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Abstract. The next generation of neutrino telescopes will feature unprecedented sensitivi-
ties in the detection of neutrinos. Here we study the capabilities of a large-scale neutrino
telescope, like the fully-operating KM3NeT experiment in the near future, for detecting dark
matter annihilation signals from the Galactic Centre. We consider both ORCA and ARCA
detectors, covering dark matter masses from a few GeV to 100 TeV. We obtain the sensi-
tivities with a maximum-likelihood analysis method and present them as upper limits in
the thermally averaged annihilation cross-section into Standard Model fermions. Our pro-
jections show that the sensitivity of such a neutrino telescope can reach the thermal relic
line for m, 2 1TeV and for m, ~ few GeV, for the NFW dark matter density profile. This
demonstrates that ORCA- and ARCA-like detectors will be able to perform competitive dark
matter searches in a wide range of masses. The implications of these striking projections are
investigated in a few selected dark matter particle models, where we show that neutrino
telescopes are able to probe new parameter space.
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1 Introduction

Despite the evidence for existence of large non-baryonic matter content of the Universe [1]
the true nature of dark matter (DM) remains a major puzzle in cosmology, astrophysics, and
particle physics. There are various models predicting DM candidates differing in orders of
magnitude in their masses [2]. Weakly Interacting Massive Particles (WIMPs) are among the
most popular candidates and have been extensively tested in different probes of direct and
indirect detection and at accelerators. Despite the large efforts being made in last decades,
no DM candidate has been identified by any of the search methods, which are particularly
sensitive to channels where the DM particles interact with quarks and/or charged leptons.

Among the searches, indirect detection using neutrinos is promising because they travel
directly from the source, largely unaffected. This benefit however, requires very sensitive
detectors, with detection volumes much larger than 7-ray telescopes. For this reason the
neutrino channel is poorly constrained since generic experiments do not have the sensitivity
to detect large amounts of neutrino events.

The next-generation neutrino experiments and upgrade of currently operational ex-
periments for sub-GeV and light-DM masses will significantly improve on this limitation by
featuring large effective volumes. The landscape of these experiments is given by e.g. IceCube-
Gen?2 [3] and Baikal-GVD [4] in the high-DM mass region and Super-Kamiokande [5], Hyper-
Kamiokande [6] and DUNE [7] at low masses. Experiments in the northern hemisphere will
additionally augment the sensitivity to detect DM signals originating from the Galactic Cen-
tre, where DM particles are expected to have the largest density, and will work towards
probing the thermal relic scenario for WIMP-like particles.

Among the next generation experiments we take as benchmark the KM3NeT neutrino
telescope [8], which is a new generation cubic kilometer network of deep-sea telescopes lo-
cated in the abyss of the Mediterranean Sea [8]. Its two main sites are already partially



operating, with the high-energy ARCA and the low-energy ORCA detectors located near the
coasts of Italy and France respectively. ORCA is optimised for the detection of atmospheric
neutrinos with energies above a few GeV. The main goal of the detector is the measurement
of atmospheric neutrino oscillations considering all flavours and the neutrino mass order-
ing [8, 9]. However the experimental setup allows for a variety of other studies that test
extensions of the SM, such as neutrino non-standard interactions [10], 7 appearance [11],
sterile neutrinos [12] and solar DM capture [13]. The ARCA energy range is very similar
to the one of the ANTARES and IceCube detectors and allows for the study of high-energy
neutrino physics in a broad range. Of interest for us is the study of DM annihilation from
the Galactic Centre, see e.g. [14, 15]. The continuous development of the ORCA and ARCA
sites will make KM3NeT one of the largest neutrino telescopes in the near future. Due to its
location, that allows for a good field of view of the Galactic Centre, and its improved angular
and energy resolutions for track and shower event topologies, KM3NeT will provide a unique
probe of DM annihilation signals coming from the heart of the Milky Way.

The main focus of this paper is to explore this possibility thoroughly for a wide range of
DM masses, first in a model independent way and then within the context of simple DM mod-
els. In a previous study [16], we reported the sensitivity of KM3NeT using an angular power
spectrum (APS) analysis based on the full configuration of the ARCA detector, which has
the proper angular resolution for this method, see e.g. refs. [17, 18] for details. This analysis
provides conservative upper limits that are very robust against the variation of the shape of
the DM density profile towards the Galactic Centre. Here we employ a maximum likelihood
method that incorporates the information of angular, energy resolution and event topology,
using the design specifications for a fully functioning KM3NeT-like experiment in ref. [8].
In this analysis we extend the DM mass range to span from few GeV up to tens of TeV, by
including both the ORCA detector for low-DM masses up to hundreds of GeV and the ARCA
detector for high-DM masses up to 10° GeV. We show that the inclusion of full event informa-
tion improves significantly the sensitivity of the detectors, which display promising prospects
for detection of DM annihilation signals. In particular, in case of annihilation into mono-
chromatic neutrino lines KM3NeT will be capable of reaching for the first time the thermal
relic cross-section for a wide range of DM masses. These prospects nicely complement and/or
improve recent studies on neutrino lines sensitivities from DM annihilation, see e.g. refs. [19—
21]. Following the models studied in our previous work [16], we show the substantial gain in
probing the model parameter space via neutrino final states with respect to gamma-ray signals
and direct detection experiments. This is particularly true for the gauged U(1)z,_z, model
that is an anomaly free DM models accommodating naturally several anomalies reported in
the muon sector and flavor physics and connecting neutrino and DM physics [22-28].

The rest of the paper is organised as follows. In section 2, we remind the reader about
the expected neutrino flux from DM and the main background processes. Section 3 describes
the modelling of the ORCA and ARCA detectors and the statistical analysis that employs a
maximum-likelihood ratio method based on mock simulated data-sets. In section 4 we provide
the model-independent upper limits on the DM thermally averaged annihilation cross-section
for both the low- and high-energy detection capabilities of the experiment, which covers a
large DM mass range. We further discuss the experimental and theoretical uncertainties
affecting the upper limits. We then interpret the forecasts for a KM3NeT-like detector in
terms of specific models, as detailed in section 5. We conclude with final remarks and possible
future studies in this direction in section 6.



