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Abstract

We present a novel indirect method to search for thermal dark matter particles that scatter with nuclei
and annihilate into neutrinos, by modelling how this type of dark matter could be captured by the Sun,
the Earth and Jupiter, and generate detectable neutrino fluxes. By comparing these with data from
Super Kamiokande and projections from DUNE we set 95% confidence limits on the velocity-averaged
annihilation cross-section, which is found to be orders of magnitude smaller than the natural scale for
thermal relics. Consequently, we are able to exclude this type of dark matter with masses between 0.01
and 1 GeV and scattering cross-sections of 107! to 1072 c¢cm?, and demonstrate the viability of this
method.



1 Introduction

A plethora of cosmological measurements have established that only ~ 20% of the cold matter in the
Universe is baryonic [1, 2, 3]. Despite a range of modified theories of gravity trying to explain this phe-
nomena, none are fully consistent with the data. This suggests that the explanation does not rely on
a modification of gravity, but instead, could be ascribed to a non-luminous elusive particle, that hardly
ever interacts with standard model (SM) matter. This is generally known as dark matter (DM), and
its existence could also contribute to solving apparently unrelated issues in particle physics, such as the
hierarchy problem, as most theories devised to explain it also tend to predict new particles. A common
denominator between all of these particles is the weak coupling between them and the SM, and they are

all included in the umbrella term weakly interactive massive particles (WIMPs).

The search for WIMPs, which has been so far unsuccessful, has spanned over fifty years and has put sev-
eral bounds on the possible mass and cross-section of this type of DM. The searches can be generally split
in direct detection experiments, which hope to detect the nuclear recoils produced by DM interactions,
or indirect detection experiments, that try to find the products a thermally-produced DM particle would
annihilate into. For these searches, there is a predicted cosmological value for the DM velocity-averaged
annihilation cross-section, (04,v) s ~ 10726 cm3s™! [4], which can be derived by considering the chemical
freeze-out this DM would experience in the Early Universe, and is commonly called the natural scale for
thermal relics [5]. Nevertheless, direct and indirect detection approaches face challenges that limit their
discovery potential. For instance, in direct detection experiments, detectors work with energy thresholds
of a few GeV, and rely on the as-yet to be measured' Migdal effect [7]. Furthermore, if the interaction
cross-section between DM and SM particles is high enough, the Earth itself would shield the underground
experiments from high energy DM particles, as they would scatter and lose energy before reaching the
detectors. In indirect detection searches the challenges are more varied, since thermally-produced DM
could interact with any SM fermion. The most difficult channel to explore is the neutrino channel, for
which the constraints are still a few orders of magnitude away from the natural scale annihilation cross-

section (o4,v)Ns [8, 9, 10].

In this report, we propose a new indirect method to set bounds on the annihilation cross-section, for the
parameter space where detectors experience Earth shielding effects. This will be done by first simulating
how DM is gravitationally captured by our planet, due to the loss of velocity through nuclear scatters, and
then setting bounds in its annihilation cross-section by modelling the flux captured DM particles would
generate, if they annihilated into neutrinos. Then, by comparing our predictions with measurements from
Super-Kamiokande (SK) and projections from DUNE, we hope to set more stringent constraints than the

other current methods.

To focus on the range in which Earth shielding limits the results from direct detection experiments, we

! Although the Migdal effect, also known as electron shakeoff, has not been measured in nuclear scatterings, it has been

observed in nuclear decays [6].



select candidates with a scattering cross-section o, between 10725 and 1073! cm?, and masses my be-
tween 0.01 and 10 GeV. This region, together with the current bounds from different experiments, are
also displayed in Fig. 1. In addition, we will extend our method to also include Jupiter and the Sun,
bigger bodies that will capture more DM and thus produce bigger theoretical neutrino fluxes, although
these will be weaker due to the large distances between production and detection. Nevertheless, they will

also allow us to explore a bigger part of the parameter space.

