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Abstract A-Cold Dark Matter (ACDM) has been success-
ful at explaining the large-scale structures in the universe
but faces severe issues on smaller scales when compared
to observations. Introducing self-interactions between dark
matter particles claims to provide a solution to the small-scale
issues in the ACDM simulations while being consistent with
the observations at large scales. The existence of the energy
region in which these self-interactions between dark mat-
ter particles come close to saturating the S-wave unitarity
bound can result in the formation of dark matter bound states
called darkonium. In this scenario, all the low energy scat-
tering properties are determined by a single parameter, the
inverse scattering length y. In this work, we set bounds on
y by studying the impact of darkonium on the observations
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at direct detection experiments using data from CRESST-III
and XENONIT. The exclusion limits on y are then subse-
quently converted to exclusion limits on the self-interaction
cross-section and compared with the constraints from astro-
physics and N-body simulations.

1 Introduction

Various observational evidence shows the ubiquitous pres-
ence of dark matter (DM) that makes up for around 26.4% of
the mass-energy content of the universe [1-3]. Several theo-
retical motivations suggest it to be composed of fundamental
particles (denoted by x), the hunt for which has been going
on for many decades in direct detection and indirect detection
experiments, as well as in colliders.

The ACDM model of the universe is frequently consid-
ered as the standard model of Big Bang cosmology, where
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DM is considered to be cold and collisionless. Earlier numer-
ical simulations performed under the ACDM paradigm with-
out ordinary matter showed remarkable agreement with the
observational surveys on large-scale structures [4,5]. How-
ever, the model faces challenges on small scales, such as
the cusp-core problem, the diversity problem, the too-big-to-
fail problem, etc. [6-9] which have motivated to consider
a refinement of the model. It has been shown that intro-
ducing the effect of baryonic feedback or self-interactions
between DM particles provides a solution to the small-scale
issues with ACDM [10]. The observations require low self-
interaction cross-sections at relativistic velocities (on cluster
scales) and increased ones at lower velocities (on smaller
scales) to account for the observed structures at both scales,
implying a velocity-dependence of the self-interaction cross-
section [11,12].

InRef. [13], it is assumed that there exists a velocity range
in which these strong self-interactions between the DM par-
ticles come close to saturating the S-wave unitarity bound. In
this case, all the low energy scattering properties are depen-
dent on one single parameter, i.e., the large scattering length
a, or equivalently the small inverse scattering length y. This
assumption requires the existence of an S-wave resonance
near the scattering threshold. And, in the case where the res-
onance is below the scattering threshold, DM can exist as a
bound state of two particles y, called darkonium (D) with
twice the mass m, where the binding energy of the bound
state also depends on y. The scattering properties of darko-
nium are also dependent on y. Reference [14] shows that the
existence of darkonium would thus impart a different recoil
energy spectrum at direct detection experiments compared
to the scattering of a single DM particle. The difference can
be understood as arising from the extended structure of the
incoming particles and the difference in their number density
in the solar neighborhood. The reader is referred to [13—15]
for more details on the given model. We assume that the dark-
onium formed late in the universe, i.€., at lower redshifts, and
thus, the DM relic density consists of darkonium bound states
only, and contributions from single y can be neglected.

In this work, we explore the impact of darkonium on the
expected recoil spectrum and present the direct detection
results on the given theoretical model of the self-interacting
dark matter (SIDM), using recent data from CRESST-III [16]
and from XENONIT [17]. In Sect. 2, we discuss the expected
recoil spectrum of darkonium as given in Ref. [14] and calcu-
late the spectra for CaWO4 and Xe. The details of the frame-
work used to calculate the physics results are discussed in
Sect. 3. These results are presented and discussed in Sect. 4.