2 Neutrino flux: signal and background

2.1 Dark Matter signals in neutrino telescopes

DM particles (x) can annihilate in the galactic halo into Standard Model (SM) particles,
which subsequently decay and shower producing neutrinos among the stable final states.
The expected neutrino intensity from this annihilation is

dL,(Y) _ (ov) dN, [l
dE- ~ 8mmZ dE Jy ™

[r(D)]dl, (2.1)

where m, and (ov) are respectively the DM mass and the thermally averaged annihilation
cross-section, dN,/dE is the neutrino energy spectrum per DM annihilation and ppy is
the DM density distribution.® The parameters r and [ represent the galactocentric and
the line-of-sight distances and are related by r = \/ R% + 12 — 2Rl cosp, where 9 is the
angle between the Galactic Centre and the sky position of interest and Rg = 8.5 kpc is
the distance from the center of the galaxy. The line-of-sight integral is often called the J-
factor, J, in the literature, and it encapsulates the astrophysical dependence of the DM
signal in eq. (2.1). The J-factor integral is cut off at the virial radius, Ryiy ~ 200 kpc, where
lmax = Ry cos ) + \/R2, — R% sin ¢,

As shown in eq. (2.1), the expected DM flux depends on the density profile squared,

and thus the profile choice significantly affects the signal intensity. For our benchmark case,
we consider the Navarro-Frenk-White (NFW) profile [29]

_ Ps
) = Gy

(2.2)

where r; = 20 kpc is the scale radius and ps is the scale density, which is fixed by the
local DM density py(Rg). The local density can be determined by various methods, and
its mean value is bracketed between (0.3 —0.6) GeVem™> [30]. For our results, we set
px(Re) = 0.4 GeVem ™3, and the final results scale with the local density squared for the
given profile. We discuss the dependence of our results with respect to the density profile
choices in section 4.1. Lastly, since we consider annihilating DM, the main region of interest
is around the Galactic Centre with a maximum opening angle of 30°. In this narrow angular
region of interest, the extra-galactic DM flux is typically small compared to the Galactic
Centre contribution [31, 32]. The extra-galactic component also has some theoretical uncer-
tainties associated with details of structure formation, see e.g., refs. [33, 34]. In addition,
the spectrum is softer due to cosmological redshifts, which reduces the sensitivity. Thus we
neglect the extra-galactic component in this work.

In the case of DM annihilating into two SM particles, the neutrino energy spectra per
annihilation required in eq. (2.1) are taken from PPPC4DMID [35] in the low-mass regime
(my, < 1TeV) and from HDMSpectra [36] in the high-mass regime (m, > 1TeV). The latter
code has an improved handling of the electroweak corrections that could affect significantly
the shape of the neutrino energy spectra in the multi-TeV regime, see ref. [37]. For the
annihilation channel directly into neutrinos, xx — vr, the energy spectra are simply given
by a monochromatic line with analytic expression dN,/dE = 26(m, — E,), where ¢ is the
Dirac-delta function. We also consider DM annihilating into 4 leptons (), a final state that

Notice that here we consider self-annihilating DM particles; when particle and anti-particle are distinct,
as in the case of the DM models discussed in section 5, an additional factor of 1/2 has to be added to eq. (2.1).



can be originated by a t-channel annihilation process mediated by an intermediate meta-
stable mediator (YY), which is typically much lighter than the DM. In case of charged lepton
final state, xx — YY — 2[72[~, the spectra are taken from ref. [38] as implemented in
PPPC4DMID. For xx — YY — 2v20, the energy spectrum has a box shape [39-41], with
analytical form dN, /dE = 4H(m, — E,))/m,, where H is the Heaviside step function.

The neutrinos produced in the galactic halo oscillate on their path to Earth, and the
neutrino spectra at detection, is given by:

dN dN\®"°
(),-2 (@), 9
dN

where (@) is the oscillated neutrino spectra for vg neutrino flux coming from the DM an-

nihilation, and P, is the oscillation probability from v, at source to v at detection. Before
reaching Earth, we consider the neutrino oscillations in vacuum. For these, the oscillation
length is much smaller than the typical galactic distance, ~ kpc, hence the neutrinos propa-
gate as incoherent states of mass neutrinos. The uncertainties in the neutrino mixing param-
eters only introduce small variations in the final flux ratio, in comparison with other uncer-
tainties discussed in this work, see e.g. ref. [42], and will be neglected in the rest of this article.

2.2 Neutrino background

The main background for neutrino searches is dominated by cosmic-ray induced energetic
atmospheric muons. By choosing only up-going neutrinos in the experiment, one can sup-
press this background substantially. The next most important background is cosmic-ray
induced atmospheric neutrinos originating from cosmic-ray collisions with the outer atmo-
sphere. These atmospheric neutrinos dominate until around 100 TeV, where the astrophysical
neutrino background starts to increase. The atmospheric neutrino flux is well-studied and
well-measured; we use the atmospheric neutrino flux from ref. [43] and extend it to high
energies following the parametrisation from ref. [44]. For astrophysical neutrinos, we use the
parametrisation of the best power-law fit to the neutrino spectra from ref. [45].

3 Detector modelling and statistical analysis

When neutrinos enter the detector, a variety of interactions can take place and lead to
different types of event topologies.

Charged-current (CC) interactions originating from v,’s produce a final state muon,
which can travel long distances and leave distinctive track signatures. CC interactions from
ve and v; produce electrons and taus in the final state. Electrons give rise to electromagnetic
showers, while taus can produce both electromagnetic and hadronic showers depending on
the decay mode. Therefore, in our analysis, we consider showers from v, and v, together
(see, however, ref. [46]). We note that about 17% of the time taus decay into muons and thus
produce track-like signatures. To account for this, we decrease by 17% the number of shower
events from v,-CC reactions. Since the atmospheric v, background is dominant for tracks,
the additional track signal from 7-decays does not meaningfully improve the signal-to-noise
ratio, and are thus neglected.

Neutral-current (NC) interactions are produced by all flavors, however, the cross section
is smaller than that of CC events. NC events also deposit less energy in the detector due to the



final state neutrinos, making them in general subdominant as compared to the corresponding
CC contributions; we thus neglect the NC contribution for both the signal and background.

In general, for a given neutrino intensity, dI, /dFE,, the number of expected events in an
experiment at the i*" energy and the j* angular bins are given by

dl, _
nij = eff/dEy/ViS(Q) s Acg (e By (3.1)
i j dE,

where Tog is the effective exposure time, vis(§2) is the visibility function, Aeg is the effective
area as a function of the energy, and 7(E,, ) is the optical depth of the neutrinos when they
travel through Earth.

For our detection setup, we take Teg = 10yrs. We only consider up-going neutrino
events to avoid the atmospheric muon background contamination. The visibility function
is defined as the fraction of time when the sky position is below the horizon to filter out
the atmospheric muon background and encapsulates how different points in the sky are
accessible by the detector for differing periods of time. It is necessary to follow the sky
positions relative to the detector zenith. We consider the detector at a latitude about 36°
north, which is roughly the latitude of the KM3NeT experiment. Then for each position in
the sky, we track its declination relative to the detector using Astropy [47, 48] as

vis(Q) = %Z@(—MQ))AT, (3.2)

where © is the theta function, § is the declination of the sky position 2 relative to the
detector zenith and T' = 7 days, which is a time period long enough to average the effect
of Earth rotation. The energy dependence of up-going neutrinos being absorbed by the
Earth is described by the optical depth, 7(E,, Q) = noL, where n, o, and L are the nucleon
number density, neutrino-nucleon cross-section and neutrino path length respectively [49].
Additionally, for each position in the sky, the neutrino path length varies as the Earth
rotates, thus the neutrino absorption factor is averaged with respect to the probability of
each path length as (e~ 7(FvS2)),

Figure 1 (top panel) shows the visibility function in galactic coordinates: the color code
goes from 0 to 1, where the latter stands for a sky position always below the horizon hence
always visible to KM3NeT, while the former is considered not visible given the location and
the choice of the arrival neutrinos. We note that the Galactic Centre is visible with a high-
time fraction of about 63% and DM annihilation signals are expected to peak along that
direction. Such a high visibility towards the Galactic Centre is a key advantage of KM3NeT
for DM searches over neutrino detectors in the southern hemisphere.