In the following sections, we will first describe how the capture of DM has been modeled and how different
factors, such as evaporation or annihilation, have been taken into account. After this discussion we will
present how the analysis to set bounds on the annihilation cross-section has been done by using SK data
in Section II, and DUNE projections in Section III. In Section IV we present and discuss our results, and

we suggest the directions to go with future research and conclude this report in Section V.
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Figure 1: Parameter space for spin independent WIMPs search with excluded regions from experiments
including the XQC rocket [11], the CMB SIMP analysis [12], the CRESST-III surface experiment [13], the
Xenon with and without considering the Migdal effect [14, 15], the DarkSide 50 collaboration [16], and
the Pico-60 bubble chamber [17]. We also include the so-called neutrino floor [18]. The grey highlighted

region is the selected parameter space for this work.

2 Theory

In this report, we assume that the population of bounded DM in celestial bodies is affected by three main
processes. Firstly, the gravitational capture of the halo DM, characterized by the capture rate C and the
DM particle flux F. Secondly, the annihilation of the DM into neutrinos, denoted by I, the fractional
annihilation rate. Finally, the evaporation of the thermalized DM particles, depicted by the fractional



evaporation rate £. We will explore each of these effects in this order in the following subsections, but it

is useful to note beforehand that the number of DM particles inside the bodies N, was derived to be

dN
—E=FC-N(E+IN). (1)

If the capture, evaporation and annihilation rates are assumed to be time-independent Eq. 1 has an

analytical solution which we derived, and has the form of,

1 min min 3
Ny (t) = b [teq tanh (tg" (K + 1)) — 2] : (2)
K= %arctanh < iin> , (3)
i 2t

where K is determined with the initial boundary condition N, (0) = 0, and tg}fn =/E? +4IF,C/2 is the
timescale of this process. Another key timescale to consider is the diffusion timescale, which is defined as
the time DM particles take to reach the equilibrium position inside the astronomical objects. This can

be estimated as [19]: ,

b = M’ (4)

Uth
where Az is the radius of the diffusive zone, in our case, the radius of the astronomical object, ngys is
the number density of SM nuclei in the zone, vy, = /8T (r)/mm,, is the thermal velocity, and o, 4 is
the cross-section between DM particles and nuclei, defined in Eq. 8. See the following subsections for
discussion on the importance of this timescale.
Furthermore, since we are interested in knowing the expected neutrino flux from DM annihilation, it is
worth bearing in mind that this is given by
F,, = IiNi (5)
" 4rRY’

where F),, is the expected flux and R is the distance to the detector.

2.1 Capture

According to the Standard Halo Model (SHM), the velocity distribution of DM particles in our galaxy is
given by a Maxwell-Boltzmann distribution, with a cut-off v.y; at the escape velocity of the Milky Way,

Uy — (U 2
F(v) o exp (—‘”') 6 (teus — vy — (1)) ©)

2
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with common values in the literature of vey = 544 km/s , (vy) = 220 km/s, and o, = (v,)/v/2 [20, 21].
Furthermore, this DM distribution intersects with celestial bodies with a flux density of DM particles,
determined by the density of the halo, p,, its mean speed -in the reference frame of the body-, and the
mass of the DM particles. This can be expressed as [19]
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where vegc is the escape velocity of the celestial body, the term in square brackets comes from an enhance-
ment of the flux due to gravitational focusing effects, and p, = 0.3 GeV ¢™2 cm™ from the literature
[21].

Because of the coupling between DM and nucleons, the DM flux will interact with the nuclei in the celes-
tial bodies. To model this and go from DM-nucleon cross-section to DM-nucleus cross-section we employ
the Born approximation, under the assumption that this interaction is spin and velocity independent and

that DM is equally coupled to all nucleons [22]. The approximation is given by

Oya=A° (%)20)@ (8)

where () is the reduced mass of DM with 2. We bound this cross-section to the geometric cross-section

of the nuclei, by taking o, a4 = min(o,_4,477%), where r3; ~ (1.2fm)A/3.

When DM from the halo scatters with this cross-section through celestial bodies, the velocity distri-
bution is shifted to lower speeds, and a fraction of DM becomes graviationally bound to the object, since
its velocity is smaller than the escape velocity. For the DM in our parameter space, we expect this frac-
tion to be close to unity. This is checked by using Verne [23], and was discussed with more details in the

Semester 1 report.

