necessary to solve the eigenvalue problem for the Schrodinger equation, which describes
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the atom with a nite-sized nucleus. For the rst estimation, the oscillator potential [72]

can be used: s , ]
ZxZna r
% XZN 3 , r< RN
— 2RN Rn?
V() = N (18)
2 ZxZna
- s r=>= RN

r
Therefore, the nucleus in a shell of the dark atom is modeled as a uniformly charged sphere
of radius Ry, whose value for light elements is well known experimentally [73 76]. Such a
system can be characterized by the ratio of radii a = F:T'j = ZxZn ampn Ry. Two parameter
regions are usually distinguished [60,72]: 0 < a < 1 Bohr-like dark atomsanda > 1
when the system is more like a quantum spherical oscillator (or Thomson’s plum pudding).
However, in practice, signi cant deviations from the Bohr pattern occur already ata  0.3.
The tables with the particular ground state energies of the ve isotopes under consideration

are presented in Tables 1 5.

Table 1. Properties of X 2" p bound states.

P
q 2 4 6 8 10
= Ry, Fm 0.841[73]
3 rg, Mev ! 0.073 0.037 0.024 0.018 0.015
o a 0.058 0.115 0.173 0.230 0.288
z  E§Qulomb nMev 0.100 0.400 0.900 1.599 2.500
X
W ESPIe MeV 0.100 0.396 0.883 1.550 2.388
Table 2. Properties of X 2" d bound states.
d
q 2 4 6 8 10
= Rn, Fm 2.127[73]
T rg,Mev!? 0.037 0.018 0.012 0.009 0.007
T a 0.291 0.583 0.873 1.165 1.456
> EgQulomb 0.200 0.799 1.798 3.196 4.994
= gQgillawor 0.604 1.762
z Sphere
i Exn 0.191 0.701 1.439 2.343 3.370
Table 3. Properties of X 2" t bound states.
t
q 2 4 6 8 10
= Ry, Fm 1.7591 [74]
T rgMev!? 0.0244 0.0122 0.008 0.006 0.005
x a 0.361 0.721 1.082 1.443 1.803
P EgQulomb 0.299 1.197 2.692 4.787 7.479
= gQgillator 0.288 1.666 3.176
< SN 0.280 1.005 2.023 3.242 4.608
LlJ XN . . . . .
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Table 4. Properties of X 2" 3He bound states.
3He
q 2 4 6 8 10

- Ry, Fm 1.970 [75]

8 rg10 3Mev ! 12.20 6.10 4.07 3.05 2.44
& a 0.808 1.615 2.423 3.230 4.037
> EgQulomb 1.196 4.786 10.768 19.142 29.910
= EQsillator 1.894 4767 7888 11164

< ophere 0.978 3.004 5.740 8.690 11.837
N N . . . . .

Table 5. Properties of X 2" 4He bound states.
‘He
q 2 4 6 8 10

- Rn, Fm 1.678 [73,76]
3 rg,10 3MeV 1! 9.19 4.60 3.06 2.30 1.84
o a 0.913 1.826 2.739 3.652 4.566
P EGQulomb 1.588 6.352 14.291 25.406 39.698
= EQgsillator 2.713 6.195 9950  13.878
< pophere 1.256 3.801 7.130 10.708 14.506
W XN . . . : :

Using any simple nuclear potential to describe the X N system, one does not take
into account changes in the internal structure of the nucleus. Indeed, at high values of
the a-parameter the Coulomb repulsion should be suppressed due to charge screening.
Changes in the structure of the nucleus have not been considered earlier. The modern
methods of nuclear physics allow for the simulation of ordinary light nuclei with good
agreement with experiment (see [77 81]). However, such a study is beyond the scope of this
paper, and therefore it is reasonable to make the simplest assessment. It could be suggested
that the screening effect leads to an increase in the binding energy Exn ¥ Exn + Q,
where Q is the energy difference between the ground state of the free and bound nucleus.
Simultaneously, the mass of the nucleus in the shell of the dark atom should decrease:
my ¥ my Q. Assuming that all Coulomb repulsion is compensated, it can be set
Q o7u#Z D

The calculated dark ion recombination temperatures are shown in Table 6. There
are both charge screening assumptions used for helium. The rst number corresponds
to the state with ordinary structure (Exn and my) and the second one is found in the
case of full Coulomb compensation. The difference between these two values is about
30 keV. For most charges of heavy core X 2", there is no signi cant difference (colored
gray). Since the bound state with a modi ed structure is harder to destroy, OHe begins to
form earlier (colored blue), which can lead to changes in the nal concentrations of particles.
At low values of the charge parameter n 3, capturing of hydrogen becomes possible
after helium formation and therefore should be suppressed due to low concentration of
unbound X-particles. However, if n = 4, two processes(X+H ¥ ... and X +He ¥ ...)
start to compete (colored orange). Finally, at high values of the charge parametern 5,
hydrogen capturing as the rst stage of dark atom recombination dominates (colored red)
because it starts before helium formation. This may be an indication of the overproduction
of oddly charged bound states, which is a signi cant problem. The interpretation of this

https://doi.org/10.3390/universe12040116


https://doi.org/10.3390/universe12040116

Universe 2026, 12, 116

13 of 48

hsyevi =

effect is dif cult due to the multi-stage dark recombination at high charges. The accurate
consideration of all reactions with dark ions is required.

Table 6. Temperatures of the rst stage of dark atom recombination calculated with Saha formula.
The color shows different scenarios (see the description in text).

n Trec, keV

t *He *He
1 4 6 22 46 36 64
2 12 16 21 73 98 119 147
3 29 34 42 139 164 223 253
4 214 239 342 372
5 81 83 99 294 320 470 501

A rigorous calculation of dark matter particles implies solving the system of kinetic
equations for an expanding Universe. Consequently, the problem is reduced to the
estimation of the cross-sections of radiative recombination s;y and photoionization sg
reactions. They should be averaged over the maxwellian distribution by the energy of the
incident nucleus.

However, different reaction types require distinct approaches. For instance, the rst
steps (13) are similar to the ordinary hydrogen atom recombination with scaled masses and
charges. The analytical Stobbe formula ([82] and references within) can be used for ground
state photoionization:

_ 2%p?zZyrg h®  exp  4harctan(h 1)

Sqg = , 19
9 3 Zxymn(1+h2)* 1 exp( 2ph) (19)
where h = (rgpn) 1, pn is @ moment of the nucleus, and rg = (ZxZnamy) L.
The cross-section of recombination may be obtained by detailed balance
2E2 1 (1+h?)?
— 9. —
Sir = ——Sg = ———Sg. 20
Topg Y 2m2rd h2 7Y (20)

Moreover, the transitions to excited states can be taken into account using the rescaled
semiclassical Kramer’s formula [82]:

s s
25 p Zny 1 Eg?\lulomb

hSrvi = — In
" 3 3Zxmir} T T

1
gCoulomb -
o +g (21)

where g = 0.5772 is an Euler constant. Unfortunately, this approximation is valid only for
Bohr-like dark atoms. If the charge values are high, a nite-size nucleus signi cantly
affects the cross-section. Then, for the recombination in the ground state, it can be

calculated numerically:
]

Py A - Z 2
2pZn 1 1 1+ h? 11 )
ex S r'rR rY+Ryo(r)dr dh, 22
3 Zxmyr3(mT)3/2 h# P 2myraTh pr1(NTrRio(r) (22)
where r = r/rg, Ry(r) and R, (r) are the radial wave parts of the functions.

The Schr dinger equation with a spherically symmetric potential should describe the
system with suf cient accuracy.

The treatment of third-type reactions (14) is complicated by the presence of nuclear
interaction. Accounting for the structure of nuclei and spins requires computationally
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intensive numerical calculations. However, for most processes, the rst estimation of the
reaction rate may be made with an approximation of the scalar X 2" and the unchanged
form of nuclei. Then, it is necessary to consider only the vanishing (or suppressed) Coulomb
barrier. Experimental values of cross-sections scaled by an inverted exponential factor
would provide a qualitative understanding of BBN outcomes. Nevertheless, there remains
a small subset of reactions that lack standard analogues. First of all, it is the process
of bound state formation with the 8Be nucleus. There are two stages of helium capture.
The additional reaction with “He may lead to the catalyzed production of XC bound states
or free carbon via a process analogous to the stellar triple-a reaction. A similar situation may
arise for the proton-rich isotopes of beryllium, boron and carbon. Such reactions should be
especially important at high values of the charge parameter n and demonstrate that reaction
networks for different charge values may differ not only due to additional recombination
stages but also through the opening of new intermediate reactions and changes in the rates
of all other processes. The formation of °Li nucleus in the shell dark atom is suppressed.
The simple estimation of the nuclear binding energy shows that even full compensation of
Coulomb repulsion is not enough to make this isotope stable. Only the ion-like bound state
without nuclear fusion (XHe)p is possible if n 4. The calculation of the corresponding
cross-sections is nontrivial. As has already been mentioned, the analogical three-body
problems were considered for singly charged stable particles [69]. The obtained rates were
rescaled for the doubly charged state (n = 1) by stripping off the Coulomb barrier [70].
The overproduction of both anomalous isotopes and primordial metals was predicted.

The interaction of two dark ions (15) may be signi cant only for low values of heavy
core mass and high temperatures. Indeed, it is possible if at least

s
nynhsvit i i% thvi >1, (23)
4p pg  Thw  Mx
where mp, is the Planck mass and g is the number of ultrarelativistic degrees of freedom
at the considered temperature. Otherwise, such processes freeze out. For a typical
nuclear cross-section
s 10 ®cm?, (24)

it occurs earlier than a suf cient number of dark ions are formed.

3.3. Dark Atom Scenario of Large-Scale Structure Formation

At the Radiation Dominance (RD) stage momentum and energy exchange between
dark atoms and cosmic plasma, the dark atom component should be kept in thermal
equilibrium with plasma and radiation. In this period, radiation pressure converts dark
atom density uctuations in acoustic waves. It leads to slight suppression of the small-scale

uctuations. This suppression is not as effective as strong power-law suppression due to
free streaming of few keV mass particles in ordinary Warm Dark Matter (WDM) scenarios.
At temperatures T < 1keV, energy transfer in the interaction of dark atoms with plasma
becomes ineffective, since n,s(mp/mo)vt < 1, where ny, is baryon density, mp and m, are
correspondingly masses of proton and dark atom, and s is given by Equation (24). Then,
decoupling of dark atom gas from plasma and radiation takes place, making dark atoms
Warmer than Cold dark matter [83].

The dark atom gas does not follow baryonic matter in formation of astrophysical
objects, since, e.g., in the Galaxy averaged baryonic matter density makes it transparent
for dark atoms. However, any baryonic density nonhomogeneity with size R and number
density npy, satisfying the condition npsR > 1, where s is given by Equation (24), is opaque
for dark atoms. Dark atoms behave as collisionless gas at the galactic scales [83] but
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they can be captured by any dense baryonic honhomogeneity, in which the condition
nms(mp/my)R > 1issatis ed. This condition is evidently satis ed for stars and planets
and all the dark atoms from halo, which enter them, are captured.