Figure 1 (middle panel) shows the J-factor in eq. (2.1), which is directly proportional
to the expected DM intensity. Neutrino telescopes are not fully sensitive in such fine angular
distribution to such a J-factor map, as they are limited by their angular resolution. In order
to compute the J-factor integration, we split the map according to the energy and angular
resolutions (setups detailed in the next section). Conservatively, we first define each energy
bin by taking twice the energy resolution. Then for each energy bin, a sky map is partitioned
according the median angular resolution §6, with pixel sizes twice the angular resolution,
roughly given by AQ; = 27(1 — cos(d0)), using Healpix [50, 51]. The numerical integration
in eq. (3.1) is then performed by further subdividing each pixel into smaller pixels with a
maximum size about 4 x 10~%sr or (0.01°)2.
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Figure 1. Top: sky map in galactic coordinates convoluted with the visibility function vis(€2) in
eq. (3.2), that describes the fraction of time that the sky position is below the detector horizon.
Middle: the J-factor sky map (logi07) with a NF'W DM density profile, see eq. (2.2). The DM signal
is directly proportional to the J-factor, defined in eq. (2.1). Bottom: the angular averaged J-factor
sky map, (J), where each pixel corresponds to a sky area of about (200°)2. This corresponds to
angular resolution of about 7° (before multiplying by the factor of 2, as explained in the text.)

Figure 1 (bottom panel) shows the angular averaged J-factor [dQJ/ [dQ, for a pixel
size of about (200°)2. As can be seen from the map, after integrating over each pixel (as re-
quired in eq. (3.1)), the angular distribution of the signal strength is broadened, and becomes
less peaked. This shows how the effect of telescope’s angular resolution degrades the signal-



to-noise ratio. We note that in this example, the large pixel size is more representative for
the case of ORCA, given the superior angular resolution of ARCA a finer pixelisation is used.

3.1 ORCA

ORCA is the part of the KM3NeT neutrino telescope located at 40 kilometers offshore from
Toulon in France at a depth of 2450 m. It is currently being constructed and already oper-
ational with 11 strings. The final configuration foresees 115 strings with an average spacing
between them of 20 m. Each string containing 18 light detection units spaced 9 m apart in
vertical distance, culminating in a total volume of ~ 3.7 Mton. Once completed, ORCA will
be one of the largest neutrino telescopes in the Northern hemisphere sensitive to neutrinos
in the GeV energy range.

All neutrino flavors contribute to signal events in the ORCA detector as tracks or
showers. We consider both track and shower events produced by any neutrino flavour but
originating from CC interactions only. We collect the effective area, energy and angular
resolution of the ORCA detector from refs. [9, 52] and extrapolate to a maximum neutrino
energy of 100 GeV. So for the neutrino line signal (xyx — v7) 100 GeV represents the upper
DM mass to which our analysis is limited to, while for a continuum neutrino energy spectrum
we can extend the sensitivity of ORCA up to m, = 103 GeV.

To compute the sensitivity of ORCA for DM annihilation signals, we consider atmo-
spheric neutrinos as the dominant background. In this energy range, however, neutrino
oscillations in matter are important and are included in our analysis to have an accurate
estimate of the background. For definiteness we take the neutrino parameters from ref. [53],
assume dcp = 0 and normal ordering for the neutrino mass hierarchy.

To calculate the transition probabilities neutrino propagating inside the Earth, we fol-
low the formalism presented in refs. [54, 55]. For our parameter choice, it entails solving
numerically the Schrédinger equation with the Hamiltonian:

1
Hy = ﬁUfMU}F +Vy. (3.3)

The matter potential matrix in the flavor basis, V; = diag(V.,0,0), takes the form of

V. = V2GpN, ~ 3.78 x 10714 ( d ) eV, (3.4)

g/cm?3
where G is the Fermi constant, N, is the electron number density in the medium and p is
matter density calculated from the density profile of the Earth according to the Preliminary
Reference Earth Model in ref. [56]. Notice that for antineutrinos V. — —V.. The expected
neutrino fluxes measured by the detector are given by eq. (2.3). For the atmospheric neu-

trinos Pog = ng where @ refers to Earth and for DM neutrinos P,z = >, PC‘Z’CPZEG =

S Uail?| o Ag?Um-\Q [57], including the incoherent propagation of neutrinos in space plus
the Earth propagation effects. We further average the neutrino probabilities in eq. (2.3) with
respect to the azimuthal angle between Earth axis and detector location as cosf, € [-1,0]
therefore we use the angle averaged (P,g)p, which provides an average flux from upgoing
neutrinos.

Figure 2 depicts the expected neutrino flux from DM annihilation as well as from the
atmospheric neutrino background, for an opening angle of 1» = 30° including neutrino oscilla-
tions. It can be seen that neutrinos produced by DM are averaged and basically equally mixed
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Figure 2. Left: expected v, and v, flux (intensities integrated over the solid angle) in the reach of
KM3NeT-ORCA including neutrino oscillations in matter on the atmospheric neutrino background,
for a DM benchmark given by yx — 777, {(ov) = 10723cm3s~! and m, = 100 GeV. The solid red
and dotted blue lines correspond to (v + /) electron and tau atmospheric neutrinos, respectively; the
dot-dashed and dotted green lines stand for the DM v, and v, signals respectively. Right: same as left
for muon neutrinos. The solid blue line denotes the atmospheric background while the green dotted
line is for the DM signal, as labelled.

when they arrive at the detector, due to their propagation through the intergalactic medium
in the galaxy. This is of course not specific to the benchmark chosen (yx — 777~ channel
with (ov) = 107 2cm3s™! and m, = 100 GeV) but it is due to large distances from the Galac-
tic Centre. On the other hand, atmospheric neutrinos are sensitive to oscillations in matter,
as expected. The v, and v, neutrinos are equally mixed up to energies of F, ~ 50 GeV, while
v, are affected for energies F,, < 20 GeV and manifest a change in slope in their spectrum.
We expect that neutrino oscillations affect muon neutrino flux for energies with a maximum
~ 50 GeV. For higher energies, matter effects from neutrino oscillations through Earth are

negligible.

3.2 ARCA

The ARCA site of the KM3NeT neutrino telescope is located about 3500 m at the deap-sea
and 100 km offshore from Porto Palo di Capo Passero in Sicily, Italy. It consists of the
same optical modules of ORCA but coarsely configured in a vertical distance of 36 m and
average line space of 90 m totaling a half cubic kilometer of instrumented volume. In our
studies we consider two identical 115 line configurations so-called the two building blocks of
the experiment. ARCA is dedicated to high-energy cosmic neutrino detection with a large
energy range starting from 100 GeV, see ref. [58].

Due to its specifications, ARCA is able to detect v, up to energies of 10° GeV and we
choose to study its sensitivity to DM annihilation in the mass range from 200 GeV up to
10° GeV, value dictated by the unitarity bound for the thermally averaged cross-section on
a s-wave annihilating DM particle [59, 60].