2.1.1 Loss by reflection

Despite the fact that all the DM in our parameter space would be captured in the three bodies of our
study, an important part of the flux will be lost by reflection. This effect arises naturally from considering
DM particles with a mass smaller or of the order of the mass of SM nuclei present in the astronomical
objects since in this case the scattering will be isotropic. As a consequence of the large angles of scattering,
some particles will not scatter towards the bodies, and thus will not become bound. We can model this
effect by considering a reflection coefficient f,.r, which can be analytically computed by considering the
total number of scatters required for capture N4, or equivalently the mean fractional energy lost per
scatter (3 [24],

2 2 1 Vesc
Jres = Nl \/77 log (1 - 25) /log < o > (9)

We can express 8 = 4dmymgnr/(my + msar)?, where mgys is the target nucleus mass. Although the
formula is a good approximation for DM particles lighter than 0.1 GeV, it breaks down for heavier
particles, when compared to Monte Carlo simulations. This was discussed in the previous report, and
the findings are confirmed by recent publications [25]. As a consequence, we decide to employ the results
from Monte Carlo simulations, in particular from a modified version of the code DaMaSCUS [26]. It is
important to note that neither DaMaSCUS nor the analytical formula were used for the calculations of
the Sun, and the f,..; was set to 1. In essence, we assume there is no reflection, as the mean velocity of

the DM halo is already smaller than the escape velocity of the Sun.



2.2 Modelling of celestial bodies

For the implementation of DaMaSCUS and the calculations for evaporation and annihilation rates in
the following subsections it is crucial to have a precise model for the density and temperature profiles of
the three celestial bodies, as well as their composition.

For this purpose we use the PREM model [27] for the density of the interior of the Earth, and convert it
to temperature using the melting curve of iron [28]. Additionally, we add the effects of the atmosphere
using the data from the ISO model [29]. For the composition, we distinguish between atmosphere, crust,
mantle and inner core, which are dominated by nitrogen, oxygen and iron respectively. For the Sun, we
fit the data from Ref. [30] to a third degree polynomial, and take its composition to be 75% hydrogen and
25% helium. Similarly, we also fit a polynomial to find the density and temperature profiles for Jupiter,
using data provided by Ref. [31]. In terms of composition, we distinguish between an outer and an inner

envelope, using different percentages for hydrogen and helium, similar to those used for the Sun.

2.3 Annihilation

We model the DM annihilation rate into neutrinos with [32],

1

4 (B R
= drr%i(va)am = 8\/§7m[m/ Ty vy 2dr, (10)

NXO 0

where n, (7y) is the DM (normalized) number density inside the body, vy, is the velocity of the thermalized
DM particles, and (v0) gy, is the velocity-averaged annihilation cross-section. To go from the first to the
second equality, we have assumed S-wave annihilation (i.e. annihilation cross-section independent of the
velocity), which will be the case throughout the report. A large number of bounds has been set on (vo)ann
[8, 10, 9], but most of them are still far from the natural scale for thermal relics, and consequently they

have not been excluded.

2.4 Evaporation

Captured DM particles will proceed to thermalize and diffuse through the hosting celestial body, and
this will cause some of them to gain enough energy to escape the gravitational potential. This effect can
be predominant for a large portion of the parameter space, depleting the celestial bodies and making
the neutrino flux vanish. For this reason, a proper understanding of it is crucial to make significant and
precise bounds on the annihilation cross-section.

The fractional evaporation rate is given by the Jeans formula [24],

where F,g is defined using the radius of last scattering surface Rjss and the thermal velocity vy,

2
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To find Ry, we solve [33]:

1:/ dr oy.ana. (13)
A

Rlss
As a result of this treatment, knowing the number density distribution of the DM inside the astronomical
objects is crucial to find an accurate estimate for the evaporation rate. To find these profiles, we employ
the framework developped by Ref. [19],
Vn, VT myg F\ R?

