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We determine the future sensitivity of the TRIDENT neutrino telescope to dark matter annihilation in the
Galactic Center. By applying the full detector design and assuming an Navarro-Frenk-White (NFW) halo
profile, we show that TRIDENT will probe annihilation cross section down to (6v) ~ 5 x 10727 cm?s~! for
10 TeV dark matter, falling below the thermal freeze-out benchmark. The analysis is carried out with all-
flavor neutrino interactions, where we demonstrate that cascade events, primarily due to v, ., show greater
sensitivity to a dark matter signal compared to the more commonly studied track events. Furthermore, we
highlight the impact of a previously overlooked background, Galactic neutrinos produced from interactions
between hadronic cosmic rays and interstellar gas. We find dark matter sensitivities are more strongly
degraded in the high energy region above ~10 TeV, with a maximal weakening of approximately a factor
of 2. This effect remains smaller than the uncertainty associated with the dark matter density profile but can
nonetheless mimic a positive annihilation signal. We contextualize these results with a concrete particle
model and show that TRIDENT will be able to probe the most interesting untested parts of parameter space.
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I. INTRODUCTION

Unveiling the nature of dark matter (DM) remains a
fundamental challenge in modern physics [1,2]. Thermal
freeze-out of heavy stable particles [3,4] provides an
elegant production mechanism for DM in the early
Universe while necessitating new interactions with the
Standard Model (SM). This process is driven by the
thermally averaged DM annihilation cross section, {(cv).
Moreover, for a large range of DM masses, 0.1 — 10° GeV,
the cross section required to produce the correct relic varies
very little and is approximately (cv) ~3 x 1072 cm?s~!
[5,6]. Annihilation with such a cross section should in
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principle be observable in regions of high DM density,
motivating experimental searches. This method of indirect
detection [7-9] has made substantial progress over the past
few decades, with the most successful experiments using
photons and antiparticles as messengers [10—13]. However,
the thermal freeze-out target above ~100 GeV remains
largely untested [14]. At such high energies, while y-ray
telescopes have shown steady progress [15—18], neutrino
telescopes have emerged as excellent astrophysical tools
[19-24]. In this work we assess the future capabilities
of the Tropical Deep-Sea Neutrino telescope (TRIDENT)
precisely in the search for DM in the 10°~10° GeV mass
range.

The field of high-energy neutrino astronomy is
entering a new era of rapidly expanding detector capabil-
ities. Alongside the continued operation of IceCube, newly
deployed facilities such as KM3NeT in the Mediterranean
Sea [24] and Baikal-GVD in Lake Baikal [25] are now
producing astrophysical neutrino measurements and
steadily increasing the global sensitivity to high-energy
neutrino sources. Looking further ahead, several next-
generation observatories are under development, including
IceCube-Gen2 at the South Pole [23], the Pacific Ocean
Neutrino Experiment [26], and TRIDENT in the South
China Sea.

Published by the American Physical Society
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This paper presents the first model-independent sensi-
tivity projections for TRIDENT’s DM annihilation search.
By instrumenting a multi-cubic-kilometre volume of sea-
water with advanced optical sensors, it is expected to
provide excellent sensitivity to both tracklike and cascade-
like neutrino interactions, with strong all-flavor perfor-
mance at TeV-PeV energies [27]. We target the Galactic
Center, demonstrating TRIDENT’s potential for reaching
cross sections consistent with the DM thermal freeze-out
benchmark. These projections guide predeployment detec-
tor optimizations and establish the analysis framework for
future DM searches, positioning TRIDENT as a leading
probe of the high-mass DM parameter space.

An additional novel feature of this article is our treatment
of the Galactic plane neutrinos, which are produced from
interactions between hadronic cosmic rays and interstellar
gas. Such a background can significantly affect DM
searches in the Galactic Center and has not been included
in previous studies [28]. We adopt the Galactic plane
neutrino flux inferred from the IceCube observations
[29] and quantitatively evaluate its impact on the
TRIDENT sensitivity.

In this article, we first review the basics for determining
the neutrino flux from DM annihilation in the center of the
Galaxy in Sec. II. In Sec. III, we describe the detector setup
and simulation framework used to estimate the event rates
for the DM signal and expected backgrounds. In Sec. IV we
present the TRIDENT sensitivity analysis and then evaluate
the effects of the unknown Galactic neutrino background
and halo profile uncertainties. In Sec. V we interpret these
future projections for a specific particle physics model,
exemplitfying how TRIDENT will be able to uniquely probe
important regions of the DM parameter space, and poten-
tially discover it. Finally, we summarize our findings and
discuss future directions in Sec. VL.