As for the neutrino signal, we consider only track event topologies, as the event and
angular resolution information are not available for showers from ref. [61]. We leave the



inclusion of showers in the ARCA energy range for future works, see e.g. ref. [14]. We consider
the effective area and the angular resolution from figures 19 and 22 respectively of ref. [8]. We
note that in the low energy range the angular resolution is dominated by the v, — u opening
angle. We thus extend this plot from 0.5 to 0.2 TeV following an 1/1/E,, extrapolation. For
the energy resolutions, we adopt the value of Alog;,(E,) = 0.27. We discuss in section 4.1
how our results would change under different variations of these specifications.

Atmospheric neutrinos are the dominant background for DM searches. Although astro-
physical neutrinos becomes more dominant above 100 TeV, they however are the same order of
the background around 100 TeV and are equally considered in the analysis. We thus consider
both atmospheric and astrophysical neutrino backgrounds in all energy ranges as discussed in
section 2.2. In the high-energy range of ARCA oscillation in matter of the atmospheric neu-
trinos can be ignored, as explained in 3.1, however neutrino absorption trough Earth becomes
important and is considered by the optical-depth factor, as explained below eq. (3.1).

3.3 Maximum-likelihood ratio analysis method

We can compute the expected number of events for both the DM signals and the background
in each angular and energy bin by means of eq. (3.1). This allows us to perform a binned
maximum-likelihood analysis to estimate the expected sensitivities of KM3NeT in terms of
upper limits on the thermally-averaged DM annihilation cross-section, (ov).

The likelihood function is given by the Poisson distribution:

M:'Ljij e Hij

L((ov)) =] [n,] : (3.5)
ij Y

where n;; is the number of events in a given energy bin of ¢ and an angular bin of j. The

wij((ov)) = Sij((ov)) + Bj; is the expected number of events for the DM signal (S;;((ov)))

and background (B;;) components. For each DM mass hypothesis, the parameter of interest

(ov), is directly proportional to the DM signal strength.

As example of our procedure, we show in figure 3 the expected number of background
and DM signal events for ORCA and ARCA separately, assuming a 10-year running time and
considering only CC interactions, as discussed in section 3. The DM events originate from the
annihilation process of xyx — 7777 In case of the ORCA detector, we choose as benchmark
(ov) =102 em®s™1, m, = 100 GeV with a maximum opening angle of ¢ = 30° and show the
contribution of shower events in the upper-left panel, while track events are shown separately
in the upper-right panel. Results for the ARCA detector are illustrated in the lower panel,
where only tracks are considered, as discussed in section 3.2, for a DM benchmark (ov) =
1072 em?s™1, m, = 100 TeV and a maximum opening angle of ¢ = 5°. For ORCA, the
signal-to-background ratio for the shower channels (v, and v;) appears to be higher compared
to tracks (v,) due to the lower background rate. In the full analysis, the track channel would
benefits from better angular resolutions when considering angular bins from the Galactic Cen-
tre. In case of ARCA, both atmospheric and astrophysical neutrino backgrounds are included.

For each annihilation channel, we compute the test statistics (T'S) to obtain the expected
sensitivity, following the description in ref. [62], as

TS((ov)) = —2Tn [L(&‘Og»] . (3.6)

According to Wilk’s theorem [63], the test statistics under the null hypothesis is x? dis-
tributed. In this work we consider the sensitivity at one-sided 95% Confidence Level (CL)
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Figure 3. Upper left: expected number of shower events from electron and tau neutrinos in the
ORCA detector for the DM annihilation channel yxy — 77, with an opening angle 1) = 30° for
m, = 100GeV and (ov) = 10723cm3s™!. The dashed blue line shows the contribution from DM
signal events combining both electron and tau neutrino flavours, while the solid red line shows the
sum of shower events coming from the atmospheric neutrino background. Upper right: same as the
left but for track events produced by muon neutrinos. The dashed blue line depicts the expected
events originating from the DM annihilation, while the red solid line shows the expected events from
the atmospheric muon neutrino background. Bottom: same as upper right panel, but for track events
originating from CC interactions by muon neutrinos for the ARCA detector with an opening angle of
¢ < 5°, and the DM signal parameters of m, = 100 TeV and (ov) = 10~ cm?s™1.

that corresponds to TS({(ov)) = 2.71. We obtain the estimated upper-limit for individual
DM annihilation channels with ORCA and ARCA detectors separately. For ORCA, we
combine statistically the shower and track channels by considering a joint likelihood, i.e.,
Liotal = LshowerLitrack- For ARCA, as discussed previously, only tracks are considered. To
obtain the statistical errors due to variations, we obtain n;; by Monte Carlo (MC) sampling
with the background only hypothesis (i.e., B;;) with Poisson probability distribution func-
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Figure 4. Left: sensitivity of ORCA and ARCA for the DM annihilation channel into 7+7~. For
ORCA both tracks (black dashed) and showers (black dotted) are shown separately and together as
total expected sensitivity (black solid). In the case of ARCA only track events are used, given by the
solid black line. The green shaded bands represent the 68% (dark) and 95% (light) intervals around
the expected value. Right: same as left for the & annihilation channel.

tion. The median expected limits, as well as 68% and 95% range of the limits are obtained
from 500 MC data sets.

4 Results and discussion

We present the sensitivity of the ORCA and ARCA detectors to DM particles annihilating
into some specific SM final states, which are assumed to have a 100% branching ratio one
at a time. More precisely we consider annihilation into leptons (2 and 4 charged I*) as they
feature hard energy neutrino spectra, on the contrary to quarks which have softer spectra.
For the latter we only discuss the bb final state as representative of coloured fermions. We
consider then spectral features such as lines (vv) and boxes (4v). The upper-limits for gauge
boson final states, such as WTW ™, are even less sensitive that the case of quarks and are
not shown here since we do not use it in the model interpretation.

Figure 4 shows the expected upper limits for the 777~ and v channels obtained with
the maximume-likelihood analysis, for the low- and the high-mass DM mass range accessible
to ORCA and ARCA. The black lines are the expected values while the dark and light green
bands denote the 68% and 95% intervals, taking into account the statistical uncertainties
via MC simulations. For ORCA, the dotted (dashed) line is obtained from shower (track)
events only, while the solid line is the sensitivity combining both event topologies. Clearly
shower events offer the best sensitivity for ORCA and drive the total upper limit. In case
of ARCA, we have to rely on track events only, as explained previously. Notice that in the
case of v, KM3NeT is capable of reaching the freeze-out value for the thermally averaged
annihilation cross-section. There is a gap in the sensitivity between 100 GeV and 500 GeV
due to the different energy coverage of ORCA and ARCA. The hard spectral shape of the
v and 7 channels also explains the rapid lose in sensitivity registered in ORCA once the
DM mass reach beyond 100 GeV in the energy range. As can be seen, there is a slight
worsening in the ORCA sensitivities around the mass of 20 GeV for vv channel. This effect
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Figure 5. Left: ORCA and ARCA expected sensitivity for DM annihilation into two-lepton final
states, as labelled. The light colored bands denote the 68% interval around the expected value,
given by the long dot-dashed, dashed, dot-dashed and dotted line for v, p*tp™, 777~ and eTe™
respectively. Right: same as left for the four-lepton final states, as labelled.

arises from neutrino oscillations in matter that increase the number of expected background
events. Indeed, as shown in figure 2 there is an interplay between the muon and tau flavour
oscillation resulting to a slight increase of the atmospheric v, contribution. Therefore, it is
important to carefully include the effect of neutrino oscillation in the low-mass DM searches.