During stellar evolution, all the dark atoms captured by star can merge with nuclei
and after SN explosion ordinary nuclei can be accompanied by anomalous component,
in which nuclei are merged with dark atoms. If over 10 years, the star passes a stage of the
red giant with a radius of surface of about 103 cm, it captures at this stage the dark atom

ux about 10*/(cm?s), which gives the total amount of dark atoms of about 10%°. In the
star, together, there are present about 10% ordinary nuclei before a Supernova explosion.
After explosion, these anomalous nuclei are accelerated together with ordinary nuclei and
the ratio of anomalous to ordinary nuclear component should be of order 10 19, which
may be within the reach of the AMS02 experiment.

4. Experimental Constraints on Dark Atoms

The key assumption of the dark atom model is the existence of a heavy multi-charged
composite particle X 2". Such states can be produced in electroweak processes at
high-energy colliders. Therefore, it is possible to set direct constraints on the particle’s
mass and charge values. For instance, the results of the LHC searches for heavy, long-lived
multi-charged particles are summarized in Table 7. The minimal X 2" masses depend
on the charge, but it can generally be assumed that my 2 3 TeV. The ATLAS [64]
signal ef ciency does not allow for setting constraints in the case n 4. For this reason,
the results on R-hadron searches [19,21] cannot be directly applied to the dark atom scenario.
In the case of small charges, the restrictions are not much stricter (m > 2.27 TeV gluino
R-hadrons). However, the analysis of the Full MoEDAL Detector provides mass limits
for particles with electric charge in the range 10e to 400e [17]. For X 10 which was
considered in the previous section, it is only my > 300 790 GeV. The proper analysis
accounting for the positronium-like annihilation of heavy particles sets constraints on such
charges that can be signi cantly strengthened [20]. For instance, depending on the spin
of X my > 2000 2800 GeV for n = 4. Similar analysis was not carried outforn  5inthe
literature. Therefore, it can only be assumed that, in this case, the mass of the multiply
charged particle should be greater than 3 TeV.

Table 7. The minimal X 2" masses allowed by the LHC data [18,20,64].

2n 2 4 6 8 10
mx, GeV 1060 [64] 1520 [64] 1600 [64] 2800 [20] 790 [18]

The neutral bound state X 2"(*He*™), isa nite-size composite object that interacts
with ordinary matter through both nuclear forces and an induced electromagnetic dipole
moment. Consequently, the results of the Strongly Interacting Massive Particle (SIMP)
search can be applied to dark atoms [84,85]. In particular, the expected dark atom masses
and the cross-sections of elastic interaction with ordinary matter fall within the sensitivity
reach of the XQC experiment. This X-ray calorimeter collected about 100 s of data [86] that
were analyzed in terms of the elastic coherent scattering of point-like particles. However, it
was pointed out [87] that dark atoms should be incoherent, and these particles may give
rise to less than 0.1 of the expected background events. Moreover, the XQC sensitivity
decreases at high masses. Further research con rms that such analysis is inapplicable to

nite-size particles [88,89]. Nevertheless, changes should not be signi cant if there is a
light nucleus in the shell of a dark atom [90]. For high values of heavy core X 2" charge,
and in the case of anomalous isotope scattering, the resonant suppression of the elastic
cross-section is possible. A more accurate estimate is needed for the probability that a dark
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atom produces a discernible signal in the XQC detector. However, it cannot be high because
of the short duration of that experiment.

In regards to the direct dark matter particle searches, the results of most experiments
are interpreted within the framework of recoil nuclei. However, this approach is not
applicable to the dark atom model. Indeed, due to the high (nuclear) elastic cross-section
value, such bound state would lose energy rapidly; therefore, the production of recoil nuclei
in underground detectors is extremely unlikely. Moreover, at atomic scales, dark atoms look
like neutral particles. The Van der Waals interactions are expected to be strongly suppressed
due to the small size of the object. Only in nuclear-scale processes may the dipole character
of this bound state become signi cant. For a similar reason, constraints on millicharged
particles [91] cannot be applied directly. The interaction of dark atoms with the atomic
electron shell and crystal lattice was not rigorously considered. Therefore, constraining
this model using recoil electron search results (in particular [92] or [93]) remains a task for
future research.

The strongest experimental constraints may be obtained from searches for anomalous
isotopes [94 97] and primordial metals [65]. Samples of seawater, atmospheric gases,
and terrestrial metals were examined for the presence of such particles using various
methods. These searches have not yielded any candidates for superheavy isotopes of
light elements (H, He, Li, Be, B, C, O, F, Na). Constraints on concentrations in relation to
ordinary nuclei at the level of 10 10 10 23 depending on the mass and charge were set.
In light of the ongoing discussion, it is particularly interesting that the concentration of
anomalous sodium (both types of bound states: (XN)*1! and (XN)%-Na) is limited to less
than 10 12 of the total particle number [94]. However, the correct theoretical prediction
of the abundance of such particles requires a treatment of the reactions of nuclear fusion
in cosmological nucleosynthesis, astrophysical processes and terrestrial matter that is
currently lacking.

The modi ed Big Bang nucleosynthesis has already been partially discussed in
the previous section. The interaction of dark atoms with light nuclei may lead to the
overproduction of heavy particles with non-compensated electric charge. Nevertheless,
the formation of such states is a multi-stage process for all values of the charge parameter n.
The large number of stages leads to the prolongation of the overall dark atom recombination
timescale. Accordingly, anomalous isotope production may be suppressed if the heavy
core has a high charge. Additionally, the formation of positively charged states should be
partially compensated by exchange reactions and processes involving shell fragmentation
XN;+ Ny ¥ XNz + Ny +.... Although this mechanism leads to another problem: an
excess of primordial metals. The case of doubly charged particlesO  has been extensively
studied in the literature [70]. The huge enhancement of lithium and beryllium isotope
concentrations, arising due to nuclear fusion of the dark atom shell with deuterium and
helium-3, represents a major challenge to the model. However, if n > 1, the energy release
in these reactions may be insuf cient to produce free nuclei.

Generally, dark atoms act as a sink for light nuclei during Big Bang nucleosynthesis.
In the simplest case of the bound state of a doubly charged particle OHe, the concentration
of free primordial helium should decrease by at least DY, = 4%"‘\%\" 10 2 10 3. Such
a deviation could be detected. Indeed, this cosmological parameter is known from the
spectra of ordinary atomic recombination with high accuracy: Yp, = 0.2448  0.0033 [98].
The similar estimation for helium-3 yields the same result. Combined with uncertainties
from fragmentation processes, this indicates that reproducing the observed primordial
elemental abundances in the dark atom model may require ne-tuning of parameters. Not
only mass and charge, but also the baryon-to-photon ratio should be varied. Moreover,
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careful consideration of all reactions is necessary to set the correct constraints. The
theoretical predictions required for this remain a task for future work.

Dark atoms may be ionized in high-energy astrophysical processes (accretion onto
black holes, blazars, supernovae). It leads not only to a speci ¢ spectrum but also to the ow
of anomalous isotopes. Indeed, a temperature of a few tens MeV (10! 10'2 K) should
be enough to initiate photodetachment and further re-recombination with heavy nuclei
produced in stellar nucleosynthesis for any type of bound state. However, the temperature
inside the stars is usually lower, which may lead only to nuclear fusion processes in the
shells of dark atoms.

Due to the strong interaction, dark atoms lose their energy and drift towards the center
of the planet/star. Therefore, the maximum concentration of such particles in the Earth
should be located somewhere in the core.

5. Dark Atoms Captured by Earth and Direct Dark Matter Search

In this section, we describe the phenomenology associated with dark atom interactions
in an underground detector environment. In particular, with this aim, we consider here as
benchmark the results already published by the highly radiopure Nal(Tl) DAMA set-ups,
sensitive to both DM candidates giving rise to nuclear recoils or, as in the present case of
dark atoms, to electromagnetic signals. The availability of published experimental results
on dark matter annual and diurnal modulation signatures as well as some information on
energy spectrum allow us to introduce a complete strategy for such kind of analyses.

The highly radiopure Nal(Tl) DAMA set-ups [10], located at the Gran Sasso
underground laboratory (LNGS) in Italy, latitude 42 25°16" N (42.42111 N) and longitudes
13 30°59" E (13.51639 E)), were shielded from cosmic rays by about 3600 meters water
equivalent (m.w.e.) of rock. The location, as well as the technological and operative
procedures, provides a very low-background environment, which is crucial for rare event
investigations. The sensitive target material of the second-generation DAMA/LIBRA
consists of highly radiopure sodium iodide crystals doped with thallium (Nal(TI)). The total
target mass is about 250 kg, arranged ina5 5 matrix of 25 detectors, each weighing 9.7 kg.
Each crystal is coupled to two low-background photomultiplier tubes (PMTs) operating
in coincidence at the single photoelectron level. The crystals are encapsulated in copper
housing and placed within a multi-layer shield consisting of low-radioactivity copper, lead,
cadmium foils, polyethylene, and paraf n, along with an external concrete shield from
local rock; moreover, a three-level system for exclusion of radon present in trace in the
laboratory environmental air is operative. This complex shielding drastically reduces the
contribution from environmental background due to neutrons and gamma rays [10].

In the following subsection, the effect of the rock surrounding the DAMA Nal(TI)
set-up(s) is parametrized through dedicated modeling and Monte Carlo simulations. Then,
the time dependence of a dark matter signal in the highly radiopure Nal(TI) detectors is
described, focusing on the model-independent signatures provided by annual and diurnal
modulation effects.

5.1. Monte Carlo Simulations

We assume that the dark matter particles are dark atoms propagating from the solar
neighborhood and penetrating the Earth during rotation of the solar system around the
center of the Galaxy. The dark matter particles propagating inside the Earth slow down to
the thermal velocity of the Earth’s crust and diffuse towards its center. During this process,
the bound states of the dark matter particles may occur so the particles can be detected by
underground detectors such as that used in the DAMA/LIBRA experiment.
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The particle propagation inside the Earth can be modeled using stochastic Monte
Carlo method combined with several empirical assumptions. We assume that beam’s
propagation obeys an ideal exponential extinction law similar to optical analogy known
as the Beer Bouguer Lambert absorption. According to this law, the beam intensity |
decreases exponentially depending on the mean free path |. In our case, each beam is
characterized by a directional vector @, in the spherical coordinate system with the
origin at the detector. To keep the reference to the real coordinates, we use a geodetic
coordinate system with the azimuthal angle j measured counterclockwise from the East
direction. The polar angle q is measured relative to the normal vector to the Earth’s surface.
For convenience, the beams are indexed starting at the azimuthal axis, so the angle between
the azimuthal axis and each beam direction is given by the expression gpean = % g.Ina
spherical coordinate system with regular angular beaming, the solid angle is formed by
four adjacent beams and varies depending on the proximity to the poles. The ux of dark
matter through a nite surface element (polygon) also varies depending on the direction of
the arrival of the particles. The surface area of the solid angle formed by four neighboring
beams can be calculated as follows:

2 . (i+1 o
Sij =R? P G (+Dp g, 1P , (25)
’ nj 2nq 2ng
wherei =0,1,...,n; landj=0,1,...,nj 1are the elevation and azimuth division

indices, respectively. Since all polygons of the same elevation have the same surface area,
the j index, which describes azimuthal divisions, can be omitted.

