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While there is evidence for the existence of dark matter, its properties have yet to be discovered.
Simultaneously, the nature of high-energy astrophysical neutrinos detected by IceCube remains
unresolved. If dark matter and neutrinos are coupled to each other, they may exhibit a non-zero
elastic scattering cross section. Such an interaction between an isotropic extragalactic neutrino
flux and dark matter would be concentrated in the Galactic Centre, where the dark matter column
density is greatest. This scattering would attenuate the flux of high-energy neutrinos, which
could be observed in IceCube. Using the seven-year Medium Energy Starting Events sample, we
perform an unbinned likelihood analysis, searching for a signal based on a possible DM-neutrino
interaction scenario. We search for a suppression of the high-energy astrophysical neutrino flux in
the direction of the Galactic Centre, and compare these constraints to complementary low-energy
information from large scale structure surveys and the cosmic microwave background.
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Dark Matter Neutrino Scattering

1. Introduction

Over the last century the presence of dark matter (DM) has been implied by numerous obser-
vations of its gravitational effects, however, it has yet to be detected. Despite this lack of a signal,
some information about DM can be gleaned by ruling out various theorized models and constrain-
ing parameters. These searches involve exploring possible interactions between DM and Standard
Model particles and are typically directed towards areas where a large signal can be expected, such
as the Galactic Centre. As most past searches for DM have considered interactions with quarks
or electrons, DM-neutrino interactions are one of the least explored connections of DM with the
Standard Model. DM-neutrino models are especially attractive for light DM, where annihilation
into heavier products is forbidden and appears naturally in cases like the sterile neutrino. The elastic
scattering of DM and neutrinos has been constrained for the Early Universe at low energies [1-3].
Limits on the DM-neutrino scattering have also been found for the high energies of IceCube, but
have been hindered by a lack of observational data [4]. Searching for interactions at the high
energies observed at IceCube is important as the scattering cross section scales with energy. This
analysis considers a DM-neutrino scattering interaction that would be concentrated in the Galactic
Centre and would lead to an energy dependent shadow in the astrophysical neutrino flux that could
be observed by IceCube.

2. Dark Matter-Neutrino Scattering

2.1 Cascade Equation

The main idea of this research is that extragalactic neutrinos travelling towards the Earth will
scatter with the diffuse DM halo of the Milky Way. This will cause changes in the neutrino flux
that are described by the cascade equation:

dO(E,7)
dr B

-0 (E)®(E, 1) + /m dEMd)(E,T), (1)
E dE

where @ is the neutrino flux, E is the incoming neutrino energy, E is the outgoing neutrino energy,

7 is the DM column density, and o is the scattering cross section from [5]. The first term accounts

for losses due to scattering interactions, while the second term accounts for the addition of neutrinos

scattering from higher energies to lower energies [6]. The column density describes the amount of

DM along the line of sight to the neutrino source:

7(X) = / ny (¥)dx, 2)
l.o.s

where n, = % is for a NFW profile [7]:
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for a DM density p, atradius r, po = 0.4 GeV/cm™3 is the local DM density, and r; = 26 kpc is the

p)((r) = 3)

scale radius of the halo. These parameters were constrained by Benito et al. [8, 9].
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Figure 1: a) Survival probability for a neutrino flux across energy and angle to the Galactic Centre. Here
g =1 mg =10 MeV, m, = 1 GeV. The low energy (< 20 TeV) part of the neutrino flux is completely
attenuated by DM-neutrino scatter, while the high energy (< 500 TeV) is unaffected. b) Skymap of the
survival probability for the astrophysical neutrino flux. This is for the scalar mediator-scalar DM scenario
with g = 1,my = 10° MeV, m, = 1 GeV at E, =1 PeV.

The code that is used to solve the cascade equation is based on nuFATE [6], which was
designed to efficiently model the attenuation of neutrinos passing through the Earth. This is done
by vectorizing the cascade equation so it can be solved as an eigenvalue problem.

Since the likelihood of a scattering interaction is proportional to the column density, a greater
scattering effect should be expected at the Galactic Centre. This scattering effect would attenuate
the high energy neutrino flux as the neutrinos lose energy. Fig. 1 shows the skymap of the flux
survival probability where the astrophysical neutrino flux would be expected to be reduced at the
Galactic Centre. This survival probability across energy and angle to the Galactic Centre is shown
in Fig. 1. For this specific example of a scalar DM and scalar mediator model (as described in [5])
there is a noticeable attenuation for energies below 1 PeV. There is also a gradient in attenuation
where 1.0.s angles closer to the Galactic Centre (smaller) lead to lower survival probability for any
given energy.