Figure 5 shows the expected upper limits for all leptonic channels considered in the
analysis, as labelled, with only 68% statistical error bands. In the left panel, we note that
the eTe™ channel has a sensitivity boost at around 100 GeV, which is caused by the neutrino
spectral hardening from the PPPC4DMID [35] spectrum data bank. The pu*pu~ and 777~
channels perform similarly, while the v© channel has the best sensitivity, as expected. Con-
sidering the case of four leptons (right panel), we do not show the 4e case as the sensitivity
is too weak. We remark a distinct behavior between the 47 and 4u channel, the latter begin
a more optimal signal for the ARCA detector. The 2- and 4-lepton energy spectra are taken
respectively from HDMSpectra and PPPC4DMID, and these two tools handle the electroweak
corrections differently (see ref. [36] for a discussion). The source energy spectra are different
in the two codes and consequently this fact might impact the sensitivity of the detector.

Figure 6 shows expected sensitivities for the representative bb, 77—, and v chan-
nels, respectively, as labelled. Our upper limits are confronted with the existing constraints
available from the literature, obtained from different neutrino detectors. These include the
combined limits from IceCube [65], Antares [66] and Super-Kamiokande [67], see ref. [19]
for details. For reference we also indicate the unitarity limit [59, 60] and the thermal relic
cross-section [64]. Note here that we show the conservative unitarity limit of ref. [60], i.e. the
limit for composite self-conjugate DM. We do this to keep figure 6 model independent. We
note that according to ref. [60], the unitarity limit for point-like DM is 140 TeV.

In general KM3NeT is expected to yield considerable improved upper limits in super-
GeV DM masses as compared to other neutrino detectors thanks to good field of view to
Galactic centre with a large instrumented detection volume and improved neutrino detection
capabilities. Compared to Antares, which sets the leading limit in the v channel around the
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Figure 6. The expected sensitivity reach of KM3NeT ORCA (dashed lines) and ARCA (solid lines)
for bb, 7t7~ and vv annihilation channels, which are representative cases for soft-hadron, hard-
leptonic and the neutrino-line channels. For comparison, we also show the current upper limits from
different analyses taken from [19]. The shaded green region is the exclusion bound for the vv channel,
while the red and blue shaded regions are up-to-date exclusion bounds for annihilation into 77~
and bb respectively. We find that, in general, KM3NeT will offer substantial improvements to the
DM sensitivity compared to existing results. In particular, the neutrino-line channel may potentially
reach the thermal relic [64] level (dot-dashed black line), which is an important milestone for testing
the WIMP DM hypothesis. The shaded grey region in the right top corner violates unitarity of the
annihilation cross-section.

TeV mass range, the full ARCA experiment have a significantly superior detection volume.
Compared to IceCube, ARCA has higher visibility toward the Galactic centre, which implies
larger J-factors. For the case of ORCA, it has much higher detection volume compared to
Super-Kamiokande. These are the main factors leading to the expected improved sensitivities
in figure 6.

Importantly, we find that for the v© channel, both KM3NeT ORCA and ARCA may
potentially reach the thermal relic cross-section. For the simplest WIMP hypothesis this
cross-section represents the required cross-section to reproduce the observed DM abundance
through the freeze-out mechanism. Thus, constraints on the total DM cross section below
the thermal limit can definitely test the WIMP hypothesis, as cross sections smaller than the
thermal limit would over-close the Universe. For many DM annihilation channels that involve
electromagnetic particles (e.g., gamma rays and electrons/positrons), the exclusion limits are
already probing the thermal limit and below it in some mass ranges, most particularly below
my S 10GeV [68]. The constraints on the total cross section are often limited by channels
with weak electromagnetic contributions, and especially, the vv channel, see e.g. ref. [68] for a
thorough discussion. In the MeV energy range, several existing and future experiments have
the sensitivity to probe the vv channel [19-21, 69], down to the thermal level, value that
has been already reached in a narrow mass range by Super-Kamiokande [19]. The possibility
of KM3NeT reaching the thermal limit cross section sensitivity in the GeV or TeV range
will therefore be a important milestone for testing the WIMP hypothesis. Additionally, the
ORCA detector is still under construction, its performances are improving and will become
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publicly available in the future. All this will augment the sensitivity of ORCA to detect
neutrinos coming from DM masses in the range 100 GeV to 500 GeV by closing the present
gap in energy (see the plot) between ORCA and ARCA for the vv annihilation channel.

4.1 Discussions on uncertainties

Our projected sensitivities make use of results from the literature presenting the KM3NeT
experiment specifications, i.e. refs. [9, 52]. However, the final completed experiment will have
most likely performances that deviate from its original design. It is instructive to see how
our results are affected if some of the variables describing the detector sensitivity changes
with respect to the reference values we considered here.

The most important parameter characterising the detector is the energy resolution. A
well-known issue of neutrino telescope is the accurate energy reconstruction of the incoming
neutrinos. Especially, high-energy muon flavoured neutrinos often lead to energetic long-
muon tracks that can not be fully contained in the instrumented volume of the experiment.
Although KM3NeT, which is a water-Cherenkov telescope, is expected to perform better in
this aspect than ice-Cherenkov telescopes, such as IceCube, this will be a major factor affect-
ing the final performance for DM annihilation searches, especially for the ARCA detector.
To assess how variations in the energy resolution affect the sensitivity of the ARCA detector,
we consider the benchmark scenarios that the energy resolution is better or worse than our
default value of Alogo(E,) = 0.27. We find that if the energy resolution is improved or
worsened by 15% (or 30%), the upper limits on the neutrino lines are improved about 10%
(20%) or worsened by 5% (10%). In case we consider a maximal variation of 50%, the gain
or loose in sensitivity is around 30% as shown in figure 7. As expected, the vv annihilation
channel is the most correlated with changes in the energy resolution due to the shape of
the signal featuring a narrow peak, while changes in the energy resolution affect much less
the final states that feature a continuum energy spectrum. In case of ORCA, the flavour
identification will play a significant role in the sensitivities. It is expected that the use of
each flavour will enhance signal-to-background separation and improve the sensitivity. Due
to computational limitations and complexity, this improvement, together with ameliorated
energy and angular resolutions, is not studied here and left for future studies.