II. NEUTRINO FLUX FROM DARK MATTER
ANNIHILATION

For neutrino telescopes, the neutrino flux from DM
annihilation is

do, 1 <61}><

dE, 4r K3

dNB!
— dE,,

PD(I—H/ﬂ) J(Q)’ (21)

where m,, is the DM mass and dNY'™/dE, is the neutrino
energy spectrum per annihilation; the superscript “prod”
signifies that this spectrum is calculated at the production
point. Typically, for the v final state the energy spectrum
is, to first approximation, simply a neutrino line,
dN,/dE = 25(E, — m,). Similarly, the energy spectrum
for the 4v final states can be approximated well by a box-
shaped spectrum, dN,/dE = 4H(m, — E,)/m,, where H
is the Heaviside step function [30,31]. For energies above
the electroweak scale, final state electroweak radiation can

soften the spectra. Therefore, we use the spectra provided
by HDMSpectra [32]. Unfortunately, the 4v final state is not
included in the HDMSpectra; we estimate the electroweak
correction to the box-shaped spectra by modeling it as a
series of many neutrino lines and performing a weighted
sum of corrected 2v spectra. For non-neutrino final states,
such as quarks and charged leptons, neutrinos are still
radiated from showering and particle decay, generating a
continuous spectrum. For these we use the spectra provided
in the code Xarov [33]." The propagation from the source to
detection is encapsulated by the transition probability
P, ., To calculate this, we take the best-fit Pontecorvo—
Maki—Nakagawa—Sakata matrix values from Ref. [35]. The
numerical factor k is determined by the nature of DM. In the
case of self-conjugate particles (such as Majorana fermions
or real scalars), k =2, whereas for non-self-conjugate
particles (such as Dirac fermions or complex scalars),
k = 4. We adopt k = 2 for our model-independent analysis.
Finally, J(Q) in Eq. (2.1) is the integral of the DM density p,
along the line of sight dx (LOS) over the target solid angle in
the sky d€, namely the J factor

JE/dQ/ pa(x)dx.
Lo.s.

The precise form of the DM density profile is one of the
main sources of uncertainty for our signal. For our model-
independent bounds we will consider the benchmark
Navarro-Frenk-White (NFW) profile [36]

(2.2)

B Py
TS T

(2.3)

where r; = 20 kpc is the scale radius and p; is the scale
density, which is fixed by a local DM density p, =
0.4 GeVcem™ [37]. For each direction in the sky, we
calculate the J factor and use this as the spatial template for
the DM signal. We discuss the dependence of our results
with respect to the density profile choices in Sec. IV D.

III. THE TRIDENT DETECTOR

TRIDENT is a planned next-generation deep-sea neu-
trino telescope to be constructed in the South China Sea, at
a depth of approximately 3.5 km. The full detector will
comprise up to ~1000 vertical strings, spanning several
cubic kilometers, each instrumented with hybrid digital
optical modules (hDOMs) [38].

A. Neutrino interactions in TRIDENT

The TRIDENT detector is designed to achieve full-sky
coverage and to detect all neutrino flavors with a high

'Note that we have checked our results are consistent when
using other codes such as HDMSpectra [32] and Cosmixs [34].

063008-2



PROBING DARK MATTER ANNIHILATION IN THE GALACTIC ...

PHYS. REV. D 114, 063008 (2026)

.

FIG. 1.

Visualization of the two types of neutrino interactions from the TRIDENTSim framework [27], showing an example v,-CC

track event (top) and v,-CC cascade event (bottom). The color of the spheres indicates the photon detection time, with red corresponding
to early arrivals and blue to later arrivals, while the radii represent the number of photons detected by each hDOM.

efficiency over a broad energy range, from sub-TeV to
multi-PeV. Long optical scattering lengths in deep seawater
allow for excellent photon timing and spatial resolution,
boosting precision in the reconstruction of neutrino direc-
tions. These features make TRIDENT particularly well-
suited for studying extended and diffuse astrophysical
sources such as the Galactic Center and for searching
for DM annihilation signals.

Neutrino interactions in large-scale Cherenkov detectors
such as TRIDENT produce two main event topologies:
track and cascadelike events (referred to as tracks and
cascades later in this work, respectively), corresponding to
different neutrino flavors and interaction types.