3. Method

This analysis aimed to set sensitivities in searches for an energy dependent deficit in the
isotropic extra-galactic neutrino flux at the Galactic Centre from DM neutrino elastic scattering.
This is done using an unbinned likelihood analysis with simulated IceCube data that is sampled with
an Markov Chain Monte Carlo (MCMC) algorithm. This involves determining an expected signal
by combining a DM and background hypothesis which is compared with a simulated dataset. The
simulated dataset is constructed by randomly selecting events from the Monte Carlo simulation.
This likelihood is then explored using a MCMC algorithm to constrain the upper limits on DM
parameters and allow the nuisance parameters to be included as free parameters.
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3.1 Likelihood

The likelihood function was composed of hypothesis parameters for the DM contribution: 6=
{g,mg,m, }, nuisance parameters for modeling the background: 77 = {y, dastro. AV, Patm> Pmuon}
and observable parameters as reconstructed at IceCube: X,¢co = {log,o(Ey), @, sin(6)}. Here m, is
the DM mass, m 4 is the mediator mass, and g is the coupling strength. For the nuisance parameters
v is the spectral index of the astrophysical flux, ¢assr0> Darm> Pmuon are the normalizations of the
astrophysical, atmospheric and muon fluxes, Ay is the spectral hardening/softening parameter for
the atmospheric flux respectively. The observable parameters at IceCube are energy log, E,, right
ascension « and the declination sin(¢). The likelihood of a DM hypothesis, 6, given the data, X and
including nuisance parameters, 7 is:

—/1(0 n)/lk

L(é, 77; {X € dataset}) = (9 ) l_[f( -0, 7). 4)

The likelihood is composed of a Poisson normalization for the whole dataset and a product over
the likelihoods for each individual event, i, in the dataset. Here the likelihood for each individual
event, f(X;, g, 77), includes shape effects across the physical observables X = {E,,, @, 6} as well the
weights to account for the detector properties:

astroPastro + Nathatm +Nmu0anu0n
1 1

f()_gh 5’ 77) = ’ (5)

Nastr() + Natm + Nmuon

where N4 N4™ and N"™"°" are the number of expected astrophysical neutrinos, atmospheric
neutrinos, and atmospheric muons respectively and P¢*'7?, P¢™ and P!"™*°" are the probability
distributions for an individual event; these numbers are determined from the flux assumptions of
the hypothesis. The number of expected events are found by integrating the weighted flux across

energy, £
N(*é*)—/d2 (E 50, )LdE (6)
xla 977 - dEdQ jaa}’ J° nj g(TIJ)
where ——5 d i dQ (Ej,aj,0;; 6, 17;) is the neutrino flux associated with each source and y represents

a weight factor that incorporates the detector properties including livetime L, and a generation
bias, 1/g(77). This bias factor accounts for spectral, direction, oversampling and other biases. The
probability P associated with each source is constructed from the Monte Carlo simulated dataset.
These probability density functions are evaluated for the observables X; for each observed event i:

2

- 2o B - o, L
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i

dEdQ g(175)

where K is the kernel density estimate function that is used to smooth the probability distribution.
This probability function is constructed from the Monte Carlo simulation containing j events.

3.2 Neutrino Background Models

The neutrino background of expected events was modelled using a Monte Carlo simulation
from NuGen for the astrophysical neutrinos, atmopsheric neutrinos and atmospheric muons [10].
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3.2.1 Astrophysical Sources

The astrophysical component of the neutrinos observed at IceCube is affected by DM-neutrino
scattering. This analysis assumes an isotropic distribution of events from a large number of extra-

galactic sources. It is also assumed that the energy spectrum of the neutrino flux j—g follows a
power law:
dq)astro EV - —18 -1 -2.—1_..-1
e _ ol ———| Xx107°°GeV , 8
aE, ~ Pore|TooTev €V em s sr ®)

for neutrino energy E,, a spectral index of y and flux normalization constant ¢, at 100 TeV.