@ Springer

2 Expected darkonium recoil spectrum

The elastic self-scattering cross-section o, of the DM par-
ticles that forms the darkonium has a simple dependence on
the relative momentum k between the DM particles [14]:

87 0
Ovy_ = ———
AT 242

with k = m, v/2, where v is the relative velocities between
the two DM particles. Here, we assume that the constituents
of darkonium are indistinguishable bosons. If the two con-
stituents are distinguishable fermions, the numerator would
be 47 [13].

It is argued in Ref. [14] that the interaction of darkonium
with the detector nuclei can result in two possible final states:
one being the darkonium interacts elastically with the detec-
tor nucleus and remains intact after the collision (elastic scat-
tering scenario), and the second being the bound state breaks
apart due to the interaction with the nucleus (break-up sce-
nario). The differential scattering rate expression for both
scenarios can be found in Ref. [14].

The darkonium elastic self-scattering cross-section op_p
has a more complicated dependence on the relative momen-
tum kp between the darkonium bound states. For kp less
than or comparable to |y |, it can be approximated by:

8w

— (2)
vE + k3

Op-p ~
where yp is the darkonium inverse scattering length. If the
SIDM particles are spin-% fermions, yp = 0.6y. For identi-
cal bosons, |yp| is almost always greater than y /3, although
it could be much smaller if y is near the critical values for
which there is a four-boson bound state at the two-darkonium
threshold [14]. The numerator in this scenario remains 87 as
the darkonium would be a boson irrespective of the nature of
a single DM particle. For kp much larger than |y |, the elastic
cross section is much smaller than the inclusive cross section
(elastic + break-up). The inclusive cross-section is approxi-
mately 40, _, evaluated atk = kp /2 because the darkonium
is a loosely bound state of the two DM particles, and either
constituent of one darkonium can scatter from either con-
stituent of the other [18].

As mentioned above, in this framework darkonium only
formed at very low redshifts, so the small scale issues are in
practice addressed by elastic scatterings that happen between
two free DM particles. Consequently, we neglect the impact
of darkonium self-interactions and focus solely on the first-
order self-interactions among DM particles for further cal-
culation.

In Fig. 1, we show the calculated expected nuclear recoil
spectrum for two different DM masses of m , = 1.0 and 100.0
GeV/c?. For the lower DM mass (1.0 GeV/c?), the spectra
are calculated in counts per kg-day-keV and for scattering off



Eur. Phys. J. C (2024) 84:1170

Page30of 7 1170

CaWO,
250000 my=1.0 GeV, opy-sm = 10~2pb
—--- DM Particle (my)
—— Darkonium Elastic
. 2000001l —— Darkonium Breakup
|
s \
g \
¢ 1500001t
> 1
© 1
° |
& \
< 1000007 1
8 \
& \
\
)

50000

0

0.00 0.05 0.10 0.15 0.20 0.25

Recoil Energy (keV)

Fig. 1 Expected recoil spectrum for DM particle scattering (red
dashed), darkonium elastic scattering (blue solid), darkonium break-
up (green solid) and darkonium total scattering (dark blue solid) on
CaWOq nuclei (left) and Xe nuclei (right). The reference cross-section
istaken as o, _gy = 1072 pbform, =1.0 GeV/c2 (left) and oy sy =

CaWOyq4 nuclei, as this is the material CRESST used in order
to set the most stringent spin-independent exclusion limits
on the DM-nucleus scattering cross-section at this DM mass
[16]. For the higher DM mass (100.0 GeV/c?), the spectra
are calculated in counts per tonne-year-keV for scattering off
Xe nuclei, as liquid noble gas experiments take the lead for
said mass [17,19,20].

The nuclear and astrophysical parameters required to cal-
culate the spectra are the same as those used to calculate
the results in Ref. [16]. For each mass, the spin-independent
DM-nucleon scattering cross-section (o —sp) used to calcu-
late the spectra is just below or at the current exclusion limit
for said mass. The value of y is calculated for both masses
based on the same description used in Ref. [14], i.e. using
Ox—yx/Mmy =1 cm?/g at v = 10 km/s, and solving Eq. 1.
This value of o, _, /m is the typical cross-section required
at the dwarf-scale velocities in order to solve the small-scale
structure problem in ACDM. The impact of varying y on the
nuclear recoil spectrum can be found in Ref. [21].