For DM annihilation, KM3NeT is sensitive to the Galactic Centre region, where the
expected signal is proportional to the DM density squared, see eq. (2.1). Our results are
reported using the NF'W density profile eq. (2.2), which is widely used for many DM studies;
this allows for a straightforward comparison with the results from the literature. The inner
DM density profile scales with 7—! for the NFW profile. However, there are large uncertainties
associated with the DM density shape in the inner galaxy; steeper or shallower DM density
profiles are also viable choices for that region. To investigate the impact of the density profile
choice on our results, we repeat the analysis by considering also the Burkert and the Einasto
DM density profiles, with the shape parameters from ref. [35]. We find that the former leads
to upper limits which are less stringent by a factor of ~ 5, while the latter produces stronger
upper bounds by a factor of ~ 2, as illustrated in figure 7. Although choice of DM density
profile is the source of the largest uncertainty, detector performance also plays a role for
testing the WIMP hypothesis.

The shape of the DM density profile is actually the largest uncertainty in the theoretical
prediction for the DM neutrino flux; as already said the uncertainties on the neutrino mixing
parameters are negligible. The expected atmospheric neutrino background is also affected by
uncertainties. In our background estimation for ORCA and ARCA we neglect the prompt
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Figure 7. This panel shows the variation on the expected sensitivity reach of KM3NeT ARCA for
the v annihilation channel using NFW profile (solid line) and 50% change in the energy resolution
(dark green band) as benchmark. For comparison, we also show the light green band bracketing the
uncertainties related to the choice of the DM density profile: Burkert provides the upper dotted-dashed
exclusion limit, while Einasto gives the lower dotted-dashed limit. All upper limits are at 95% CL.

component which is often the charm meson decays that is theoretically uncertain and remains
undetected. In case of ARCA energy range, the prompt neutrino contribution is well below
the astrophysical background below 100 TeV. As we stop at the 100 TeV energy and only
use the track event topologies we do not include such background contribution, instead only
include the astrophysical background.

Finally, in our analysis, we have considered the astrophysical background to be a fixed
power-law with spectral index of 2.28. To estimate the impact of associated uncertainties
in the astrophysical flux, we have checked the cases where the spectral index is 2.37 [70] or
2.87 [70] with their corresponding best-fit flux levels. For the vv channel, we find that a softer
flux, related to the 2.87 case, weakens the limit, but only by a few percent. This is because
the astrophysical flux is mostly still dominated by the atmospheric background in the energy
range of interest. The uncertainties associated with the astrophysical flux therefore do not
significantly affect our results.

5 Implications for simple dark matter models

In this section we interpret the model independent results presented in the previous section
for some simple DM models that will be particularly well probed by neutrino telescopes.
We largely follow on the discussion in ref. [16], where the most promising models that only
require one new mediator were highlighted. There the reach of a KM3NeT-like detector
using a APS analysis was shown, for the case of heavy DM and ARCA only. APS analysis
is robust under the choice of the DM density profile, but more conservative for DM profiles
that are centrally peaked. Here we apply the maximum-likelihood analysis performed above
on a wide range of DM masses. The promising results shown in figure 6 where our sensitivity
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reaches the thermal relic line will be augmented by the fact that very few simple models can
achieve 100% branching ratio into neutrinos.

DM interacting solely with neutrinos would of course be the most fortuitous scenario
for neutrino telescopes. However, due to SU(2) gauge invariance, there are only few sim-
ple models that completely evade constraints from ~-ray and direct DM detection experi-
ments [41, 71, 72]. Additionally, annihilation that is velocity independent (s-wave) is gener-
ally required for signals to be detectable at the next generation of neutrino telescopes. When
considering DM as a Dirac Fermion, x, this is achieved for models with a scalar mediator, via
t-channel (based on e.g. [73]) and models with a vector mediator, via s-channel annihilation.
For the latter, we are going to discuss a gauged U(1)r, 1, model, as it is more theoretically
interesting, especially in the light of recent anomalies in the muon sector [25, 74] and a simple
anomaly free model.

The model predictions have been computed using the MadDM [75, 76] tool. The gamma-
ray bounds from the dwarf spheroidal galaxy measurements collected by the Fermi-LAT
satellite [77] are computed using the same tools while direct detection exclusion limits and
projections have been obtained following [78]. All details can be found in [16], with the
exception of the analysis of LZ, with their recently published in [79] and their future pro-
jection [80, 81]. For their first data release [79], after 60 live days and their 5.5t fiducial
mass, the collaboration was able to put the most stringent constraints on spin-independent
DM-nucleon interactions. We model this LZ limit similarly to ref. [82], by performing a 1-
binned Poissonian analysis, where we can neglect any background by only considering events
below the mean of the nuclear recoil band in the signal region, reducing the signal by 50%.
This method is unable to fully reproduce the limit obtained by LZ, but above m, ~ 200 GeV
our result matches the official one in ref. [79]. As will be seen below, this is sufficient for
our purposes because the only time we consider m, < 200GeV is when direct detection
constraints can be avoided completely. For the projections of LZ after its full data taking
period, instead of following [80, 81] we simply apply the same analysis as in ref. [79] but scale
up the exposure from 60 to 1000 days.

The scalar mediated case. This model introduces a new SU(2)gw scalar doublet ¢ that
only couples simultaneously to the SM lepton doublets L, (o = e, u, 7) and the DM ¥,

L = yaXLay' +hc., (5.1)

where y,, coupling strength is a 3 x 3 matrix in flavour space, that we take real for simplicity.
The new scalar field is also odd under the dark symmetry that stabilises the DM particle.
The annihilation process is through the ¢-channel diagram exchanging the scalar mediator.
In order for x to be the DM particle it is required m, < m,,.

Evidently, the cross-sections for xyxy — v and xx — ¢7¢~ are equivalent when m, > my.
This then means that y-ray constraints will compete with the projections for KM3NeT-like
detectors. Additionally, as pointed out in [83, 84], loop processes introduce DM nucleon
interactions which could be observed in direct detection experiments. The already very high
sensitivities of both y-ray and direct detection experiments in the low DM mass region below
and around 100 GeV mean that ORCA does not promise to provide new insights into this
model. However, our projections for ARCA, as shown in figure 8, will be competitive.

In this figure we show how the ARCA projections compare to exclusion limits for a
continuum gamma-ray spectrum provided by the Fermi-LAT bounds and the LZ upper bound
on the nuclear recoil rate. We see that ARCA can provide a substantial improvement on
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Figure 8. Left: ARCA projections (solid green) for the ¢-channel model compared with the existing
and future LZ (light blue shaded and dashed blue respectively) and Fermi-LAT (black shaded) limits,
in the {m,,m,} mass-plane. The coupling strength is fixed at y, = v/4w. The dash-dotted line
denotes the relic density line. Inside the line the DM is under-abundant, while outside the DM is
over-abundant. All exclusion limits and projections are provided at 95% CL. Right: same as left for
a coupling strength fixed at y, = 4 in the {(m,/m, — 1), m, }-plane.

the current limits for such a model. The key feature which plays into ARCA’s favor is its
sensitivity at high energy, while direct detection and v-ray experiments being most sensitive
in the m, ~ 100GeV and m, ~ 10GeV realms respectively. It would be remiss to not
mention the timescales at work here, the LZ full exposure will be reached years prior to the
KM3NeT limit we have show.