3.2.2 Atmospheric Neutrinos

Atmospheric neutrinos constitute a significant background at IceCube for energies up to 100
TeV. They are produced when cosmic rays interact with the Earth’s atmosphere to produce mesons
that decay to neutrinos. The atmospheric neutrino flux model is described by [11]:

E,\
DPutm = barmWHG | = >

E ©)

where ¢, is the overall normalization of the atmospheric flux, wyg is the Honda-Gaisser
weighting from nuFlux that only includes the conventional component, and Ay is a spectral
hardening/softening factor, which has a pivot point at Eg [12]. These are adjusted with nuVeto to
account for the starting events veto technique [13].

3.2.3 Atmospheric Muons

The events detected at IceCube are dominated by cosmic ray muons. For every neutrino
detected in IceCube, 10® muons interact in the detector. These are produced in air showers when
cosmic rays interact in the atmosphere [14].

4. Sensitivities

The case of a scalar DM and scalar mediator model was considered to determine sensitivities
on the neutrino DM interaction as observed at IceCube. The marginalized posterior probabilities
from emcee [15] are shown in Fig. 2. The coloured areas signify allowed parameter values, with
the dark shading for 68% credible regions and the light shading for 95% credible regions. The
preference for low mass mediators is found with high mediator masses being excluded. The DM
mass is also found to prefer high DM masses up to about GeV, where the posterior drops off. This
is expected for a light scalar DM scenario [16]. The best-fit values from emcee are consistent
with the null hypothesis indicating that a signal from DM-neutrino is not expected above a certain
cross section. As such, sensitives for the upper limits that can be achieved with the medium energy
starting events-cascades (MESE-C) dataset can be obtained.

The maximum coupling constant that is allowed under the simulated dataset is plotted in
Fig 3a and compared to cosmology. Above the line IceCube is more sensitive, while below the
line cosmology is more sensitive to constraining the coupling constant. It can be seen that across
a range of DM masses and for high mediator masses (m¢ > 107%), IceCube is more sensitive in
constraining the maximum coupling for a DM-neutrino scattering scenario.
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Figure 2: The posterior probability distribution for the DM parameters as sampled by emcee.
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Figure 3: a) The maximum coupling constant that is expected to be allowed by IceCube. Above the line
constraints from IceCube are more stringent, while below the line those from cosmology dominate. b) The
upper limit on the sensitivity for a neutrino-DM cross section is shown in black across DM mass. Also
plotted are the DM-electron and DM-nucleon scattering cross section limits from SENSEI, XENONI1T and
XENONI10 as presented in Ref: [17]. Since the cross section is energy dependent, this is plotted for a neutrino
energy of 46 TeV.

The cross section limits from IceCube can be plotted by marginalizing over the nuisance
parameters and making the appropriate transformations on the prior space. The sensitivities
obtained are shown in Fig. 3b, where the upper limit that is expected at IceCube is shown by
the black line. The constraints on DM-electron and DM-nucleon scattering cross section from the
SENSEI and XENON experiments are also shown by the yellow and blue regions respectively for
a comparison [17].
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This leads to sensitivities at IceCube being set as:

-2
m E
vom <1077 (2 (S em?, 10

M GeV/ |\ Pev 1o
For this particular scalar DM-scalar mediator model these sensitivities mark the first limits that can
be placed at high neutrino energies. The sensitivity of IceCube was found to be similar to that of
cosmology, however, in the high mediator mass range, IceCube can provide stronger constraints on
a possible DM-neutrino coupling.

5. Conclusion

The nature of dark matter is one of the greatest unsolved problems in physics. While its
gravitational effects have been observed, DM has yet to be detected. In this proceeding the elastic
scattering interaction between dark matter and neutrinos was explored. These interactions would be
expected to occur in areas where neutrinos pass through large column densities of dark matter, such
as in the dark matter halo at the centre of the Milky Way. This would lead to an attenuation of the
extragalactic flux that could be observed at the IceCube Neutrino Observatory. Sensitivities were
obtained by performing an unbinned likelihood analysis with the MESE-C data. This incorporated
models for the backgrounds observed at IceCube, the DM halo of the Milky Way and the new
physics of a DM-neutrino scattering interaction. The likelihood was sampled using a MCMC and
the sensitivity for the DM-neutrino cross section of a scalar dark matter-scalar mediator model was

-2
set as: oy_py < 10727 (ﬂ) (E" cm?. This marks the first limits that are set at the high

GeV | \ PeV
neutrino energies observed in IceCube for the scalar-scalar model. Furthermore, it was shown that
IceCube is more sensitive than cosmology in setting constraints on the coupling strength for dark

matter-neutrino scattering for certain regions of the parameter space.
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