As already argued in Ref. [14], the break-up scenario is
suppressed for lower DM masses, which can be seen in the
expected spectrum in Fig. 1. In the cases considered, the
break-up scenario only contributes to the expected rate for the
100.0 GeV/c? DM mass and is negligible for the 1.0 GeV/c?
DM mass. Thus, for higher DM masses, the contributions of
both the break-up scenario and elastic scattering have to be
considered when calculating the total scattering spectrum. As
demonstrated in Ref. [14], the shape of the resulting darko-
nium recoil spectrum, for both mass regimes, closely resem-

bles that of a standard dark matter particle scattering sce-
nario with an enhanced cross-section. However, this degen-
eracy can be resolved through the inclusion of data from other
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10719 pb for m x =100.0 GeV/ c? (right). The total scattering scenario
is only shown for the 100.0 GeV/c? case, since for 1.0 GeV/ c2, it is
equivalent to the elastic scattering rate because the break-up scenario is
suppressed

experiments or with sufficiently high statistics, as discussed
in Ref. [14].

3 Likelihood framework

In the standard scenario of the DM particle scattering off the
detector nucleus, the scattering rate depends on two unknown
DM parameters, the DM particle mass (m) and the spin-
independent scattering cross-section of the DM particle with
the detector nucleon (o, _gp). The functional form of the
expected recoil spectrum of the darkonium scattering shows
that the spectrum depends on another unknown parameter,
y [14]. Thus, in total, there are three unknown parameters
for this scenario, o, _sy, ¥ and u%, where u% is the reduced
DM-nucleus mass. These three parameters are shown in Eq. 3
for the elastic scattering scenario:

<d(0v)> _ 2ma moy—suA’Fy(q)
dER J g2 TV I

2
. ‘4—)/tan1 <i>‘ OWw—q/212), (3)
q 4y

where the details of the different parameters can be found
in Ref. [14]. In order to calculate the exclusion limits in the
standard scenario for different m , using the profile likelihood
framework, m, is fixed, and the value of the parameter of
interest (POI), i.e. o, _gp, which fits the data best is found.
This is then compared to the fit of the POI that gives the
desired confidence level, using the likelihood ratio and the
defined one-sided test statistic. The method is described well
in Ref. [22]. However, this approach cannot directly be used
in the darkonium scattering scenario as we have another POL.
We use a different method to simplify and easily visualize the
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results. The DM mass m , is initially fixed to a particular value
so that we are left with two parameters, one of which we can
set a limit on. Now, a similar calculation can be performed by
choosing different values of o, _ gy and fitting the spectrum
to set the exclusion limits on the values of y. The likelihood
ratio in this approach takes the form:

_ L Vexcls éb) _ Loxel
L (Vbest Op) Loest

A(y) “)

where 6, describes all the nuisance parameters of the back-
ground with a fixed Y. that gives the desired confidence
level, and éb describes all the nuisance parameters of the
background which fit the data best with y,; set free, for the
probed o, _sy (with a fixed m ). Following this approach
gives the exclusion limits in the y vs. oy_gsy plane for
that particular fixed mass m . This calculation can then be
performed for various masses, and exclusion limits can be
extracted for each m, .

We conduct calculations across four distinct DM masses
my, € {0.5,1.0,10.0, 100.0} GeV/c2. The data used com-
prises the first results from the CRESST-III DM search [16]
form, =0.5and 1.0 GeV/c?, and findings from XENONI1T
[17] for m, =10.0 and 100.0 GeV/c2. In Ref. [21], the cal-
culations are shown for all four masses with only CRESST
data. For each mass, we determine the minimum value of
o, —sm that the detector is sensitive to as the smallest probed
0y —sMestablishing exclusion limits on y. Subsequently, we
derive further exclusion limits by incrementing o, _ 5.