The propagation of particles within each beam can be described as random processes.
The Brownian motion of the dark matter particles can be modeled using modi cation of
the Wiener random process W (t), which is a continuous-time random process with the
following set of properties: W(0) = 0, W(t) W(s) and W(m) W(t) are independent
increments, the process is almost surely continuous, W(t) W(s) for0 s t have
normal distribution N (0,t s).

We consider a three-dimensional case with the directions of arrival of the beam linked
to the orientation and velocity of the Earth, determined through ephemerides. Since the
direction of particle propagation changes during the thermalization process, after which the
particles start to move towards the center of the Earth, we employ a combined Brownian
motion with drift model, in which the particles move with thermal velocities given by a
Maxwell Boltzmann distribution with mean  Vgi¢;. The mean value is estimated using
Equation (3) from [60]: g

80S;AY2 cm/s (26)

med

where g is the standard acceleration of gravity, Aneq 30 is the average atomic weight
in terrestrial surface matter, n = 2.4 10%*/A is the number density of terrestrial atomic
nuclei, sv is the rate of nuclear collisions, Ss is the mass of the dark atom. The probability
density function of the Maxwell Boltzmann distribution is as follows:

2 x5 x
f(x) = Bge 22, (27)

The histogram for the simulated drift velocity distribution is shown in Figure 2.
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Figure 2. Simulated drift velocity distribution.

At the thermalization depth dy, 100 m, the ow of particles is thermalized, and the
process of diffusion towards the center of the Earth begins; thus, the direction of the ow
changes, and the directional vector of the beam is pointed towards the center of the Earth.
The average estimated drift timescale, based on [60], is expected to be ty, = 2.5 10283 s,
while the exact time depends on the direction of arrival of the particle, entrance point into
the surface, and the trajectory. The points of intersection of the beams with the Earth’s
surface are used to determine the starting points of the diffusion process.

For a set of N, particles, the equations of motion can be de ned using Brownian
motion with drift:

BP(X,Y,z,t) = S§BM(X,y,2,t) +V, Vit t, (28)

where BM(x, Y, z, t) represents the standard Brownian motion processes, described in terms
of Wiener processes, X, Y, z are the beam-speci ¢ coordinates of the particles; séM = 1listhe
Brownian motion scale, V, is a row vector of size N, sampled from Maxwell Boltzmann
distribution, Vit = (0,0, 1) is the drift direction vector. The beam intensity is associated
with the number of simulated particles within the Brownian motion model and can be
calculated as follows:

d
I(jy%eamvdyt) = IO(jvqbeamvt) € I ) (29)
lo(J, dbeams ©) = Nbeam  Vbeam () Sgpeprm.i» (30)
Voeam () = Viun(t)  cos dpeam, Yeun (t) (31)

where | is the beam intensity, Iy is the initial beam intensity, d is the distance traveled by
beam, and | is the mean free path, Vi is the projection of system’s velocity vector Vi (t)
onto the beam, ny,m is the initial concentration.
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The resulting dark atom concentration n at time t can be estimated as the number of
particles inside the detector, divided by the volume of the detector:

Np (t)
Vol *

n(t) = (32)

The detector geometry is modeled asthe5 5setof10.2cm  10.2cm  25.4cm blocks
uni ed into a single parallelepiped with the widest and highest facet facing geodetic north.

The detection process is in uenced by many factors, such as topography, detector
depth, detector geometry, position and velocity of the Earth, as well as the relative velocities
of the Earth and the detector with respect to the moving particles (Figure 3). Local effects
on the signal may occur due to the direction of the detector velocity vector and possible
blocking of the beams by the terrain. These effects should be calculated using precise
estimates of the coordinates and the velocities of all involved objects, and taking into
account the reference frame of a speci ¢ epoch using ephemeris data.

/ ~
—
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Detector Normal
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Earth

Earth’s Velocity
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.
—
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~—

Earth’s Rotational
Velocity

Figure 3. Schematic representation of the in uence of the directions of relative velocities and of
Earth’s shadowing on the detection of dark matter particles.

5.2. Annual and Diurnal Modulations of the Signal

The concept of annual modulation as a dark matter signature arises from the motion
of the Earth relative to the galactic dark matter halo. As the Earth orbits the Sun, its velocity
relative to the dark matter halo changes, leading to a periodic modulation in the ux and
velocity distribution of incoming dark matter particles.

The detector moves through the presumably non-rotating dark matter halo of the
Milky Way. The velocity distribution of the Milky Way halo stars is close to gaussian with
the velocity variance about 110 km/s (Brown et al., 2010) [99]. We can assume that the dark
matter particles have the same velocity distribution as the observed halo objects; therefore,
particles bombard a detector moving through the dark matter halo with the velocity of

240 km/s from all directions. During rotation of the Earth around the Sun and the rotation
of the Earth around its axis, the velocity vector of the detector changes its value and the
direction relative to the non-rotating dark matter halo. As the detector moves through the
sea of the dark matter halo, the particles penetrate into the detector through all its faces.
Therefore, neither the yearly velocity modulations of a detector caused by the rotation of the
Earth around the Sun nor changing of orientation of the detector due to the diurnal rotation
of the Earth can directly lead to oscillations of the signal. In the rst case, a decrease in the

ow of the dark matter particles through the leading face of a detector is compensated by
an increase in the ow via the detector’s back face and vice versa. Changing in orientation
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of the vector of a detector due to the Earth’s rotation which causes a decrease in the ow of
the dark matter particles through the leading detector’s face simultaneously increases the
ow through other faces of the detector so the total ow of the particles into the detector
remains constant. However, the situation changes if the beam entering the Earth’s surface
at different points on the surface can be affected by the geological details of the relief,
leading to shadowing or even to a complete blocking of the ow, if the beams come from
the opposite side of the planet in relation to the detector. This effect leads to annual and
diurnal oscillations of the detected signal.
In order to take into account all possible velocity variations, we calculate the total
velocity vector of the system. The laboratory velocity with respect to the galactic halo can
be expressed as:

Viap(t) =¥ sr ¥  +¥rev(t) +¥rot(t), (33)

where v sr is the Local Standard of Rest (LSR) velocity due to galactic rotation, ¥ is the
peculiar solar velocity with respect to the LSR, vy (t) is the Earth’s orbital velocity around
the Sun, and v (t) is the rotational velocity of the detector associated to the Earth’s rotation
about its axis [100].

The annual velocity modulation arises primarily from the v, (t) term, which changes
sign relative to the Sun’s velocity in June (maximum ux) and December (minimum  ux),
while the diurnal modulation is given by the v (t) velocity, as shown in Figure 4.

232.51
245

240

235 \
230} \

225

2323 /

232.21

Vo + Vi A, coso(t-t)) (km/s)
v, + V A cosw,  (t-t,) (km/s)
‘-\
/

232.1-

20f N

0 50 100 150 200 250 300 350 0 2 4 6 8 10 12 14 16 18 20 22 24
Sidereal time (d) Sidereal time (h)

Figure 4. Velocity components and expected phase locations as a function of sidereal time (from
Ref. [11]). (Left): velocity of the Earth in the galactic frame with starting point March 21 (around
spring equinox). The contribution of diurnal rotation (the fourth term in Equation (33)) is dropped off.
The maximum of the velocity (vertical line) is about 73 days after the spring equinox. (Right): sum of
the Sun velocity in the galactic frame and of the rotation velocity of a detector at LNGS as a function
of the sidereal time. The maximum of the velocity is about at 14 h (vertical line). For details, see
ref. [11].

Beam directional vectors are converted to the Geocentric Celestial Reference System
(GCRS). The time-dependent velocity vector of the lab w4, (t) is calculated in GCRS at time
t using ephemeris data. Then, the total velocity vector of the system Vs, (t) can be written
as follows:

Viun(t) = Viap(t) +vpm, (34)

where vp is the velocity of the dark matter particles according to [99].

Another factor directly related to Earth’s topography that can have a signi cant impact
on the particle detection process and lead to the observation of diurnal modulation is the
length of the path that particles travel within the Earth’s surface. During the day, as the
detector rotates around the Earth’s rotation axis, the potential arrival area of particles with
the highest relative velocities also changes, driven by the Earth’s velocity vector. At the same
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time, terrain features rotate with the detector, causing particles to enter the Earth’s crust at
different points, angles, and velocities, consequently leading to time-dependent changes in
their propagation paths. To account for these phenomena and the potential in uence of
terrain, a topographic map of the Earth can be used. In this work, we use a topographic map
of the earth provided by NASA (https://visibleearth.nasa.gov/images/73934/topography,
accessed on 15 August 2024). This map represents a pixel-by-pixel approximation of
altitude as a function of latitude and longitude. A fragment of the topographic map
covering the area of interest is shown in Figure 5. Using these data, we can reconstruct a
three-dimensional map of the Earth’s surface in the vicinity of the detector and apply a
simpli ed ray tracing procedure to determine the entry points of the rays into the Earth’s
crust. The three-dimensional approximation is shown in Figure 6 in two projections.

Figure 5. Satellite photography and topographic representation of the area around the Laboratori
Nazionali del Gran Sasso: Google Maps image and satellite photography of the area (left);
Black-and-white elevation map showing the height above sea level, where completely black indicates
sea level (right).

Figure 6. A three-dimensional reconstruction of the area around the detector. The color scale indicates
altitude above sea level: top view (left); close-up view of the region around the detector (not to
scale) (right).

For each azimuthal angle j, there is a half-plane passing through the normal vector to
the Earth’s surface and the direction vector of each beam with the same j; this half-plane is
perpendicular to the azimuthal plane. For each such half-plane, we calculate the intersection
points between the two-dimensional interpolated topographic approximation of the Earth’s
surface and the linear segments de ned by the directional vectors dpe,m, representing beams
(Figure 7). The rst point of each segment is at the detector, and the second point lies on
the surface of a semi-sphere of radius R = 288 km, which covers the entire area of interest.
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Figure 7. Schematic representation of beams passing through the Earth’s surface: each colored line
denotes the trajectory of beam propagation along its directional vector without taking into account
thermalization: red dots denote the points of beam entry into the Earth’s surface, black dot represents
the detector; the thick black line denotes the relief of the Earth’s surface.

Within the framework of the beam approximation approach, we determine the
coordinates of dark matter particles as they propagate through the Earth’s surface and
record changes in concentration inside the detector, taking into account the direction of
arrival of the particles, the distances traveled in the Earth’s crust, and variations in  ux
caused by changes in the Earth’s velocity and orientation, with reference to real coordinates
and time.

6. Quantum Mechanical Description of the Bound States of Dark Atom
with the Nuclei of Matter

6.1. Binding of the Nucleus of Substance to Dark Atom in the Total Effective Interaction Potential
of the OHe-Nucleus System

The varied results from direct dark matter detection experiments highlight the
complexities in interactions between dark matter particles and materials in underground
detectors. The X-helium hypothesis offers together with the existing experimental
and theoretical astrophysical, nuclear, and particle physics differences and uncertainties,
and the targets one of the possible explanations of the different experimental results
among various experiments on the direct search for dark matter particles. Here, it mainly
arises because of the peculiarities of the interaction of dark atoms with the matter of
underground detectors.