1. Tracks

Tracks arise primarily from charged-current (CC) inter-
actions of v, producing energetic muons that may traverse
several kilometers in water. Their elongated light pattern
enables precise directional reconstruction and provides the
basis for point-source searches. The dominant background
for these events comes from atmospheric muons generated
by cosmic-ray interactions, which overwhelm the down-
going event rate below ~100 TeV. Concretely, we apply a
cut of reconstructed tracks coming from below the horizon.

2. Cascades

Cascades originate from CC interactions of v, and v,, as
well as neutral-current (NC) interactions of all flavors.
They deposit energy within a more confined region (on the
order of meters) compared to tracks, yielding a more
limited angular resolution. However, for spatially extended
or diffuse sources, such as the Galactic Center, precise
directionality is less critical, making cascades an important
signal channel. Cascades also provide superior energy
resolution, since their energy is typically fully contained
within the detector, and suffer less contamination from

atmospheric muons and neutrinos. Together with full-sky
coverage and flavor inclusivity, these features make
cascades an essential complement to tracks in DM
searches. This study therefore considers both channels in
combination, ensuring sensitivity to all neutrino flavors and
interaction types.

Example track and cascade events simulated using
TRIDENT’s simulation framework, described in the
following section, are shown in Fig. 1, highlighting the
significant differences in energy deposition possible for
each interaction type within the detector.

B. Simulation framework

The detector response and sensitivity estimates presented
in this work are based on the TRIDENTSim full-chain
Monte Carlo framework [27]. The simulation models
neutrino interactions of all flavors, including propagation
through the Earth, deep inelastic scattering near the
detector, and the subsequent production and propagation
of secondary particles using Pythiag§ [39], cRMC [40], and
Geant4 [41]. Cherenkov photon production and propagation
are simulated with Geant4 and the OPTIX ray-tracing engine
[42], incorporating the measured optical properties of
seawater at the TRIDENT site [43]. The reconstruction
of key neutrino direction and energy parameters is carried
out using dedicated track and cascade likelihood-based
algorithms [27]. These define the effective areas and
angular resolutions used in the DM sensitivity calculations
presented in the following sections.

IV. MODEL-INDEPENDENT LIMITS

In this section, we present the projected sensitivities of
TRIDENT to DM annihilation into SM particles. The
analysis follows a maximum-likelihood approach, applied
separately to track and cascade neutrino event channels.

063008-3
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We first describe the likelihood construction and stat-
istical treatment, then show the resulting model-indepen-
dent limits under standard assumptions for the atmospheric
and astrophysical neutrino backgrounds. Finally, we assess
the impact of an additional Galactic neutrino component
from cosmic-ray interactions, and discuss systematic uncer-
tainties related to the DM halo model.

A. Likelihood construction and background modeling

We evaluate TRIDENT’s sensitivity to DM annihilation
signals using the track and cascade channels separately.
DM signal events are extracted through the reconstructed
sky map distribution of neutrino events in the Galactic
Center, where the angular resolution performance for both
track and cascade events can be seen in Ref. [27].
Following the same detector-level treatment, signal and
background event rates are determined using TRIDENT’s
calculated effective area, which implements a detector-level
trigger based on a minimum number of hDOMSs with
coincident photons detected. Basic analysis cuts are sim-
ilarly applied. The TRIDENT site latitude is taken as
17.4°N. For track events only reconstructed up-going
events (0, > 90°) are considered in order to suppress the
large background from atmospheric muons. The Galactic
Center region is therefore geometrically visible for approx-
imately 60% of the time. Cascade events conversely are
selected from all directions, as the diffuse nature of
Galactic sources reduces dependence on strict angular cuts.

To account for energy reconstruction resolutions,
a Gaussian smearing approximation is assumed based on
preliminary energy reconstruction methods developed for the
TRIDENT detector [44,45], applying: Alogo(Ewco/E,) =
0.25 for tracks and 0.04 for cascades, corresponding to energy
resolution of ~80% and ~10%, respectively.

For an effective exposure time 7', the expected number
of events u is computed as a convolution of the neutrino
intensity d®,/dE,, with the declination-dependent effec-
tive area A g (E,, 5), and resolution functions that describe
the angular and energy reconstruction uncertainties:

d*®,
u=T [ dQ, | dE, mAcff AE. dE .

X /A dgrecgE(Erec|Ev)gQ(Qrec|Eu)' (41)

The total expected event rate includes both signal and
background components. The dominant backgrounds are
(1) Atmospheric neutrinos, modeled using the Dae-
monFlux package [46], including both conven-
tional and prompt components.
(2) Atmospheric muons, assumed to be -effectively
removed through an up-going reconstructed direc-
tional cut, applied to track events only.