1) —— — 14
Ny +(k )T + T Ny Dyr?’ (14)

where kK ~ —%(1 + 7"rLX/TrL51\4)_3/2 and D, ~ Avy, are diffusion coefficients, and A is the mean free path of
the DM particles. The left hand side of the equation appears from considering Hydrostatic equilibrium
inside the body, as well as assuming DM behaves similarly to an ideal gas. On the other side, the source
term arises from the contribution of DM particles that have yet to reach their equilibrium position inside
the body. Last semester this right hand side term was dismissed, and the equation was solved using an
Runge-Kutta 4 (RK4) routine and normalized using the total number of captured particles. This was a
good approximation for Earth in our parameter space, but it no longer works when exploring Jupiter and
the Sun. As a consequence, we develop a new method to find a suitable solution: we solve Eq. 14 using

an RK4 routine, and we normalize it by using the integrating factor, P,

P =T""exp (/ mj’fgdr) : (15)

and the constraint that the volume integral of the number density provides the total number of bound
DM particles [19]

R
N, = 477/ r¥n,dr. (16)
0
Putting this together, we write the final and normalized solution, n,(r),
N C
nX(r) = nX(r) + P(T), (17)

where n,(r)* is the unnormalized solution from the RK4 routine, and C' is a normalization constant de-
termined by the constraining equation. It is important to note that this method has a numerical precision
constraint that becomes a problem when N, is small. In this cases, C' can not be found to the required

precision, and the normalized population takes negatives values in some points.

We plot how including and dismissing the source term affects the DM distribution in Fig. 2. As previously
mentioned, the results are not different for most of our parameter space in the Earth, but this is not the
case for Jupiter and the Sun, where the non-equilibrium DM is significant (due to the large amounts
of overall capture). In these bodies, the inclusion of the non-equilibrium DM dramatically flattens the
distribution at the surface for masses higher than ~ 4 GeV, where the Rjs lies, and consequently has a
significant effect when calculating £. A discrepancy between the two solutions is also observed in the small

mass range, where DM tends to distribute homogeneously through the object. This discrepancy is not



in the shape of the distributed profile, but on the overall quantity. It is then clear that non-equilibrium
DM is significant in the Sun, where large amounts of capture make the non-equilibrium solution (the one

with source term) increase the overall population significantly,as opposed to for the Earth or Jupiter.

ny [m=3]

1023

1020

1017

1014

1011

108

10°

Earth ny distribution for different masses

0.01 GeV
0.1 GeV
1 GeV

4 GeV

6 GeV

10 GeV

—— Source term

== No source term
1 1 1

0.0

0.2

0.4 0.6 0.8
1/Re

1.0

1023

1020

1017

1014

ny [m=3]

1011

108

10°

Jupiter ny distribution for different masses

—— Source term

== No source term
L

0.0

Sun ny distribution for different masses

10%

1020

1017

1014

ny [m=3]

1011

108

— 6 GeV \ \ = Source term
10 GeV \ \\ == No source term
105 1 \ L N 1 L
0.0 0.2 0.4 0.6 0.8 1.0
1/Ro
(c)

0.8 1.0

Figure 2: Comparison between DM distributions inside a) Earth, b) Jupiter and c) the Sun with and
without including non-equilibrium DM particles. Both solutions converge for masses of the order of 1
GeV, but differ dramatically at the higher masses. A small discrepancy is also observed for small masses
in the Sun and Jupiter, see the text for dicussion of this effect. Finally, note that the gradient of density
and temperature between the crust and the mantle of the Earth generates the bump seen in Sub-figure
a) at ~ 0.55 the radius of the Earth.



2.5 Time-dependent Evaporation and Annihilation

Owing to the addition of the source term in Eq. 14, the profiles n, become time-dependent, since the
normalization condition relies on N, (t). Consequently, if the profiles differ significantly, the evaporation
and annihilation rates may not be constant throughout the age of the celestial object. We plot how
DM number density profiles change between different times in Fig. 3, where we see that the change is
greater the heavier the DM particles are. However, we know that the evaporation rate also diminishes

with increasing DM mass. Thus, a change in profile is not significant for these regions.
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Figure 3: Normalized population distributions along the radius of the Sun for different times (in factors
of diffusion timescales) for a benchmark cross-section of 1073 cm? and a mass of a) 0.01 GeV and b) 10
GeV. Similar behaviours are observed for the Earth and Jupiter, where the profiles also change more the

higher the mass.