The deceleration of cosmic XHe in the Earth’s soil does not allow direct methods
of detecting dark matter particles based on the search for the recoil effects of nuclei in
collisions of WIMPs with the nuclei of ordinary matter. However, the interaction of slow
X-helium atoms with nuclei can lead to their low-energy binding, which is explained by
the following reaction:

A+ (*He**X ) T [A(*He*™ X )]+ag. (35)

It is assumed that within the uncertainty limits of the parameters of nuclear physics,
there is a range in which the binding energy in the XHe-Na system is in the range of
2 4 keV [83], which is a rather subtle effect. The capture of dark atoms in this bound state
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leads to a corresponding release of energy, which is observed as an ionization signal in the
DAMA detector. The concentration of XHe in the substance of underground detectors is
determined by the equilibrium between the incoming cosmic ux of dark atoms and their
diffusion to the center of the Earth. The presence of X-helium in the Earth’s soil is rapidly
regulated due to the kinematics of the interaction of dark atoms with matter, taking into
account the incoming cosmic XHe, and follows a change in this ow. Therefore, the rate
of capture of dark atoms should experience annual modulations re ected in the annual
modulations of the ionization signal from these reactions.

An inevitable consequence of the proposed interpretation is the appearance of
anomalous superheavy sodium isotopes in the substance of the DAMA/Nal or DAMA/LIBRA
detectors, the mass of which is approximately the mass of the X particle more than that of
ordinary isotopes of these elements [60]. And the appearance of anomalous superheavy
isotopes of iodine and thallium is unlikely, because it is disadvantageous for dark atoms
to form low-energy bound states with these nuclei [60]. If the atoms of these anomalous
sodium isotopes are not fully ionized, their mobility is determined by atomic cross-sections
and becomes about nine orders of magnitude smaller than for OHe (a special case of dark
atoms when the charge of the particle X is 2) [60]. This ensures that they are stored in the
detector. Therefore, mass spectroscopic analysis of this substance can provide additional
veri cation for the possible presence of the X-helium nature of the DAMA result. Methods
of such analysis should take into account the fragile nature of the bound states XHe-Na,
since their binding energy is only a few keV [60].

The ionization signal expected in detectors with a composition other than Nal can
be in the energy range, mainly exceeding 2 6 keV [60]. It was shown in [60] that the rate
of radiative capture su of OHe by a nucleus with atomic number A and charge number
Z to the energy level E in the medium with temperature T, obtained by analogy with the
neutron capture cross-section by a proton, is proportional to su AS—Z,?F?LE. Therefore, all
other things being equal, at cryogenic temperatures and when OHe interacts with heavy
nuclei, the cross-section of such interaction will be suppressed. In addition, article [60]
noted the high sensitivity of the results of numerical simulation of the interaction of OHe
with the nucleus to the values of uncertain nuclear parameters, taking into account that,
for the selected range of nuclear parameters reproducing the results of DAMA/Nal and
DAMA/LIBRA, it was shown that in OHe-nucleus systems there are no bound levels for
heavy nuclei, and therefore there is no ionization signal in detectors containing heavy
nuclei (for example, xenon). The results of the interaction of OHe with the iodine nucleus,
presented below in this subsection and in Section 8 of this article, do not contradict the
statements of article [60], since it follows that the energy levels of bound states of OHe with
the iodine nucleus are in the energy range signi cantly exceeding the energy of 2 6 keV
modulo. At the same time, for certain parameters of the OHe dark atom model, it is shown
that the cross-section of the OHe radiative capture by the Na nucleus into a bound state
is orders of magnitude higher than the cross-section of the OHe radiative capture into a
bound state by the lodine nucleus, which is consistent with the limitation for detecting
high-energy gamma quanta in the DAMA experiment and naturally explains the selectivity
of the signal from the material targets in underground experiments of direct search for dark
matter particles.

Due to the unshielded nuclear charge of dark atom, there is a possibility of a strong
nuclear interaction between XHe atoms and the nuclei of matter, which can disrupt the
bound state of dark atoms, potentially leading to the formation of anomalous isotopes,
the distribution of which in the environment is strictly limited by experimental limits [101].
To solve this problem, the XHe model assumes the presence of a shallow potential well
and potential barrier within the effective interaction potential between the dark atom and
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the nucleus (as shown in the Figure 8), which prevents the fusion of the components of the
dark atom, i.e., the n He nucleus and the X particle with nuclei of ordinary matter. This
condition is crucial for the viability of the X-helium hypothesis.

[./‘.lt
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Figure 8. Hypothetical qualitative image of the shape of the effective interaction potential of XHe
dark atom with the nucleus of atom of matter [60].

This form of effective potential (see Figure 8) is mainly due to the competition between
electromagnetic repulsion and the strong nuclear attraction of the nuclear shell of the dark
atom and the nucleus of matter.

The total effective interaction potential of the XHe nucleus system can be interpreted
as the total potential of the nucleus of matter when exposed to various forces from a dark
atom, in the center of which is the origin of the coordinate system, when the nucleus of
matter is slowly moving towards the dark atom, initially being at a large relative particle
size distance from it.

Ultimately, the nucleus of matter moving at a slow thermal velocity (which is actually
the relative velocity between the nucleus of matter and the dark atom in the detector), as a
result of an inelastic capture reaction when interacting with a polarized dark atom, that is,
dipole of XHe, polarized due to the Stark effect in an external electric eld created by the
nucleus of matter itself, transitions to a low-energy bound state in a shallow potential well
of the effective interaction potential of the XHe-nucleus system. This leads to the release of
energy in the form of an emitted photon, the energy of which is equal to the sum of the
kinetic energy of the nucleus of matter and the binding energy in shallow well, which is
observed as an ionization signal in the DAMA detector.

Modeling the interaction between dark atoms and the nuclei of ordinary matter is a
three-body problem that does not have an exact analytical solution. Therefore, in order
to understand the physical consequences of this scenario, determined by the effective
interaction potential, an accurate quantum mechanical numerical model was developed
for a three-body XHe-nucleus system. The quantum mechanical numerical model of
the interaction of the dark atom of OHe with the nucleus of the substance, presented in
article [102], models a system of three particles interacting through electrical, nuclear and
centrifugal interactions. The methodology includes solving the Schrodinger equation
for helium in the OHe- nucleus system, at various xed positions of the nucleus of
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substance, Roa, relative to the dark atom. By taking into account the characteristics
of both nuclear and electromagnetic interactions, this model makes it possible to accurately
calculate the polarization of dark atom by calculating the dipole moment of a polarized
OHe atom for each xed position of the nucleus of matter. In turn, dipole moments,
depending on the distance between the nucleus and the dark atom, make it possible to
restore the Stark potential, which describes the interaction of a polarized dark atom with
the nucleus of matter, which plays a key role in forming the total effective interaction
potential of the OHe-nucleus system. This potential is equal to the sum of the following
potentials: the Stark, centrifugal, nuclear, and electric interaction potential of an unpolarized
dark atom with the nucleus U§,,. (see Equation (23) in [102]), the last two potentials
manifest themselves only at close distances between interacting particles, as they decrease
exponentially with distance. Thus, in article [102], steps were taken towards a consistent
guantum mechanical description of the interaction of dark atoms with unshielded nuclear
attraction with the nucleus of an atom of matter.

Using the results of article [102], let us restore the total effective interaction potentials
of the OHe-Na and OHe-I systems to nd the energy levels and wave functions of the
bound states of the OHe dark atom with the nuclei of sodium and iodine in order to
calculate the radiative capture cross-sections the nuclei of sodium and iodine into these
bound states.

When solving the one-dimensional Schrodinger equation for the helium nucleus in
the OHe-nucleus system (see [102]) in order to calculate the wave functions of helium
in the ground state of a polarized OHe dark atom and to further use them to calculate
the dipole moments of a polarized dark atom depending on the radius vector of the
nucleus-substances, it is necessary to set the range of values of the radius vector of helium
+ with a xed radius vector of the nucleus of the substance Rga. It is important for us to
know the maximum negative value of the dipole moment, since the maximum depth of
the Stark potential depends on it, which in turn determines the value of the energy level of
the bound state of the nucleus of a substance with a dark atom in the potential well of the
total effective interaction potential of the OHe-nucleus system. ¥ is a free parameter that
determines the shape of the total helium interaction potential in the OHe-nucleus system,
Upe, in which for each given xed radius vector of the nucleus of matter Rp 4 it is necessary
solve the corresponding Schrodinger equation for helium. To solve this set of Schrodinger
equations for each xed position of the outer nucleus of matter slowly approaching the
dark atom, it is also necessary to determine the interval for the radius vector of the nucleus
Roa. This must be achieved taking into account the fact that before the interaction of the
dark atom with the nucleus of matter begins, OHe is already a bound quantum mechanical
system. That is, the helium nucleus is initially bound to the particle O in a neutral
OHe atom, and when solving the Schrodinger equation for He in the OHe-nucleus system,
the initial condition for the helium wave function must be taken into account.

If we select the intervals of numerical values of the vectors+ and Rga such that they
coincide or overlap with each other, then the solution of the stationary one-dimensional
Schrodinger equation for helium in the OHe-nucleus system in such ¥ interval, with a

xed value of Roa, Will always lead to a more likely occurrence of helium inside a deep
potential well created by the nucleus of matter. However, the helium nucleus is initially
located in the OHe dark atom, which forms a bound quantum mechanical system before its
interaction with the heavy nucleus begins. Therefore, it is necessary to take this condition
into account and calculate the gradual increase in the polarization of the dark atom as the
nucleus of matter approaches it, starting from some large distance. Therefore, the ranges of
values of ¥ and Rpa should be chosen so that for a certain value of r = Ry, Rnuc  RHe,
corresponding to a certain position of the nucleus of matter R, where Rpyc and Ry
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are the radii of the nuclei of matter and helium, respectively, which is the right boundary
of the interval of the radius vector+, a repolarization of the dark atom occurs when the
dipole moment tends from the maximum negative value to the maximum positive value.
In classical terms, this corresponds to the movement of helium from the position to the
left of the particle O  (maximum negative polarization OHe), when O s located
between helium and the nucleus of matter, to the position to the right of O  (maximum
positive polarization OHe) due to the strong nuclear attraction of helium from the nucleus
of matter. This ensures that helium, which is initially part of the dark atom, is gradually
in uenced by the approaching nucleus, as it approaches the dark atom, the probability of
helium tunneling through the Coulomb barrier into the nucleus of matter increases and
repolarization occurs.

We estimate the value of the radius vector of the nucleus of matter R , at which the
dark atom is repolarized. That is, when the dipole moment of the polarized dark atom
d, caused by the Stark effect due to the alternating external electric eld of the nucleus of
matter, changes sign, tending from the maximum negative value to the maximum positive,
it is possible to calculate the approximate dependence of the magnitude of the dipole
moment d on the distance between helium and the nucleus of matter.