A gauged U(1)g,-r,. As outlined in [16], this model is particularly appealing for a
phenomenological study, as it is a simple extension to the SM which does not possess any
theoretical ailments such as gauge anomalies and the related unitarity violation. Furthermore,
for certain masses of the new vector Z’, it can lead to a DM annihilation branching ratio to
neutrinos of 100%. The Lagrangian reads as follows,

L= ng’YaX Z/a + u—1 (ﬂRVaﬂRZ/a - 7_—R’YozTRZ/a + EuVaLuZ/a - LT’YaLTZIa) ) (52)

where pp,7r should be understood as the right-handed muon/tau leptons and L, » as the
leptonic SU(2) doublet of the muon and tau generation. We have written here g, and g,
as separate couplings, but in analogy with the SM, one may think it is more natural to take a
universal gauge coupling and express any difference in terms of charges under the U(1)r, 7.
group. However, the distinction between g, and g, - is convenient to illustrate two different
regimes: (i) g, ~ gu—r ~ 1 and (i) gy > g,—- that is called secluded DM [85]. Additionally,
there is the kinetic mixing of Z’ with the SM photon, quantified by the parameter . If
this parameter is zero at tree level, it will be generated at one-loop with the finite results
€ = gu—~/70, we choose this value for this study.
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Figure 9. Left: projection for the ARCA detector (solid green) for the gauged U(1)z, 1, model in
the {m,,mz } mass-plane for fixed couplings g, = g,—r = 1. The reach of ARCA is compared with
the existing XENONIT (light blue shaded region) and Fermi-LAT (gray region) limits. The dash-
dotted line denotes the relic density line. Inside the line the DM is under-abundant, while outside the
DM is over-abundant. All exclusion limits and projections are provided at 90% CL. Right: same as
left in the {m,, gy = gu—-} plane for a fixed Z’ mass of 5TeV.

Considering first the case (i), DM annihilation into leptons proceeds through s-channel
mediated by a relatively heavy Z’ (myz and m, have similar orders of magnitude). There is
no natural way here to suppress annihilation into charged leptons with respect to neutrinos,
once again gamma-ray and direct detection bounds will be the most sensitive probes for this
model for m, < 100GeV. On the other hand, when the DM mass increases considerably
above the TeV, Fermi-LAT and LZ loose sensitivity and neutrino telescope become a unique
probe for leptophilic models. The projections for ARCA are shown in figure 9 for different
slices of the model parameter space. We see that ARCA will be able to investigate a large
part of unexplored parameter space, which direct and gamma-ray experiments will not be
able to access in a near future. Remarkably ARCA will get close to the thermal relic line in
case of resonant annihilation, as shown in the right panel for a benchmark Z’ mass of 5 TeV.
This demonstrates the complementarity of neutrino telescopes with LHC experiments that
are unable yet to probe new vector bosons at such large masses [86, 87]. Figure 9 is far from
a comprehensive picture of all existing constraints on this model, instead, we have elected to
show only the most constraining limits. For neutrino trident production at CCFR [88, 89]
stringent limits for the Z’ properties come in when myz < 550 for g,—, = 1. This limit
is less constraining than the LZ results shown in figure 9 and therefore we do not show it.
Here we remind the reader that our kinetic mixing parameter is € = —g,_,/70, and therefore
experiments that measure solar neutrino scattering such as Borexino are less constraining
than CCFR for the parameter space shown in figure 9 [90-92].

In regime (ii), secluded DM features a very light mediator (mz < my), perturbative
but large g, while negligible coupling to the SM sector, g,—r < 10~* at least. For such

~

coupling strength hierarchy, the dominant annihilation channel is xx — Z’Z’, which implies
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that the DM relic density value is set solely by g,. Even though g, is extremely tiny, the
7' is not stable and will eventually decay into four SM leptons. Annihilation into charged
leptons, when kinematically allowed, takes place with equal branching ratios and gives rise
to a 4y or 47 final state. The light Z’ mediators are always boosted with respect to the DM
annihilation reference frame. Subsequently, they decay into 4 neutrinos with box-shaped
energy spectra, see e.g. refs. [39-41].

In this secluded regime the direct DM constraints are quite prohibitive on the size of
gu—r- One can see in ref. [93] that even XenonlT [94] can constrain values g,,—, = 1079 for
a given DM mass and g,. This is because the mediator is no longer suppressing the nuclear
recoil rate. Since the U(1)r, 1, model is leptophilic at tree level, it is conceivable that the
kinetic mixing e, is in fact zero [28], thus completely avoiding direct detection with nuclear
recoils. In such a case it could be possible to explain the (g —2), anomaly with m, 2 5GeV.
To us however, it is unclear what mechanisms exist to fully cancel out the loop-level contri-
butions to the kinetic mixing term. Therefore the most promising scenarios for this model to
account for both the measured values of the (¢ —2), and DM is ones where DM is rather light
my < 1GeV [26, 95], which is rather incompatible for the searches performed by KM3NeT.

In such situations where the g,,_; coupling is so small, there are a number of cosmologi-
cal considerations which could constrain our model further, or even alter the expectation that
DM is produced via thermal freeze-out. In our previous work [16] we conservatively took the
constraint that the Z’ must decay quickly enough as not to effect Big Bang Nucleosynthesis.
This roughly translates to 7,/ < 1s [96], which corresponds to g,—r > 107", Below the
di-muon threshold, decays are overwhelmingly into neutrinos, which heats the neutrino tem-
perature [97, 98] and consequently, contributes to the effective relativistic degree of freedom
at recombination AN.g. Of course, the Z' — eTe™ decay occurs, but it is loop-suppressed,
and for low values of g, -, the kinetic mixing is even smaller, relevant constraints can be
found in ref. [99]. Indeed from this one can obtain lower bounds on g,—, > 107!, However
care is required, because the constraints of ref. [99] rely only on the kinetic mixing interac-
tion to produce the relic yield of Z’, which would not be true in our case. This leads us to
another aspect of the phenomenology that requires some further work. As couplings to the
SM decrease, assumptions about Z’ and y being in thermal equilibrium may no longer be
valid. Indeed, according to ref. [97], in order for the Z’ to achieve equilibrium with the SM
thermal bath one requires g, 2 4 x 1079, Furthermore, constraints on my and Ju—r can
be inferred from supernova cooling [100].

In our model with DM bounds from the Planck [98] satellite on the recombination
epoch cannot be avoided and are now stronger than the Fermi-LAT constraints. Indeed
(ov) is severely boosted by the small velocities at that epoch, as a light mediator induces
Sommerfeld enhancement, which we have included as in [101-105].