(3) Diffuse astrophysical neutrinos, modeled as an
isotropic flux following IceCube’s best-fit power
law [47].

(4) Galactic plane neutrinos, measured by the IceCube
experiment [29], which are expected to be a meas-
urable background for potential DM signal neutrinos
produced in the same region. Further discussions on
this background and its expected impact are found in
Sec. IV C.

The estimation of TRIDENT sensitivities on the upper
limits of the thermally averaged DM annihilation cross
section (ov) is performed using the maximum-likelihood
method. The likelihood function £ is defined as

(sij + bjij)"

' e_(sij‘f’bij)’
nij .

£i(or) =] 42)

ij

where s;; and b;; are the expected signal and background
events in the ith energy bin and jth angular bin, and n;; is
the observed count (background only in sensitivity studies).

The expected DM signal and background for a ten-year
exposure are shown in Figs. 2 and 3. The event rate of the
DM signal is decomposed into individual interaction
components in Fig. 2 as a function of reconstructed
deposited energy, Eg.. We take maximum opening angles
of y = 5° for track events and y = 20° for cascade events.
Since NC events yield fewer Cherenkov photons as
compared to CC events, we see two peaks in the cascade
energy spectrum. Figure 3 displays the corresponding sky
map of the DM signals obtained with y = 40°. The
neutrino spectra are calculated for DM annihilation chan-
nels yy — ¢~ and yy — v with a DM mass of 100 TeV,
adopting the annihilation cross section (cv) constrained by
current KM3NeT limits [24].

The sensitivity for each annihilation channel hypothesis
is evaluated through the fits of Asimov datasets using the
test statistic, which is defined by the ratio of the maximized
likelihood and the null hypothesis likelihood [48]:

TS = —21n (%) (43)

The value of cross section (cv) that yields a number of
signal events § corresponding to the 95% confidence level
criterion is taken as the upper limit.

B. Standard sensitivity

We forecast the sensitivity of TRIDENT to DM anni-
hilation into specific SM final states, assuming a 100%
branching ratio for each channel.

In Fig. 4 we show the 95% CL upper limits for the bb,
7777, vv and 4v channels obtained from the maximum-
likelihood analysis. The lines represent the median
expected limits, while the color bands denote the 68%
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FIG. 2. Expected reconstructed energy spectra in TRIDENT from DM annihilation channels yy — t7z~ (top) and yy — vi (bottom)
for a DM mass of m, = 100 TeV. The left and right panels correspond to track events with opening angle y < 5° and cascade events
with y < 20°, respectively. The annihilation cross section (6v) is adopted from the current KM3NeT limits [24]. Distributions account

for the detector’s energy reconstruction uncertainty.

intervals around the expected value, taking into account the
statistical uncertainties from Monte Carlo simulations. The
sensitivity derived from track events is shown in the left
panel, whereas the right panel depicts the sensitivity
obtained from cascade events.

Overall, the limits exhibit a clear hierarchy among the
annihilation channels. The bb and 7+~ final states yield
comparatively weaker sensitivities, primarily because these
channels produce broader secondary particles and softer
neutrino spectra. In particular, for the bb channel, the
likelihood fits based on cascade events fail to converge at
dark matter masses below 1 TeV, which is attributed to the

limited effective area for cascade events at low energies.
The neutrino final-state channels (vv and 4v) provide the
strongest sensitivities as expected, since annihilation
directly into neutrinos produces a sharply peaked and hard
neutrino spectrum. Both analyses based on tracks and
cascades are expected to reach the thermal relic value
around multi-TeV for vv and 4v channels. The sensitivities
of cascades benefit from the better energy resolution, which
provides a boost for all the channels. The relative behavior
of the 4v and vv channels diverges between the two event
topologies. For tracks, the limits for 4v nearly overlap with
those of vv, since track events have relatively poor energy
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FIG. 3. Reconstructed sky maps of expected DM signals in TRIDENT in Galactic coordinates, extending +40° in both latitude and longitude. The
signals arise from DM annihilation channels yy — 7~ and yy — vo for a DM mass of m, = 100 TeV. The annihilation cross section {cv) is taken
from the current KM3NeT limits [24]. The distributions account for the detector’s angular resolution.
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FIG. 4. 95% CL upper limits of TRIDENT on the thermally averaged DM annihilation cross section (ov), as a function of the DM mass for four
annihilation channels, assuming 10 years of full detector exposure. The left (right) panel represents the sensitivity obtained from track (cascade) events.
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resolution and are thus less sensitive to the differences in
the injected neutrino spectrum, leading to comparable
sensitivities. In contrast, the more precise energy
reconstruction of cascades makes the spectra from box-
shaped 4v flux and linelike vv flux distinguishable. As a
result, the cascade channel achieves better sensitivities for
the vv channel against the 4v channel. To assess the impact
of electroweak corrections, we also calculated the sensi-
tivities for the neutrino final states using the corresponding
naive spectra. We found that the effect of electroweak
radiation is negligible for m, <2 TeV. Even in the high-
mass regime m, 2 100 TeV, the degradation of the sensi-
tivity remains less than a factor of 2.