For the light mass regime, an unbinned likelihood function
is constructed by fitting the data in the light yield vs. recoil
energy plane. Detailed information on the empirical form of
the likelihood function, including background modeling and
the treatment of nuisance parameters, can be found in Ref.
[23]. The raw data analysis, which includes data quality cuts
and cut efficiency calculations that also account for detector
dead time, finite resolution, and threshold effects, follows the
procedure outlined in Ref. [16]. For the heavy mass regime,
a Poissonian binned likelihood approach is employed, with
the data, background model, bin width, and energy region of
interest as recommended by XENONIT in Ref. [17]. In the
XENONIT analysis, the nuisance parameters considered are
limited to astrophysical and nuclear physics uncertainties.

4 Results and conclusions

The 90% confidence level upper limits on y are plotted
in Fig. 2 for four different DM particle masses. It can be
seen that the limits decrease with increasing value of oy _ sy
as lowering y scales down the spectrum. Thus, increased
oy—sm is accommodated by lowering y to fit the observed
spectrum.

@ Springer
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Fig. 2 The 90% upper exclusion limits on the inverse scattering length
y with respect to the dark matter particle-nucleon scattering cross-
section, oy _gsy for my = 0.5, 1.0, 10.0 and 100.0 GeV/c?, using the
data from the first results of the CRESST-III DM search [16] for m, =
0.5 and 1.0 GeV/c?, and from XENONIT [17] for m, =10.0and 100.0
GeV/c?

The upper exclusion limits on the value of y can be con-
verted into lower exclusion limits on the o, _, using Eq. 1.
Since the constraints from astrophysics and N-body simula-
tions are on the value of oy _, /m, the exclusion limits are
translated to o, _, /m, and converted to cm?/g.

Ascanbe seeninEq. 1, the value of oy, /m  depends not
only on y but also on the relative momentum between the DM
particles. This opens up the ability to compare the exclusion
to astrophysical observations at both the small-scale, with
the typical velocities of &'(10) km/s, and the cluster scales,
with the typical velocities of &'(1000) km/s. This velocity v
should not be confused with the velocity v in Eq. 3. The for-
mer represents the relative velocity between the DM particles
when the bound state is formed, whereas the latter represents
the velocity of the bound states in the Milky Way with respect
to the Earth.

The exclusion limits on y in Fig. 2 are calculated for
the elastic scattering scenario only using m, = 0.5, 1.0 and
10.0 GeV/c?, and the break-up scenario is neglected. For
my, = 100.0 GeV/c?, the calculation is done considering
the total scattering scenario, including the break-up of the
darkonium state. The exclusion limits on oy, /m, shown
in Fig. 3, are calculated using a velocity of v = 30 km/s
to compare them with the current constraints on small-scale
structures from the astrophysical observations and simula-
tions at o, _,/m, = (0.1-50) cm?/g [24,25]. For com-
parison with the current constraints from cluster mergers at
Oy—y/Mmy <1.25 cm2/g, the exclusion limits are calculated
atv = 2000 km/s [11,26]. As our predicted constraints return
the estimate for oy, /m,, it is possible to match the astro-
physical observations and our exclusion limits.
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Fig. 3 90% lower exclusion limits on the self-interaction cross-section
0y —y/m, of DM particles at typical velocities v for different dark mat-
ter particle-nucleon scattering cross-sections o gy calculated with the
data from first results of the CRESST-III DM search [16] for m, = 0.5
and 1.0 GeV/c2, and from XENONIT [17] for m, =10.0 and 100.0
GeV/c?. The shaded area shows the excluded region for each mass at
both velocity scales. The exclusion limits are compared with the pre-
ferred region of interest (ROI) for o, _, /m, (green band). This ROI