There may be an intermediate region where the change in profile is not that significant, but £ is, and thus
greatly alters the population. To completely explore this effect, we plot the ratio of evaporation rates at
present time and the earliest time we can go in Fig. 4. If the evaporation rate at 1500 diffusion timescales
(the lowest we can go without being compromised by the normalization numerical artifact) is the same as
the present day for all the parameter space, we can safely assume it to be constant over time. As seen in
Fig. 4, this is the case for all the Sun, and almost all the Earth (except a region where the population is
depleted anyway), but not for Jupiter, which suggests a numerical time integration should be performed.
A second limitation of not solving Eq. 1 taking into account the time-dependence of evaporation and
annihilation rates, is that in order to calculate the evaporation and annihilation rates at the present day
we have to normalize the population to an V,, calculated by assuming no evaporation nor annihilation,
which could differ significantly from reality. For these two reasons, we decide to numerically integrate Eq.

1 instead of using Eq. 2 to calculate the present day N,.
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Figure 4: Ratio of evaporation rates at present time and 1500 diffusion timescales in the parameter space

for a) Earth, b) Jupiter and c) the Sun. Note the different z-axis.

The method has an important constraint, which derives from the already mentioned precision problem

when normalizing the populations distributions n, at early times. As a consequence of this limitation, we

take the evaporation and annihilation rates to be zero when the population is not normalizable. This is of

course non-physical, but does not affect the solution, as seen in Fig. 5. In the regions where evaporation is

big the population is quickly depleted, once the population is big enough to normalize the profiles, shown

in Fig. 5 a). On the contrary, when evaporation is negligible, it does not affect the linear growth once it

kicks in, seen in Fig. 5 ¢). And finally, when evaporation is not enough to deplete the population but it

is significant, it caps the population to a maximum, bringing capture and evaporation to an equilibrium,

appreciable in Fig. 5 b).
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Figure 5: Comparison between behaviour of N, over time for different masses, namely for a) m, = 0.01
GeV, b) my = 0.8 GeV and ¢) m, = 10 GeV, taken at o, = 6x1072° cm?, 04, = 0 cm? and for Earth.

Similar behaviours are observed for the Sun and Jupiter. Note logarithmic scale on the time axis.
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2.6 Population and Timescales

With this method, we are able to calculate the different present day populations at different annihilation
cross-sections. An example is given in Fig. 6, where although the annihilation rate is taken to be zero,
we can clearly see that the Sun and Jupiter hold bigger populations than the Earth. Moreover, there are
clear regions where evaporation totally dominates and depletes the bodies from DM, but this region is
much smaller for Jupiter and the Sun, because although they have higher inner temperatures than the

Earth, they compensate with much higher escape velocities, radii and normalized DM populations.
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Figure 6: Present day captured DM particles in the mass cross-section parameter space for a) Earth, b)
Jupiter and ¢) the Sun and 0,, = 0 cm?. We also show the appropriate limits from Fig. 1, as well as the

contour where the diffusion timescale equals the timescale of the process. Note the different axes.

The dashed purple line in Fig. 6 defines the contour in which the evaporation timescale matches the

diffusion timescale. For t‘erc‘lin < tqie -the region to the left of the dashed line-, our framework is not valid,
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since DM will never settle to the calculated positions before evaporating. This is not a concern for the

Earth and Jupiter, since the region is depleted anyway by evaporation, but it can be problematic for the
min
eq

the non-equilibrium population, is needed, but developing it is out of the scope of this work. In addition,

Sun, which has more than half the parameter space with ¢ < tgif- A new framework, based only on

min
eq
a phenomena known as advection, which would cause the DM distributions to be homogenized. This is

in the region where to™ > tqi, the steady distributions could be altered by currents inside the bodies,
the case only if the advection timescale, t,4,, is smaller than the diffusion timescale. This is not the case
in our parameter space for Earth, since the advection timescales are of the order of million years, but it
is the case for Jupiter if the cross-sections are bigger than 1072% c¢m?, since it has advection timescales
of the order of centuries [34, 19]. We thus constrain Jupiter’s parameter space to be between 1072 cm?
and 10731 ¢cm?. In addition, the advection timescale for the Sun goes as low as months. This is generally
faster than the diffusion timescale, and thus the results from the Sun have to be taken with the caveat
that they may be altered by solar currents. Nevertheless, the convective mixing would homogenize the

profiles, making a further boosting of DM abundances plausible.