The result for the ARCA detector is shown in the left panel of figure 10. Below the
muon mass threshold, the Z’ can only decay into neutrinos making ARCA a unique probe for
secluded thermal DM in the very light Z’ mass range. There the only bound on the model
comes from measurements of the effective relativistic degree of freedom before recombina-
tion [97, 98] (ANeg, red shaded region), which sets a bound on the Z’ mass to be larger than
4 MeV roughly, by asking ANeg < 4. Self-interaction constrains the size of the scattering
process X — XX, see e.g., [106], impacting a region very similar to the AN.g < 4 one,
hence are not shown. For myz ~ 10MeV, such light vector boson can also contribute to the
resolution of the Hubble tension [98, 107-109] (yellow shaded band) by increasing ANeg up
to roughly 0.2 — 0.4 [97, 110]. This value is required to reconcile the determination of Hy
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Figure 10. Left: projection for the ARCA detector (solid green) for the gauged U(1)z, —r, model in
the secluded scenario. The light blue shaded region is disfavored by current Planck exclusion limit.
while the orange region is disfavoured by self-interactions and measurements of ANeg. The yellow
region denotes the model parameter space favoured to alleviate the Hubble tension. The dashed line
indicates the relic density line. Right: projection for both ORCA and ARCA detectors (solid green)
for the gauged U(1), -1, model in the secluded scenario in a wide range of DM masses as a function
of g,. The dashed line indicates the relic density line.

from local measurements with the one from the cosmic microwave background. As soon as
DM annihilation into charged leptons is kinematically allowed, bounds from Planck already
exclude much of the model parameter space, although in a sporadic way, due to the resonant
enhancement from the Sommerfeld effect.

In figure 10 (right panel) we show the reach of both ORCA and ARCA detectors for this
specific situation where annihilation is almost exclusively into neutrinos, in the m,, g, plane.
We see that with the aid of the Sommerfeld enhancement, ARCA will be able to constrain
this model where thermal freeze-out would produce the correct relic abundance. Additionally,
for the first time in this section, we see that ORCA will be able to provide leading bounds
on a model we consider. Due to the scale separation of m, and myz we see the Sommerfeld
effect even contributing to the ORCA projections, bringing the sensitivity to the thermal
line as m, — 100 GeV despite the decrease in sensitivity shown for a similar region in the
model-independent limits of figure 6. Here we have not fixed g, , explicitly because it is
currently possible for it to be chosen to avoid all existing constraints. In terms of just the
properties of the Z', g,—, < 1074 is required to evade CCFR limits [89], but with the presence
of a TeV scale DM and kinetic mixing, direct detection constraints are typically much more
stringent. This in conjunction with the condition that 77/ < 1s and that supernova cooling
is consistent with data [100] leaves a substantial but non-trivial region of parameter values
for g,—. For example, considering the left panel of figure 9, when m, = 30TeV and mz =
10 MeV, the strongest constraint comes from supernova cooling and requires g, < 1072 or
Gu—r 2 1 % 1078, in the latter region LZ constrains the model. If instead my = 100 MeV,
supernova, cooling excludes coupling values 2 x 10719 > Ju—7 S 2 X% 1072 and LZ constrains
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values g,—r 2 4 x 1078, meaning it is possible that gu—r can be above the supernova cooling
constraints. For the right panel, this is not possible, so the coupling values are confined to
be below the cooling constraint, i.e. g, < 6 X 1010, Interestingly, for the DM mass that
garners the greatest sensitivity from LZ, m, = 30 GeV, the allowed region reduces to g, , <
4 x 10719, The condition of 7 < 1s corresponds to Gu—7 =>4 % 10~ for my = 15MeV.

6 Conclusions

In this study we have explored the sensitivity of a fully-constructed KM3NeT experiment to
DM annihilation by means of its low-energy ORCA and high-energy ARCA detectors. DM an-
nihilation signals correlate with the Galactic Centre, hence we have based our analysis on the
most central region of the Milky Way and developed a likelihood-ratio analysis using energy
and angular variables of both track and shower events. We have taken into account the ex-
pected performance of the experiment as detailed in the Letter of Intent [8] and optimised the
analysis method accordingly. We have enhanced the sensitivity for ORCA by combining track
and shower events, while we have only used track topologies for ARCA because of its superior
angular resolution. The signal and background events have been generated according to their
theoretical expectations and/or measured data. As for the DM signal, we have taken as base-
line the NFW density profile to describe the DM distribution in the galactic halo. It should be
noted that the limited knowledge of the DM density profile in the central galactic region is by
far the largest source of theoretical uncertainty for the forecasts, neutrino oscillation and mass
parameters choices play a smaller role. We have quantified the variation in the projected sen-
sitivities according to different choices of DM density profile, which is decreased by a factor of
5 or increased by a factor of 2 for a shallower or steeper density profile respectively. As for the
background signal, we have used the atmospheric neutrino events for ORCA and fully incor-
porated the effects of oscillation in matter that neutrinos experience while travelling through
Earth, which have an impact for neutrinos below 20 or 50 GeV depending on the flavour. For
ARCA, atmospheric neutrinos are the main source of background up to energies of around
100 TeV, after which astrophysical neutrinos start to dominate the background signals. We
have then obtained the model-independent upper limits on the thermally averaged annihila-
tion cross-section in a wide range of DM masses, 5 GeV < m, < 10° GeV, and for the most
optimal channels into 2 or 4 leptons, including monochromatic neutrino lines and boxes. As
shown in figure 6, we have found that neutrino experiments like KM3NeT will be able to probe
large portions of the WIMP parameter space in the next decade by reaching the freeze-out val-
ues for (ov) for DM masses around the TeV scale for annihilation into pure neutrino channels.

Although the experimental setup we used here is determined by the design specifications
with limited knowledge and performance of the actual experiment, the real experiment might
be different and outperform our projections. We have investigated such improvements in
section 4.1: a 15% gain in the performance of track event topologies will reflect in a 10%
enhancement in the sensitivity. So far shower events can not be easily incorporated due to the
lack of (public) knowledge about the performance of the ARCA detector to such events. We
expect that the inclusion of the latter events and the use of both event topologies combined
will further improve the sensitivity for ARCA. With possible amelioration in the neutrino
detection and flavour identification techniques, analysis methods and detector upgrades, we
expect substantial gain in the DM detection with neutrinos in the near future.

We then have pursued a phenomenological interpretation of our sensitivities considering
DM models that give rise to observable neutrino signal in the future KM3NeT-like telescope.
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We have selected few simple and motivated leptophilic models in which Dirac DM particles
annihilate into neutrinos via s-wave. We have found that for the U(1)r,—z, model, ARCA
will be sensitive to the thermal freeze-out part of the parameter space for DM masses above
the TeV. This is an important milestone for neutrino telescopes, as it denotes the capability
to test the WIMP hypothesis in a mass range, e.g. around 1 to 10 TeV, which is often at too
high-energy for other DM probes and for LHC to be very sensitive.

Our assumptions for the modelling part are not restrictive requirements as: (i) there
are plenty of realisation that involve also other types of DM particles, see e.g. [41] and
our previous work [16], (ii) annihilation into charged leptons is presented because of SU(2)
gauge invariance and electroweak corrections from high-energy neutrinos produce nevertheless
photon signals detectable by gamma-ray telescopes, and (iii) one-loop corrections typically
induce a non-zero DM-nucleon scattering cross-section accessible to direct detection experi-
ments. Hence the theoretical scenarios discussed in this paper provide a good starting point
for the comparison of different probes. As shown, there is a large parameter space that can
be reached by the neutrino telescopes. This provides a crucial information to other search
experiments. In case of a signal is observed, the models investigated in this paper will provide
a starting point to reveal the nature and type of interactions of DM particles.
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