We calculate exclusion limits for y — x self-interactions
only, while disregarding interactions between darkonium
particles (see Sect.2). Using the relation between y and
op-p (Eq. 2) we convert the constraint on op_ p from small-
scale structures and merging clusters to constraints on oy .
The direct detection exclusion limits on o, _, /m, for both
the velocity scales are shown in Fig. 3, and the correspond-
ing excluded regions are at the left (lower o, _, /m ) of the
exclusion limit for the given mass. The region of interest
(in green) for both limits from astrophysical observations is
depicted with faded boundaries, acknowledging the different
composition (fermions or bosons) of the darkonium-bound
state.

For light DM particles (m, = 0.5 and 1 GeV/c?), the
0y —y /My region of interest (ROI) is completely excluded at
both velocity scales (the yellow and brown shaded regions)
for the probed oy _gp. This is due to the darkonium form
factor (Eq. 11 in [14]), where the exchanged momentum g for
lighter DM particles becomes comparable to y, causing the
form factor to approach its asymptotic value of 1. This means
that if DM exists as darkonium, as proposed by [14], with
04—y /my in the ROI and a mass of 0.5 or 1.0 GeV/c?, the
effect of darkonium’s internal structure on the recoil energy
spectrum at CRESST cannot be observed for these masses.
Therefore, the internal structure of darkonium can only be
explored for heavier DM particles.

It can also be seen that there exists a lower limit to the
sensitivity to oy _, /m, for any given mass as the exclusion
limits remain constant at higher o, _ g3 values. For example
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comes from the constraints from astrophysics and N-body simulation
at small-scales with v = 30 km/s (left) [24,25] and at cluster scales
with v = 2000 km/s (right) [11,26-28]. The faded boundaries of the
ROI acknowledge the potential influence of darkonium-darkonium self-
interaction on the cross-section, which has not been considered in the
calculation of the exclusion limits. The fade extends the cross-section
boundaries to 40, _, /m, (See Sect. 2 for a detailed discussion)

at 100 GeV/c?, oy /my > 2.2 cm?/g cannot be probed at
v = 30 km/s. This occurs as an increasing o, sy decreases
the value of y (Fig. 2), and for very small values of y where
y L k,o0y_y/m, depends only on k (Eq. 1), which is con-
stant for a given v and m,, . For cluster scale velocities, the
limits are seen to be almost constant for all the o, _ g7 probed
due to the large value of k, whereas at small-scale velocities,
this is seen only for high o, _g) where y is small enough.
Thus, probing higher o, _gpy cross-sections does not gain
any sensitivity and only lower oy gy will allow us to probe
more parameter space.

In this study, we establish the first 90% confidence level
direct detection exclusion limits on the self-interaction cross-
section of dark matter (DM) particles in universal bound
states, as suggested by Laha and Braaten in Ref. [14]. The
limits are calculated for darkonium scattering off detector
nuclei for m, € {0.5, 1.0, 10.0, 100.0} GeV/c?, using data
from CRESST-IIT and XENONIT. These exclusion limits
are expressed in terms of the inverse scattering length and
converted to the self-interaction cross-section using Eq. 1,
which accounts for the relative momentum between DM
particles. This approach allows for the comparison of the
self-interactions across various velocity scales, facilitating
direct juxtaposition with astrophysical observations and N-
body simulation constraints. For low-mass DM particles, our
results exclude the self-interaction cross-sections necessary
to resolve the small-scale structure problems and limits per-
mitted by cluster merger observations, though these findings
are constrained by the current sensitivity of DM-nucleus scat-
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tering cross-sections. Further exploration of lower SM-DM
cross-sections could also potentially reveal the required self-
interactions. The analysis was performed for a limited set of
masses representing key regions of interest in DM searches,
chosen to balance clarity with interpretability. Although addi-
tional mass points could also be calculated the current results
also serve as a proof of principle.
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