3 Limits on the annihilation cross-section with Super-Kamiokande

By combining the electron and muon channels from SK I-IV data [35] we constrain the annihilation cross-
section in the parameter space, at 95% confidence level, using a likelihood fit [36]. To do so, we consider
a plethora of effects, discussed in the following subsections. In this order, we model the signal as seen in
the detector and we explore how directionality and correlation can improve our bounds. We also discuss

uncertainties on the background models, and errors in our modeled signal.

3.1 The signal in the detector

We first model xX — v by assuming lepton universality (i.e. DM is equally likely to annihilate into
each flavour). Additionally, we take the energy distribution of the neutrinos to be a Dirac delta centered
at the mass of the annihilated DM. To transform these true energies to reconstructed energy, we would
need to consider three effects, namely the smearing of the energy distribution due to physical interactions,

the smearing due to the detector resolution, and neutrino oscillations.

The latter can be dismissed when considering Solar and Jupiter neutrinos, since their baseline are long
enough to equalize the percentages of the three neutrino flavours. However, due to matter effects, a full
treatment is needed for terrestrial fluxes. We account for this by using the code GLoBES [37], which
simulates neutrinos oscillations through matter using the PMNS matrix, the generally accepted frame-
work. The results show that DM is either homogeneous enough (at small masses) or with baseline long
enough (if it sits at the centre of the Earth, at heavier masses) to make neutrino oscillations not affect
the initial flavour distributions. Consequently, we take the ratio of neutrino flavours to be 1:1:1 at the

detector independent of celestial body.

12
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In addition, instead of smearing our predicted signal to compare it with SK data, we decide to work with

the unfolded spectra from the detector, as presented in Ref. [35].

3.2 Measured flux and background uncertainties

The main neutrino contributor in our mass range are atmospheric neutrinos, which we account for by us-
ing the results from HKKM11 [38], HKKMO07 [39], FLUKA [40] and Bartol [41], MC simulations based on
different flux models. We take HKKM11 to be our reference model and central value, and the uncertainty
on the MC simulations to be the maximum and minimum values of the ratios between our HKKM11 and
the other models. We show a plot with the data from SK and our reference background model in Fig. 7,
for the muon and electron channels. The latter has bigger flux, but the first has less uncertainty on the

measurement. We combine both channels to get the most stringent bounds possible.
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Figure 7: Downwards neutrino fluxes as measured by SK along with the predictions from the background
model HKKM11 for the a) electron neutrino and b) muon neutrino channels. Note the flux is divided per
steradian and GeV.

The systematic uncertainties on the measured flux by SK are largely dominated by neutrino interactions,
and their contribution are followed by the statistical uncertainty. This is due to the poor understanding
of the interactions between nuclei and neutrinos, as well as of the few events recorded, common factors in
neutrino physics. Furthermore, we also include the detector correlation matrix in our likelihood analysis,
which improves our bounds, a result that may be unexpected, but that arises from the fact that our signal
is only in one energy bin, and by including the covariant matrix the influence of this bin is extended to
others.

Finally, we explore how directionality influences our limit setting. For the Earth the improvement is
smaller than an order of magnitude and we decide not to employ it, although implementing it for the Sun

and Jupiter can be a future continuation, where we expect it will make a bigger difference.
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3.3 Signal Uncertainties

To account for the uncertainties in the modelling of our theoretical flux we include a nuisance parameter
in the likelihood code, which takes into account the uncertainty on two SHM parameters, the halo DM
density and the mean halo velocity, and one error related to the Jean’s formula, Eq. 12 in this report, for
calculating the evaporation rate.