The appearance of d is the result of the action of the nuclear attractive force and
the centrifugal and Coulomb repulsive forces from the nucleus of matter on helium in
O-helium, while these forces are balanced by the Coulomb force of interaction between the
particles of the dark atom, that is, between He, which is considered as a uniformly charged
ball with a radius of Ry, and the particle O  when the helium nucleus is displaced
relative to the center of the dark atom by d. Based on this, we can derive a semiclassical
expression for evaluating d:

3
RHe

1= F +Frot + F S —
Coulomb Rot Nuc ZHeZo afic

(36)

where Feoulomb: Frot @nd Fyyc are the Coulomb, centrifugal and nuclear (Woods Saxon
type) forces of interaction between helium and the nucleus of matter, which are calculated
through the action of the nabla operator on the corresponding potentials (see [102]), Zye
and Z5 are the charge numbers of helium and the O particle, respectively, aisa ne
structure constant (the expression used here is for the square of the elementary electric
charge ¢? = alfic). The values of d calculated using Formula (36) strongly depend on the
radii of the nucleus of matter and helium, and on the diffuseness parameter of the nucleus
of matter. For the values of the radius of the sodium nucleus, Ry, = 1.15 All\l/a3 fm, its
diffuseness parameter ay, = 0.54 fm, and the radius of helium Ry, = 1.02 A3 fm [103],
estimating Ry, as Ry = U+ Ryea for the maximum negative and positive values of d,
where Ry are the corresponding distances between the nuclei of helium and matter. This
gives an approximate change of 8.5 fm . Ry, - 18.5 fm. Since nuclear forces begin to act
on approximately the same distance scale for different nuclei, the estimates for iodine are
similar, although due to the larger radius, iodine begins to attract helium a little earlier,
but also repels it more strongly due to the larger electric charge.

The shape of the total effective interaction potential of the OHe nucleus system also
depends on the spin of the O  particle, since the centrifugal potential of the interaction of
a dark atom with the nucleus depends on the magnitude of this spin [102]. At the same
time, the value of the spin of the O  particle is determined by the nature of the particle
itself and is a model parameter [83].

In Section 8, using the derived formulas for the cross-sections of the radiative capture
of the nuclei of substance by dark atom, the results of numerical analysis are presented,
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showing at what values r (which is the boundary point of the interval of the radius vector
of helium+ =[ r ,r ] andis related to the position of the nucleus of matter, at which the
dark atom is repolarized, as Ry, =1 =+ Rnuc + Rye) and at what values of the O particle
spin a low-energy bound state of dark atom with sodium nucleus is formed, the energy
of which lies in the range from 2 keV to 6 keV and satis es the limitations of the DAMA
experiment for the count rate (see Equation (66)). It is also shown that the radiative capture
cross-section of iodine nucleus into the bound state with OHe is suppressed compared
to that of sodium nucleus. The current section further shows examples of reconstructed
total effective interaction potentials in the OHe-Na and OHe-I systems and the bound
states of nuclei with a dark atom with certain energies and wave functions of these states
corresponding to these effective interaction potentials.

Figures 9 and 10 show the restored total effective interaction potentials of the OHe-Na
and OHe-I systems, respectively, at+ = [ 13,13] fm for OHe-Naand at+ =[ 11,11] fm
for OHe-1. When restoring the potentials shown in Figures 9 and 10, the spin of the particle
O wastakentobeequaltoly = 1. Itcan be seenfromthe gures that the shape of
the total effective interaction potential of a dark atom with a nucleus is consistent with
the expected theoretical shape of this potential. The total effective interaction potentials
have potential wells with a depth of approximately 136 keV for the OHe-Na system and
1620 keV for the OHe-I system, and positive potential barriers in front of these wells with a
height of more than 10 keV exceeding the thermal kinetic energy of the nucleus of matter
at room temperature, which is estimated at about 4 10 2 eV. The presence of this positive
potential barrier makes it possible to preserve the integrity and stability of the dark atom,
playing a key role in preventing direct fusion of helium orthe O  particle with the nucleus
of matter.

Figure 9. Various interaction potentials within the OHe Na system, presented as functions of the
distance between the OHe dark atom and nucleus of Na, Roa: the Stark interaction potential (red
dotted line), the centrifugal interaction potential (green dotted line), nuclear potential (black dotted
line), the electric interaction potential Ug,,. of unpolarized dark atom with the nucleus (yellow
dotted line) and the total effective interaction potential (blue dotted line). The case corresponds to
the total angular momentum for the interaction between OHe and the sodium nucleus, equal to
JoHe Na = 572. The results of paper [102] were used in the calculations.
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Figure 10. Various interaction potentials within the OHe | system, presented as functions of the
distance between the OHe dark atom and nucleus of lodine, Roa: the Stark interaction potential (red
dotted line), the centrifugal interaction potential (green dotted line), nuclear potential (black dotted
line), the electric interaction potential U§, . of unpolarized dark atom with the nucleus (yellow dotted
line) and the total effective interaction potential (blue dotted line). The case corresponds to the total
angular momentum for the interaction between OHe and the iodine nucleus, equal to Jone | = 77/2.
The results of paper [102] were used in the calculations.

By solving the one-dimensional stationary Schrodinger equation for the free nuclei
of sodium and iodine in the total effective interaction potentials of the systems OHe-Na
and OHe-I, shown by blue dotted lines in Figures 9 and 10, respectively, we can obtain a
discrete spectrum of the energies of the bound states of sodium and iodine in the potential
well of the total effective potential, as well as the normalized wave functions of sodium
and iodine in these bound states corresponding to these energies.

The result of this solution for the sodium nucleus is shown in Figure 11. It can be
seen from the gure that in the potential well of the total effective interaction potential
of the OHe-Na system, there is only one bound state, which is the ground bound state
in this potential with energy E;, 2.4 keV. In Figure 11, the blue solid line shows the
total effective interaction potential of the OHe dark atom with the sodium nucleus, and the
red solid line shows the graph of the square of the modulus of the sodium wave function
corresponding to the energy level of the ground and only bound state of sodium in this
total effective interaction potential of the OHe-Na system.

The result of solving the Schrodinger equation for the iodine nucleus in the effective
interaction potential of the OHe-I system is shown in Figure 12. It can be seen from the

gure that there are several bound states in the potential well of the total effective interaction
potential of the OHe-I system. The gure shows the rst ve energy levels of the bound
states (ground and four excited): E;, 1.07 MeV, By, 762 keV, Eg3, 556 keV,
Es, 367 keV and Es, 231 keV. Thus, in Figure 12, the blue solid line shows the total
effective interaction potential of the OHe dark atom with the iodine nucleus, and the red
solid lines show graphs of the square of the modulus of the wave functions of the rst ve
bound states of iodine in this total effective interaction potential of the OHe-I system.
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Figure 11. 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 E;, 2.4 keV, from the radius vector of
sodium nucleus.

Figure 12. Graphs of the dependence of the total effective interaction potential of the OHe dark atom
with the iodine nucleus (blue solid line) and the square of the modulus of the wave functions of the

rst ve bound states of iodine (red solid lines) corresponding to energy levels: E, 1.07 MeV,
Ey, 762 keV, Ej, 556 keV, Ey, 367 keV and Es, 231 keV in this total effective
interaction potential of the OHe-1 system, from the radius of the iodine nucleus vector.

6.2. Calculation of the Radiative Capture Cross-Section in the OHe-Nucleus System

Let us use the obtained material, normalized by one wave function of sodium in the
ground bound state of the OHe-Na system, Yﬁl)a, which we consider as the nal state of
sodium, along with the normalized by one wave functions of iodine in the ground bound
state, chll) , and the rst excited state, chlz), to calculate the capture cross-sections of sodium

and iodine nuclei into these bound states.
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In the initial state, the nucleus of matter represents a free particle described by the
wave function Y;_ . (r) (for sodium Y;  (r) and for iodine Y; (r)), which is a solution to
the Schr dinger equation for the nucleus of substance with relative thermal motion in the
effective interaction potential V;¢¢(r) of the OHe-nucleus system:

" #
B2

o r?+Ve(r) E Y. (N =0 (37)

3
where m is the reduced mass of the system OHe-nucleus, E = Eka is the energy of relative
thermal motion in the center of mass system.

Since the potential V,q¢¢(r) is spherically symmetric, the wave function Y; . (r)
modi ed by this potential in uence can be decomposed into partial waves (spherical
harmonics) [104]:

¥ |
uy(r) ,
Vi (1) = = Yim(@. §), (38)
I=0m= |
where u,(r) is the radial wave function and Y|, (q, J) is spherical function.
Substituting (38) into Equation (37) and using the properties of orthogonality of

spherical harmonics, we obtain the radial Schrodinger equation for each partial wave:

LA #
12 d2 w211 + 1)
— 4V +—— "7 E =
smarz T Vert() omr2 u(r) =0, (39)
2
where ! :'Zfr:;l) is a centrifugal potential that occurs naturally when variables are separated

in spherical coordinates.
Thus, in the entire region of space where the effective interaction potential is not zero,
the wave function of the initial state can be written as:
¥

Yi (D= (2 +21)i'RMP™(r)P (cosq), (40)
1=0

where R°™(r) = Ny uj(r)/r = N; R(r) is the normalized radial component of the wave
function, N, is the normalization factor, R;(r) = u;(r)/r is an unnormalized radial wave
function, and P;(cos q) is the Legendre polynomials.

The radial wave function R'*"™(r) is normalized in such a way that the condition is
satis ed in the asymptotic domain (r ¥ ) [104]:

RYO™(r) = el [cos d j (knuer)  sin ) ny (knuer)], (41)

Pnuc ~ MnucU
where Knye = o =

is the wave vector of the nucleus of substance, pnyc and Mpyc
are the momentum and mass of the nucleus of substance, respectively, and u is the relative
velocity of interacting particles in the OHe-nucleus system. j;(knycr) are spherical Bessel
functions, nj(knycr) are spherical Neumann functions, and d; are the scattering phases,
determined by the potential V,¢+(r) and containing all the information about scattering
behavior for each partial wave with orbital angular momentum I.

For the numerical solution of Equation (39), the Numerov method is used, which
ensures high accuracy of integration of second-order equations. Equation (39) is written as:
' #

2 2
= a0+ Y E u) = FOu) @)
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The Numerov method is implemented using the recurrent formula:

2u; Ui 1+ B0(R qup; 1+ 10Fuy
Upis1 = 1i Li 1 12 grzl 1Y 1 i I,|)' (43)
1 ZFRwx

where Dr is the grid step, u;; = u;(r;), i = F(r;).

The initial conditions for | = 0 and | = 1 are chosen as follows:
2. Forl =1 ui(rmin) 2 U1(fmin +Dr)  (fmin + Dr)2.

The phase shifts of d; are calculated by solving the radial Schrodinger Equation (39)
and obtaining a numerical solution of R,(r) followed by comparing the numerical solution
with the asymptotic form (41). Speci cally, the phase shift is determined by calculating the
logarithmic derivative L of the radial wave function at the point ry, where the potential
Vet (r) becomes negligible:

knucj?(knucro) Ji(Knuero) L
knucn?(knucro) Ny (Knucro) L’

tand, = (44)
where L = RI(rp)/R(ro) is the logarithmic derivative, j! and n! are the derivatives of
spherical Bessel and Neumann functions.

Thus, normalization is performed by comparing the numerical solution of R,(r) in the
asymptotic domain with the analytical expression (41) at the point rg, where the potential
of V¢ (r) becomes negligible. Then the normalization factor is N;:

_ % [cosd;ji(knucro) sind ny(Knucro)]
Ri(ro) .

For the sodium nucleus, there is a single energy level in the range of 1 6 keV in the
total effective interaction potential, which allows only an E1 transition from the initial state
of sodium with I; = 1 to the nal bound state with I; = 0. At thermal energies, the orbital
moment of the free nucleus is practically zero, the wave function of the initial state is mainly
an s-wave, but there is also a small admixture of a p-wave in the initial state of the free
nucleus. Therefore, we decompose the wave function of the free nucleus into partial waves,
that is, into radial wave functions that depend on the orbital moment and are the solution
of the Schrodinger equation in the effective interaction potential for the energy of relative

N

(45)

thermal motion E = §ka in the center of mass OHe-Na system. After that, we take the
second term of the decomposition of the wave function of the free sodium nucleus into
partial waves, that is, a p-wave with |; = 1. Thus, there is a possibility that the sodium
nucleus will transition from the initial state of the p-wave to the nal bound state. This
transition is suppressed due to the fact that the p-wave is only a small addition to the
s-wave of the free nucleus at thermal energies.

On the other hand, for the iodine nucleus, there are several deeply bound states in
the effective interaction potential with the dark atom (including the ground state with an
energy of 1.07 MeV and the rst excited state with an energy of 762 keV), which allow
for two distinct most probable E1 transitions:

1.  From the initial state of iodine with I; = 1 to the ground bound state with I; = 0
(energy 1.07 MeV).
2. From the initial state of iodine with I; = 0 to the rst excited bound state with I =1

(energy 762 keV).
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According to Fermi’s Golden Rule, the probability of transition per unit of time from
the initial state jii to the set of nal states jfi is determined by the following expression:

Gint htjHingii 2g(Es), (46)

_2p
R
where hfjHinjii is the matrix element of the interaction operator, Hint, for the electrical
transition between the nal and initial states, and g(Es) is the density of nal states at
energy E;.

Fermi’s Golden Rule relates the probability of a transition to the density of the nal
states. In the process of nucleus capture by a dark atom with photon emission, the density of
the nal states is determined by the emitted photon. In the process we consider, the nucleus
of matter passes from a free state to a bound state with dark atom, while a photon with
energy is emitted:

Eg = Thuc + loHe nuc loHe nuc: (47)

2

where Thye = zpnuc 4 10 2eV is the kinetic thermal energy of the nucleus in the free
nuc

state and lone nuc IS the energy of the bound state of the nucleus of matter with the OHe

dark atom.
Since the system initially consists of free nucleus and OHe dark atom, while the
nal state comprises the bound OHe-nucleus system and a photon, the nal states are
determined by the photon parameters. This is because the initial state of the nucleus
exists in the continuum (as a free particle), whereas the nal state is a discrete bound
state. However, the transition is physically possible only through photon emission, whose
parameters form a continuum of states. Thus, the total density of nal states is governed
precisely by the photon, since the OHe-nucleus bound state is xed (discrete), whereas the
photon can occupy various momentum and directional states.

The bound OHe-nucleus system possesses discrete energy after nucleus capture, thus
its contribution to g(E;) corresponds to a single state (Dirac delta function). In contrast,
the emitted photon, with energy virtually identical to the binding energy of the nucleus
with the OHe dark atom, lgne nuc, €an be emitted in any direction with xed energy (when
neglecting the recoil of the OHe-nucleus system). This determines the angular dependence
of the nal state density. Consequently, the number of nal states per unit energy interval
per unit volume for photon emission into solid angle dW, accounting for the two possible
spin projections of the photon due to the transverse nature of electromagnetic waves, is
given by the following expression in three-dimensional space:

z
(48)

1
d d3g E2
Eq) =2-— 9 = 9 __dw,
9(Eq) dEg (2p)® 4p3c3e

E
where jgg] = C—; is the wave vector of the photon.
The cross-section of the radiative capture of the nucleus of matter into the OHe-nucleus
bound state is expressed by the following formula:
Gint

SOHe nuc — i (49)

where j is the falling ux of nuclei of matter.
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For the radiative capture process, the initial state is described by the scattering wave
function, which must be normalized to a single ux so that the ux density in the incident
wave is:

. fkna

where u is the relative velocity of the interacting particles. It is equal to the thermal velocity
of the nucleus of substance towards the dark atom in the center of mass system since in the
process under consideration, due to the large mass of the dark atom compared to the mass
of nucleus, the center of mass system coincides with the laboratory system in which the
dark atom rests.

Substituting G; x ¢ into the formula for the cross-sections, we get:

2pl .. .2
SOHe nuc — Wpa hfjHincjii g(Eg) =

2
2P L i 28w, (51)
i u 4p3c3®

The transition of the nucleus of substance to a bound state with dark atom occurs
when the nucleus interacts with electromagnetic radiation. The Hamilton operator, which
de nes the electric multipole transition of the order J of the nucleus to a bound state,
Hint, in the dipole approximation, is determined by decomposing the vector potential of
the electromagnetic eld into functions with a certain moment and parity. And for the
long-wavelength approximation, which is typical for the process of radiation capture of the
nucleus of matter into a low-energy bound state with dark atom with photon emission that
we consider, since (qg r) 10 4 << 1, the electric multipole transition operator of the

order J is given by the expression [105]:
s
o 2p(J+1)
Hint = Ao W%Qm, (52)
where Q)m = eZnucr’Yim(q, F) is the operator of the static electric multipole moment, Znyc
is the charge numbg of the nucleus of a substance (Zn; = 11 for sodium and Z; = 53 for

fh
iodine), and Ag = is the amplitude of the vector potential of the electromagnetic

wave, which is usually gelected such that it corresponds to the presence of one quantum
per unit volume.

We take into account the use of Expression (40) and considering the wave function of
the initial state as a partial wave with an orbital moment I;. Therefore, the matrix element
of the transition operator between the nal and initial states, hfjHinjii, is given by the

following expression, where the matrix element splits into radial and angular parts:
s

. 2p(J+1

hfjHingil =  Ag p( )

m%eznuch'fjwm(q,f)jlii radial» (53)

R
where | agial = o¥ Yfrfz'c)(r) ri*2 (2l + 1)i" R[°™(r)dr is the radial part of the matrix

element and hl;jY;n (q, F)jl;i is the angular part of the matrix element.

The angular part of the matrix element for the transitionl; =J ¥ I; = 0is de ned
as follows:
z 1
h0jYim(a, F)jJi = Yoo(q,F) Yim(a,F) Py(cos(q))dW = pﬁ (54)

https://doi.org/10.3390/universe12040116


https://doi.org/10.3390/universe12040116

Universe 2026, 12, 116 350f 48

On the other hand, the angular part of the matrix element for the transitionl; =0 ¥
I; = Jisequal to:
z
hjYim(a, F)j0I = Yio(q, F) Yim(a. F) Po(cos(q))dw = 1. (55)

Then, the square of the modulus of the matrix element of the static electric multipole
moment operator Q;, for transitions lj = J ¥ Iy = 0andl; =0 ¥ Iy = Jis
equal, respectively:

2

272 Zx @)
ih0jjQumiidij? = i+ o Yine® r? @i+ 1)i’ RIM(dr . (56)

Zy 2
niQuniioi* = €28 Y @(r) r2 RPM(rydr (57)

Substituting expressions of the perturbation matrix element hfjH;..jii for transitions
to the ground bound state OHe-nucleus I; = J ¥ |y = 0 and to the excited bound state
OHe-nucleus l; =0 ¥ |y = Jin Formula (51) for the cross-section of the radiative capture
of the nucleus, taking into account the fact that e2 = afic, whereaisa ne structure constant,

we obtain:
Zy 2
_ 8pagtacz2,, (3+1)(21 + 1) .
J10 g nuc (1) J
SoHe nuc = u NI+ DI o Yoo () r'*2 R1°™M(r)dr , (58)
Z 2
_ 8pg5tacz? (J+1) ¥
01 g nuc &) J+2
OHe nuc — U TRI+DIP o Yoo () r REO™M(r)dr . (59)

Eventually, the nal expressions for the rates of radiative capture of the nucleus of
matter from the initial state of a free particle with an orbital moment of I; = 1 to the nal
ground bound state in the potential well of the total effective interaction potential of the
OHe-nucleus system with an orbital moment of I; = 0 and from the initial state with an
orbital moment of I; = 0to a nite excited bound state with an orbital moment of I; = 1
are given by the following expressions:

110 _ 16p Eg 2 ‘¥ (1) ;. phorm ?
(SOI:|e nuc u) - T 3ﬂ]32nuc 0 (I’) I‘ ! Rl (r)dr ) (60)
Z 2
16 ¥
(SOHe nuc U) - gp C ; Z%uc 0 Yfrffc)(r) I'3 Rgorm(r)dr . (61)

7. Dark Atoms and Experimental DAMA Results as Benchmark for
Procedure Developing

Over the years, the use of Nal(TI) detectors in DAMA has undergone two main phases:
DAMA/Nal (seven annual cycles) and DAMA/LIBRA (2003 2024). After the rst stage,
dubbed DAMA/LIBRA phasel, with a 2 keV energy threshold, in 2010 DAMA/LIBRA
underwent a major upgrade, replacing the PMTs with high-quantum-ef ciency Hamamatsu
R6233MOD tubes, reducing the software energy threshold to 1 keV. This second
phase is known as DAMA/LIBRA phase2 [9]. In late 2021, a further upgrade of
DAMA/LIBRA phase2 con guration, termed phase2-empowered, began with the speci ¢
aim of lowering the software energy threshold below 1 keV while sustaining high
acceptance ef ciency. All PMTs were provided with miniaturized low-background
preampli ers and new high-voltage dividers; the front-end electronics chain was enhanced
by employing 14-bit digitizers with improved vertical resolution. These changes improve
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energy resolution, reduce electronic noise, and enhance discrimination of single-hit
scintillation events (i.e., those events in which just one detector of many actually  res )
near the software energy threshold.

The DAMA/Nal and DAMA/LIBRA experiments have reported over two decades
of evidence for a model-independent annual modulation signal that respects all the
requirements of presence of dark matter particles in the galactic halo. The residual counting
rates of the two phases of DAMA/LIBRA are reported in Figure 13.

2-6 keV

— DAMA/LIBRA-phasel (1.04 tonxyr) DAMA/LIBRA-phase2 (1.53 tonxyr) —M >

Residuals (cpd/kg/keV)

Time (day)

Figure 13. Experimental residual rate of the single-hit scintillation events measured by
DAMA/LIBRA phasel and DAMA/LIBRA phase2 in the (2 6) keV energy intervals as a function of
the time. The superimposed curve is the co-sinusoidal functional form Acosw(t tp) with a period
T = 2p/w = 1year, a phase tg = 152.5 day (2 June), and a modulation amplitude, A, equal to the
central value of the best t. The dashed vertical lines correspond to the maximum expected for the
DM signal (2 June), while the dotted vertical lines correspond to the expected minimum. For details,
see Ref. [9].

Within the framework of the dark atom model, the presence of such an annual
modulation is also expected; therefore, to validate the model on the one hand, and to
assess the similarity with the experiment on the other hand, a simulation was carried out
using the stochastic Monte Carlo method. For 11 years, corresponding to the second phase
of the DAMA/LIBRA experiment, numerical modeling was performed using the procedure
described in Section 5. The results are presented in Figure 14.

Figure 14. Results of Monte Carlo simulation for the annual modulation of the residual count rate
as a function of the day of the year (DOY), averaged over 11 years for the period from 2011 to 2022.
Error bars represent the variance.