For the uncertainties in the SHM parameters we follow the recommendations in Ref. [21]: we take the
variation on the halo density to vary between 0.2 GeVc~2ecm ™ and 0.6 GeVc~?cm™ -the central value

3_, and for the mean halo velocity we use the

recommended being the one stated above, 0.3 GeVc 2cm™
recommended (vy) = 220 £ 20 km/s. Finally, we decide to attribute a 50% uncertainty to the Jean’s
formula, being this a conservative error based on Ref. [42], where they compare the performance of the
formula against MC simulations. This large error is mainly due to the assumption of instant replenishment
of the lower end of the velocity distribution when DM particles evaporate, and it could be potentially
diminished by calculating evaporation in an alternative way, as suggested, for instance, in Ref. [43]. This

was out of the scope of this report.

We find the uncertainty on p, to be dominant, followed closely by the error on the halo DM mean velocity.
The error associated with the fractional evaporation rate is orders of magnitude smaller, but this was to
be expected, as evaporation rate is only large for small masses, where the bodies are already depleted of
DM population. These errors are added in quadrature, and they can go as high as 300% for the upper
errors, and 50% for the lower. It is important to note that the DM density and DM velocity errors will
not be included in the likelihood fit, since they are benchmark values for all DM searches. However, the
error on evaporation should be included, since it only arises in our method. We will not do so because
of time constraints, but the bounds should not vary more than an order of magnitude, since the error is

orders of magnitude small than the others.

4 Limits on the annihilation cross-section with DUNE

Using DUNE data projections from Ref. [44] we produce an alternative constraint on the annihilation
cross-section, with a similar procedure to the one described for SK. However, some differences arise from
the fact that the DUNE detector is still under construction. Mainly, we are forced to work with projections
instead of the real data, and as a consequence we can not work with the unfolded spectra. Furthermore,
we use a different likelihood code, a modified version of swordfish [45], that allows us to work instead
of with raw data (which we do not have) with variations on the background, which are added through a
nuisance parameter and considered to vary with a Poisson error, independently of each other. Finally, we
note that the projected exposure time to obtain this data is 400 kt, which translates to approximately 10

years of data acquisition.
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normalised counts

4.1 The Reconstructed Flux

Since we can not work with the unfolded spectra we need to simulate the physical interactions between
our flux and the Liquid Argon Time Projection Chamber (LArTPC) of DUNE. We make use of GENIE
[46], a MC neutrino-nucleus event generator. This is due to time constraints, since in Ref. [44], paper
from which we extract the projected data, the alternative NuWro [47] software is used. Nevertheless,
there is no clear evidence that determines which MC simulation is more accurate, and Ref. [48] finds
both software to agree within 20%. The resultant energy distributions can be seen in the dashed line in
Fig. 8, in which we have also made the cuts made in the reference paper. In particular, we only select
charged currents, mainly dominated by quasi elastic events, which constrains us to only use events with
electrons or muons in the final states, and calculate the energy on the calorimeter by taking into account
the total energy of the leptons and mesons, as well as the kinetic energy of protons and weird baryons.
Neutral pions, which are not seen by DUNE’s LArTPC, are decayed into photons and these are treated
like electrons. A summary of the selection cuts for kinetic energy and energy uncertainty for the different
particles is presented in Table 1, and obtained from the reference paper. Finally, we apply a Gaussian
smearing to the events obtained from Genie, simulating the detector resolution. The effect of it can also

bee seen in the solid line in Fig. 8.
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Figure 8: Number of counts for energy bin and different initial energy a) electron neutrinos and b) muon
neutrinos comparing the results from Genie with (solid) and without (dashed) Gaussian smearing. The

analysis is also done for antineutrinos.

5 Results

We present our final results in Fig. 9, where we plot the constraints on the velocity-averaged annihilation
cross-section in our parameter space, for every body and for both DUNE and SK analysis. Note that, due

to time constraints, we use the results from the time-independent calculations, which should be a really
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Particle | Minimum K.E. [MeV] | Energy Uncertainty
Proton 30 10%
Pion 30 10%
A 30 10%
ut 5 5%
et 10 5%

Table 1: Selection cuts and energy uncertainties applied in our analysis, obtained from DUNE Far Detector

reconstruction and identification capabilities.

good approximation, especially for the Sun and the Earth, as discussed above in Section 2.5. Nevertheless,
we do use the time dependent solutions to determine where the fluxes go to zero, regions that we cut
from the x-axes. Additionally, for the Sun and Jupiter, we cut the x-axes at 0.1 GeV, not because the
populations die, but because more information is needed for the neutrino backgrounds at lower energies.
This is left for future work. In addition, we also cut their y-axis since going to higher cross-sections would
make the advection processes dominate, although this is still the case for the Sun as discussed previously.
Furthermore, in the same plots we represent the limits in Fig. 1 in red, yellow and blue. Finally, in pink

min

eq s as defined in

we display the contours where the diffusion timescale matches the process timescale ¢

Section II.

We find that both the SK and DUNE analyses generate bounds orders of magnitude more stringent than
the natural scale, which allows us to exclude almost all the parameter space that is not depleted by evap-
oration. In particular, the Sun and Jupiter allow us to extend the search at smaller masses, but Jupiter
is a more reliable body to do so, mainly because of the caveat of the advection timescales in the Sun, but
also because of the diffusion timescales, which is seen to dominate in nearly half of the Sun parameter
space. In addition, we note that DUNE will be able to set better constraints, with an improvement of
around one order of magnitude, and do so consistently for all the parameter space. Nevertheless, we leave
as an open question if it would be able to do so in an exposure time lower than ten years, and if so how

much time it would take to do.

Thanks to the stringent bounds on the velocity-averaged annihilation cross-sections we are able to exclude
the studied DM with masses in the range of 0.1 GeV and 10 GeV, as well as scattering cross-sections
of 10731 to 107%% cm?, mainly relying on the plots from Jupiter. Furthermore, we can exclude higher
cross-sections, up to 10725, using the limits from the Earth but only for masses bigger than 1 GeV. This
allows us to reach the limit set by the CMB, which already excludes higher cross-sections. The plots
from the Sun could allow us to extend these bounds to lower masses, as seen in Fig 6, but the advection
timescale makes developping a new framework crucial for trusting the results. This is left for future work,
but should not be arduous, as homogenizing the DM number density profiles should be enough. This
would, quite possibly, allow us to fully explore the Earth’s shielded region, although more data from the
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backgrounds at low energies would also be needed. Applying the same would also be possible for Jupiter,
but this body would not give better constraints, since his populations are more limited by evaporation
than the Sun’s.

6 Conclusions

In conclusion, motivated by the challenge of the Earth shielding effects on direct detection experiments
and the difficulties of exploring the neutrino channel in indirect detection, we have developed a new
method to explore the parameter space of thermal DM, assuming that it scatters with quarks and an-
nihilates into neutrinos. By modelling how this type of DM would be captured by celestial bodies and
generate neutrino fluxes, we have been able to exclude a big region of the studied parameter space, using
data from Super Kamiokande and projections from DUNE, and we have shown that the framework can

also be applied to different celestial bodies.

The constraints on the velocity-averaged annihilation cross-section are orders of magnitude better than
the natural scale and previous searches at these masses, which is to be expected, since we are applying
another constraint to the DM (which is that it interacts with quarks). We have thus been able to exclude
this type of DM with masses in the range of 0.1 GeV and 10 GeV, as well as scattering cross-sections of
10731 to 1072% cm?. Furthermore, we have shown that if the advective currents of the Sun were to be
included in our framework, we could also exclude a big portion of the Earth shielded regions, which have
not been constrained to this date. Nevertheless, we also note that it would be challenging to make this
method work at other parameter-spaces, since at lower masses the evaporation depletes the bodies and
no flux is generated, and at lower scattering cross-sections capture is strongly reduced. In addition, the
dominant source of error is, like in other DM searches, our understanding of the DM halo, but in this case
we are also constrained by the calculation of the evaporation rate. Experimentally, we are also bound by
the systematic and statistical uncertainties of the detectors, but also of the backgrounds, for which we

need data at lower masses.

Possible extensions of the work include studying how would the results vary for different types of an-
nihilation, like assuming the DM is also able to decay into quarks, as well as modelling other types of
interactions between DM and nuclei (spin-dependent, different coupling to different nucleons, ...). This

would make our conclusions less model dependent, and potentially give other constraining results.
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