Importantly, DAMA has extensively checked for possible systematic effects or
background sources that could mimic the annual modulation. No such effects, correlated
with temperature, radon levels, cosmic muons, or other environmental variables, have been
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able to explain the observed modulation within the required phase and energy range [8].
It should be noted that the hardware con guration, the speci ¢ hardware and software
procedures employed, and overall design features of DAMA signi cantly differ from those
of COSINE-100 and ANAIS-112. Given these differences and the arguments reported in
Section 1, the DAMA results, covering both the annual and diurnal modulation signatures,
as well as additional analyses, are used in this paper for studies of the dark atom model
across its possible detection strategies.

While the DAMA collaboration reports a highly signi cant annual modulation effect,
the search for a diurnal modulation remains consistent with null results within the present
sensitivity [11]; see also later. In the following, both annual and diurnal results are
quanti ed in terms of dark atoms.

7.1. Annual Modulation

The DAMA/Nal and DAMA/LIBRA experiments have reported consistent evidence
for an annual modulation signal satisfying all the requirements of the model-independent
dark matter signature [8,9,100].

The expected counting rate for dark matter interactions in a detector should have a
cosine-like modulation:

S(t) = Sg+ Sypcosw(t  tg), (62)

where Sy is the constant component, Sy, is the modulation amplitude, w = 2p/T with
T = lyear,and ty * 2 June is the expected phase.

Let us consider the process in which a DM particle constituted by dark atom (O) is
captured either by Na or lodine nucleus in a Nal(Tl) detector:

O+%Na '2 Na+g’s
O+127| 1127 | 4 s (63)

The O particles become thermalized as they traverse the layers of rock above
an underground experiment, such as DAMA/LIBRA. As a result, their velocity is
approximately equal to the thermal velocity of the rock. If the g-rays produced in the
reactions of Equation (63) have energies around 1 6 keV, these dark matter particles
could account for the groundbreaking annual modulation result observed in DAMA/Nal
and DAMA/LIBRA.

The capture rate of Equation (63) can be written as:

S = e~9 (hv;si + hvysi)NT (64)
Mo

where rg is the density of O particles, with mass Mg, in proximity of the detectors, v; is the
relative velocity between O particle and ith nucleus (i = 1, 2 for Na and lodine, respectively),
and s; is the capture cross section of the process of Equation (63). As mentioned above, v; are
of the order of thermal velocities. However, since Mg is much higher than the nuclei masses,
vj are mainly the thermal velocities of the Na and lodine nuclei. The number of target Nt
is the same for Na and lodine nuclei: Nt = 4.015  10%* nuclei per kg of Nal(TI); nally, e
is the ef ciency to detect the g-rays produced in the reactions of Equation (63). Due to the
large mass of the DAMA/LIBRA detectors (approximately 9.7 kg each), we can assume
that low-energy g-rays are fully absorbed within the detector. Therefore, the only factor
that could play a role is the energy threshold, which is 1 keV for DAMA/LIBRA phase2.
For instance, if the g-ray energy is 3 keV, considering the energy resolution of the detectors,
we lose 1.7% of events due to the 1 keV threshold. However, for the purposes of this paper,
we assume thate = 1.
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As already discussed, the velocity of the O particles striking the top of the mountain
varies throughout the year because of Earth’s revolution around the Sun. This variation
leads to a different accumulation of O particles near the Nal(TI) detectors in the
underground laboratory. We can parameterize this effect as follows:

ro(t) = rd + Drocosw(t  to) (65)

where r% is the time-independent density, Drg is its modulation amplitude, w = ;Tp— with
T = 1year and tg is the phase of the annual modulation approximately equal to 2 June.
This justi es Equation (62).

The experimental modulation amplitudes, Sy, can be extracted by the data of
DAMA/Nal and DAMA/LIBRA, they are summarized in Figure 15. A clear modulation
is present in the lowest energy region, while Sy, values compatible with zero are present
just above. See ref. [9]. Speci cally, considering the energy range between 1 keV and 6 keV,
one obtains:

Sm = (6.95 0.45) 10 2counts/(day kg)

So < 0.5 counts/(day kg) (66)

where the rst value is obtained by integrating the modulation amplitudes of Figure 15
over the energy range from the energy threshold to 6 keV.

Figure 15. Modulation amplitudes, Sy, for the whole data sets: DAMA/Nal, DAMA/LIBRA phasel
and DAMA/LIBRA phase2 (total exposure: 2.86 ton  yr) above 2 keV; below 2 keV only the
DAMA/LIBRA phase2 exposure (1.53t yr) is available and used. The energy bin DE is 0.5 keV.
A clear modulation is present in the lowest energy region, while Sy, values compatible with zero are
present just above. See ref. [9].

The upper limit is instead derived from the unmodulated signal constraints provided
in ref. [106,107], where the following upper limits on the unmodulated signal are given:
<0.8 counts/(day kg keV)in1l 2 keV range, <0.24 counts/(day kg keV)in2 3 keV
range, <0.12 counts/(day kg keV)in 3 4 keV range. Thus, assuming a g-ray energy of
2.5 keV and including the energy resolution of the detectors, the most conservative limit is
obtained from the third energy range.

Finally, considering that the time dependence of the rate is given only by the density
parameter for the dark atoms model considered here, we can write:

Sm — Do _ 159, (67)
S() roo
This lower limit must be taken into account when selecting the range of the possible free
parameters of the model.
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In conclusion, the annual modulation results of DAMA/Nal and DAMA/LIBRA point
out the following value of the capture rate in the dark atoms model considered here:

?ﬂ—?(hvlsli+hv252i)=(2.00 013) 10 s L, (68)

7.2. Diurnal Modulation

While the annual modulation is driven by the Earth’s revolution, the Earth’s daily
rotation introduces a smaller diurnal modulation. The expected amplitude of this effect is
suppressed relative to the annual modulation by approximately a factor of *0.016 at the
Gran Sasso latitude [11,100].

The DAMA collaboration has released an analysis where the DAMA/LIBRA phasel
data set, corresponding to 1.04 ton  years of exposure, was analyzed in therms of diurnal
modulation in both solar and sidereal time [11]. The analysis searched for time-dependent
residuals in the counting rate of single-hit low-energy events. No signi cant diurnal
modulation was observed at the present sensitivity.

This null result is consistent with expectations, since the amplitude of the diurnal
modulation predicted from the observed annual modulation is below the sensitivity
of DAMA/LIBRA phasel. Thus, while the diurnal analysis provides an important
cross-check, the non-observation is not in con ict with the annual modulation result.

The laboratory velocity with respect to the Galactic frame v, (t) is the sum of
several contributions as detailed in Equation (33). Typical speeds are the Sun’s velocity
Vs = fWisr +¥ j 232kms 1, the Earth revolution velocity Viey = j¥revj 29.8 kms 1
and the rotational speed at the detector latitude vyot = j¥rot], that is, the rotational speed at
the equator (0.47 kms 1) reduced by cos j at latitude j.

The event rates expected in many models depend mainly on the magnitude of v, (t),
Viap(t) = jv1ap(t)j. Expanding to rst order in the small time-dependent velocities yields a
time-dependent modulation of the counting rate in a given energy bin k [11,100]:

S
ﬂﬂ | kb [ViewAmcosw(t tp) + Vit Ag cosWrot(t  t9)], (69)
an vg

Sk(t) ™ Sox +

where Sy is the constant component, An and Ay are geometry-dependent coef cients
(of order unity; A, 0.489, Ay  0.671 for typical Galactic parameters), w is the annual
angular frequency, wyot the sidereal daily frequency, and ty and ty are the corresponding
phases. As shown in Figure 4, the annual term produces the familiar 2 June maximum,
while the diurnal term has a sidereal-phase maximum near local sidereal time 14 h for
detectors at LNGS longitude (depending weakly on Galactic rotation speed vg).

Because both annual and diurnal amplitudes arise from the same velocity-derivative
term, their ratio is largely model-independent and depends chie y on the ratio of vy to
Vrey and on geometry factors:

Ry i » VrotAg
Y Sm VrevAm

0.0214cos j , (70)

where j is the laboratory latitude. For LNGS (J 7 42.45 ), this yields Rqy,  0.016. Thus,

if an annual modulation amplitude Sy, is observed, the expected diurnal amplitude Sy

can be estimated model-independently by multiplying by Rqy. Considering the full data

set DAMA/Nal, DAMA/LIBRA phasel and phase2, the annual modulation result in the

(2 6) keV window is Sy, * 0.00996 cpd/kg/keV [9], and the expected diurnal amplitude is
1.6 10 *cpd/kg/keV.
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0.03

To probe the diurnal variation, the data of DAMA/LIBRA considered in ref. [11]
(1.04 ton  years) were grouped in one-hour bins of either solar and sidereal time.
The residual rate for each hour bin is computed by subtracting the 24 h average rate
for that day (i.e., removing the daily mean) and then averaging over detectors, energy bins,
and annual cycles. These residuals are reported in Figure 16. By construction, the annual
modulation (with a period of one year) is largely washed out in this averaging, since
data collection is approximately uniform over the diurnal hours throughout the year; its
systematic contribution to the 24 h average is negligible (10 * of the daily mean).

“‘01;‘ > 0.01;—
E» ol m w hiﬁﬂ# 2 .,ﬁﬂjfl | EN
E'E—om T+ ‘ﬁﬁ» ‘%T T -f-g:'—n_.,_.,lz_‘f a H-H ‘H> ‘ﬁﬁ <H
DL A S

Figure 16. Experimental model-independent diurnal residual rate of the single-hit scintillation events
in the (2 6) keV energy interval for the data set considered in ref. [11] (1.04 ton

years) as a function
of the solar (left) and sidereal (right) hour.

The used data set of DAMA/LIBRA phasel found no statistically signi cant diurnal

variation in single-hit low-energy events in sidereal time. The achieved result can be
summarized as follows:

In the (2 6) keV energy interval binned with 1 h bins, the c? test returned a value
(c?/d.o.f. = 21.2/24) compatible with random uctuations, and the run test likewise
did not reject randomness.

A direct cosine t for sidereal time with xed phase at 14 h yielded AﬁXp = (1.0
1.3) 10 3 cpd/kg/keV, consistent with zero. Using the Feldman Cousins approach,
an upper limitof A7® 1.2 10 3 cpd/kg/keV (90% C.L.) was quoted.

The experimental uncertainty s(Ay) derived fromthe datais 1.3 10 3cpd/kg/keV,

consistent with theoretical sensitivity estimates given typical background rates and
exposure [100].

These results imply that the diurnal amplitude expected from the observed DAMA
annual amplitude result ( 1.6 10 “4cpd/kg/keV) is far below the detection threshold of
the considered data set, which could exclude diurnal amplitudes at the 10 2cpd/kg/keV
scale but not down tothe 10 4 level required by the model-independent expectation.
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This fact is con rmed by the simulation carried out using the stochastic Monte Carlo
method described in Section 5, as can be seen in Figure 17 which reports the results of
Monte Carlo simulation for the daily modulation of the residual count rate as a function of
solar time (left) and Greenwich Mean Sidereal Time (right).

Figure 17. Results of Monte Carlo simulation for the daily modulation of the residual count rate
as a function of solar time (left) and Greenwich Mean Sidereal Time (right). Error bars represent
the variance.

In conclusion, following the same procedure as in Equation (68) and considering that
the energy interval is DE = 4 keV, the results of diurnal modulation point out an upper
limit on the diurnal modulation amplitude of the counting rate in the considered model:

('jvl%(hvlsli+hv252i) 14 10 R 1 (71)

where drg is the diurnal modulation amplitude expected from the dark atom candidates
considered.

7.3. High-Energy Gamma Rays

As discussed above, dark atoms can generate high-energy gamma rays within the
Nal(TI) detectors through their interactions and subsequent bindings with lodine nuclei.
For simplicity, we assume that the bound states formed between dark atoms and lodine
nuclei emit gamma rays with energy Eg4 at a rate Rg. These gamma rays are detected by
the Nal(TI) detectors with an ef ciency h, resulting in S counts in the photo-peak at energy
Eg. Accordingly, the production rate of gamma rays can be expressed as:

S

Re = W,

(72)
where W is the total exposure and N; = 4.015 10%* is the number of lodine nuclei per
kilogram of detector material.

No anomalous gamma-ray emissions in the hundreds-to-thousands keV range have
been observed, allowing us to place constraints on the dark atom model. In this section, we
evaluate these constraints.

Also to this end, we refer only to the material published by the DAMA collaboration in
ref. [12], which reports a search for gamma-ray emissions in the 90 450 keV range using a
subset of the DAMA/Nal data (with a total exposure of W = 34,866 kg  day). The analysis
reported there [12] was aimed at identifying possible exotic processes involving 271 and
23Na nuclei. Table 8 lists, for each peak considered in ref. [12], the excluded peak area S
and the corresponding upper limits on the gamma-emission rate from lodine nuclei Rgy.
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Table 8. Limits of Rq evaluated from a set of DAMA/Nal data [12]. The limits are given at 90% C.L.

Eg (keV) Ef ciency Area of the Peak Ry
h S (10 s b
90.8 0.99 <3149 <2.63
236.1 0.89 <3418 <3.18
408.2 0.72 <3061 <3.52
441.1 0.60 <3009 <4.15
451.2 0.61 <2974 <4.03

Conservatively, therefore, one can conclude that the total gamma-emission rate in
the 790 500 keV energy regionisRg 4 10 3!'s 1 Itshould be emphasized that this
limit remains valid in the case of monochromatic gamma-ray emission from the binding
of dark atoms to lodine nuclei. In contrast, a wider gamma-ray energy distribution yields
substantially weaker limits, possibly reduced by orders of magnitude.

7.4. Summary on the DAMA Annual Modulation and Other Constraints

Finally, the results of DAMA/Nal and DAMA/LIBRA phasel,2 described in
Sections 7.1 7.3, can be summarized as follows. The annual modulation results point
out the following value of the modulation amplitude of the counting rate in the dark
atom model:

D . .
#(hvlsll+hvzszl)=(2.00 013) 10 3s ! (73)
(0]

with the upper limit on the unmodulated signal:

Sm _ Dro _ 439 (74)
S() r%

The results of diurnal modulation point out an upper limit on the diurnal modulation
amplitude of the counting rate in the dark atom model:
dro . . 2.1
—=(hvisii +hvpspi) 1.4 10 *°s -, (75)
Mo
and the total gamma-emission rate in the energy region of hundreds of keV to MeV is
Rg 4 10 s 1

8. Constraints of the Dark Atom Model Parameters Derived by Applying
DAMA Published Results as a Benchmark

It is necessary to determine the values of the parameter r , which de nes the position
of the nucleus of the substance Ry, = r + Rpyc + Rye at which repolarization of
the dark atom occurs and which satis es the physically justi ed range of values for
the position of nucleus of substance during repolarization of the dark atom of OHe:
85fm . Ry, - 18.5fm, de ned in Section 6.1 using Formula (36), and the values of
the O  particle spin for which low-energy bound states of OHe dark atoms with sodium
nuclei are formed in the energy range of 1 keV to 6 keV, satisfying the count rate constraints
of the DAMA experiment.

Numerical analysis using the quantum mechanical model of dark atom nucleus
interaction, developed for the speci c case of the XHe dark atom hypothesis (where the
electric charge of the X particleis 2), i.e., for the O-helium dark atom, including calculation
of the sodium nucleus radiative capture rate via Formula (60), demonstrates that within the
uncertainties of nuclear and atomic physics parameters, low-energy bound states of OHe
with sodium nuclei in the 1 keV to 6 keV range are formed and satisfy the DAMA/LIBRA
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count rate constraints (66) for the following parameters of the OHe-Na system and the

O  particle:

1. For parameterr = 12fmand O particle spin Ig = 3/2, a bound state of the
OHe dark atom with the Na nucleus is formed with energy level Eq 1.84 keV
and sodium nucleus radiative capture rate (sg° \, ) 3 10 %0 cm3/s.

Numerical calculation of the count rate using Formula (64) for this capture rate
yields values closely matching those required by the DAMA/Nal and DAMA/LIBRA
experimental results (66) for O  particle mass satisfying Mg 4.2 TeV. Speci cally,
for mass Mg = 4.2 TeV, the numerical calculation gives Ryymericat  0.498 + 3.21
10 2cos(w(t tg)) counts/(day+kg).

2. For parameterr =13fmand O particle spin | = 1, a bound state of the OHe
dark atom with the Na nucleus is formed with energy level Eg 2.38 keV and
sodium nucleus radiative capture rate (s§}2 \, u) 1.6 10 30 cm®/s. Numerical
calculation of the count rate (64) for this capture rate yields values closely matching
the DAMA/Nal and DAMA/ LIBRA experimental constraints (66) for O  particle
mass satisfying Mg 2.22 TeV. Speci cally, for mass Mg = 2.22 TeV, the numerical
calculation gives Ryymerical 0496 +3.19 10 2cos(w(t tp)) counts/(day+kg).

In the interaction of an iodine nucleus with an OHe dark atom foran O  particle
spin of Il = 1 or 3/2, the energy of the ground bound state OHe 1 is approximately
Eq, 1.07 MeV atr = 11 fm and Ey, 950 keV at r = 12 fm, while the energy of
the rst excited bound state OHe | is approximately Ep, 760 keV atr = 11 fm and
Eo, 690 keV atr = 12 fm. The calculation of the radiative capture rate of iodine into
the ground bound state OHe I,1; =1 ¥ |; = 0 using Formula (60) atr = 11 fm yields
(s§f2, u) 14 10 ¥em¥/sandatr =12fmyields (s} | u) 15 10 $cem¥/s.
The calculation of the radiative capture rate of iodine into the rst excited bound state
OHe I, I; = 0 ¥ Iy = 1, using Formula (61) at r = 11 fm yields (s3}! , u) 8
10 ¥ cm¥/sandatr =12 fmyields (s} , u) 7 10 32 cm3/s. Itis evident that the
radiative capture cross-sections of iodine are suppressed compared to the radiative capture
of the sodium nucleus.

Numerical calculation of the count rates for the obtained iodine radiative capture rates

using Formula (64) foran O  particle mass of Mg = 2 TeV gives a time-independent

signal amplitude of R13C .~ 15 10 3's Lforthel; =1 ¥ Iy = 0 transition and
ROAL i 7 10 %s lforthel; =0 ¥ Iy = 1transition. This satis es the constraint

from the DAMA/Nal and DAMA/LIBRA experiments on the total gamma-ray emission
rate in the energy range from hundreds of keV to MeV, which is Ry 4 10 %1
Consequently, if an excited bound state of OHe | is formed, the transition of the iodine
nucleus from the excited bound state to the ground bound state, emitting a photon with
energy DE; = B, By, 310 keVatr = 11fmor DE, = E; Ey, 260 keV at
r =12 fm, will also be suppressed.

In the future, for the most accurate and physically consistent description of the
interaction between a dark atom and a nucleus, it will be necessary to consider dark
atom models with an electric charge of the X particle greater than 2. Therefore, to
improve the accuracy of calculating the polarization dipole moments of the dark atom and
consequently to more precisely reconstruct the total effective interaction potential of XHe
with the nucleus and calculate the radiative capture cross-section, it is planned to re ne
the numerical quantum mechanical model by accounting for the non-point-like nature of
the interacting particles in the XHe nucleus system. Speci cally, it is essential to include
the distribution of electric charge and nucleons in the interacting nuclei, the deformation
of the nucleus, and its orientation relative to the dark atom when calculating nuclear and
electromagnetic potentials.
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9. Conclusions

This article provides a comprehensive description of the dark atom scenario as a viable
explanation for the phenomenon of dark matter and signs of its direct detection. The dark
atom model is built upon the existence of a stable, multi-charged X 2" particle that, in the
early Universe, forms neutral dark atoms by binding with n primordial “He nuclei via the
ordinary electromagnetic Coulomb force.

We consistently reviewed the theoretical underpinnings of this framework, beginning
with the possible origins of multi-charged stable particles in extensions of the Standard
Model, such as Walking Technicolor. The cosmological evolution of dark atoms was
described, focusing on the critical balance between baryon asymmetry and the X 2"
particle excess provided by sphaleron transitions, and the subsequent capture by helium
during Big Bang nucleosynthesis. This process sets important constraints on the mass and
charge of the X 2" particle and in uences the primordial abundances of light elements.

A central part of our analysis is dedicated to the phenomenology of dark atoms in
the context of DM direct detection experiments. A numerical Monte Carlo model was
developed to simulate the capture and propagation of dark atoms through the Earth,
accounting for terrain effects, thermalization, and diffusion toward the center of Earth. This
simulation also provides physical basis for investigating dark matter annual and diurnal
modulations signature in underground setups.

As a benchmark analysis, the model predictions were quantitatively compared with
the long-standing DAMA/Nal and DAMA/LIBRA observations. The dark atom model
naturally accommodates the robust annual modulation effect in the 1 6 keV energy range,
yielding a speci c relationship between the modulation amplitude and the dark atom
capture rate. Furthermore, the predicted diurnal modulation amplitude, suppressed by a
factor consistent with the Earth’s rotational velocity, remains below the current sensitivity of
DAMA, which is in agreement with their null result. Constraints from the non-observation
of high-energy gamma rays associated with the binding of dark atoms to iodine nuclei were
also evaluated and found to be compatible with the model for a wide range of parameters.

To address the key challenge of how a neutral, composite dark atom can interact
to produce a low-energy signal, we developed a quantum-mechanical description of
the bound-state formation between an OHe dark atom (n = 1) and nuclei (Na and 1).
By reconstructing the total effective interaction potential, which includes nuclear, Coulomb,
centrifugal, and Stark contributions, we demonstrated the existence of potential wells
capable of supporting bound states with binding energies in the keV range for sodium.
The calculated radiative capture cross-sections for sodium are larger than for iodine,
for which they are suppressed, offering a natural explanation for the target-material
dependence observed in direct detection experiments.

In summary, the dark atom model, here reviewed in various aspects and details,
provides a self-consistent and phenomenologically extensive framework able to account for
the published DAMA results on annual and diurnal modulation signatures and on some
energy spectrum behavior, as well as for absence of an annual modulation effect in detectors
based on heavy nuclei while remaining compatible with other constraints. The model’s
viability hinges on a speci c set of parameters related to the mass, charge, and spin of the
X 2" particle, as well as the nuclear physics features of the OHe nucleus system.

Future theoretical works should re ne the quantum mechanical calculations for higher
charges (n > 1), incorporate more realistic description of nuclear structures, and pursue
dedicated and comprehensive study of the open issues related to the dark atom scenario.
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