C. Galactic plane neutrino background

In addition to the previously considered atmospheric and
diffuse astrophysical neutrinos, Galactic neutrino emission
originating from the interactions of hadronic cosmic rays
with interstellar gas is also expected [29,49,50]. This
background is not very well understood, and introduces
an additional uncertainty. To reflect possible novel fea-
tures at high energy, we follow the modeling of Refs. [51—
53], where cosmic rays are injected by individual sources
with a discrete distribution of positions. This approach is
more physically motivated than the use of propagation
codes, such as GALPROP [54] and DRAGON [55,56], which
assume a smooth distribution of cosmic-ray sources in the
Galaxy. The shorter confinement time of TeV — PeV
cosmic rays, compared to GeV counterparts, leads to
more visible imprints from individual sources. TRIDENT
sensitivities to DM should also be re-evaluated without
prior knowledge of the expected distribution of the
Galactic neutrinos.

Galactic neutrinos contribute in the form of two com-
ponents, diffuse Galactic neutrino emission and Galactic
neutrino source emission. The former arises from hadronic
interactions of the large-scale Galactic cosmic-ray popu-
lation with interstellar gas. This is expected to be con-
centrated along the Galactic plane and roughly following
the gas distribution up to energies of a few tens of TeV
(taken from Refs. [57,58] for this work), while for higher
energies, this smooth approximation becomes less accurate
because the short residence time of PeV cosmic rays makes
the neutrino emissivity sensitive to the stochastic distribu-
tion of recent Galactic accelerators [51]. This is when
Galactic neutrino source emission can be important. To
model this we use Monte-Carlo realizations of discrete
PeVatron-like supernova remnants with a total energy
budget of 10°! erg, 10% of which goes into cosmic-ray
acceleration. Sources are generated with random ages at a
rate of 3 per century, with Galactocentric radii sampled
from the axisymmetric surface density [59] and vertical
positions uniformly distributed within the Galactic disk.
The number of PeVatron sources in each realization is
determined by the birth rate, the sampled age range (10 Myr

in this work), and the assumed fraction of generated
remnants that accelerate cosmic rays up to PeV energies.
The injected cosmic-ray spectrum is assumed to follow a
power law with index 2.4 which becomes ~2.7 after
propagation. The cosmic rays are propagated using
Green’s function solutions of the diffusion equation, and
the resulting neutrino emission is obtained by convolving
the propagated cosmic-ray density with the interstellar gas
distribution. The overall normalization of the neutrino flux
is adjusted to reproduce the IceCube measurement around
70 TeV averaged over the sky using the z° template [29];
note that IceCube are working on an updated analysis [60].

Our analysis method has to account for the stochastic
nature of this background; we adopt the following pro-
cedure. First, we randomly generate different realizations of
the Milky Way, where the Galactic neutrino emission is
generated by different sets of Galactic sources drawn
randomly for each simulation. This yields sky maps of
the Galactic neutrino flux with stochastic spatial distribu-
tions. In the sensitivity calculation, some maps are ran-
domly selected to form Asimov datasets for the potential
DM signal, while others are used as probability distribution
functions. We adopted 20 sky-map realizations, and the
average sensitivity is taken. For comparison, we also
include the KRA? [61] model, a gamma-ray-constrained
Galactic diffuse-emission template with a 5 PeV cosmic-
ray cutoff. The template is normalized using the best-fit
flux in the IceCube observation of high-energy neutrino
emission from the Galactic plane [29]. We chose to use
KRA? as opposed to other backgrounds such as z° [61]
because it is more peaked around the Galactic Center and
will therefore have a bigger effect. Unlike the baseline
stochastic model, which is based on discrete realizations of
Galactic cosmic-ray sources, KRA; provides a more
spatially continuous neutrino emission from the Galactic
Center region. Figure 5 shows the Galactic neutrino event
rate obtained from one stochastic Galactic plane sky map
and from the KRA; model, together with the DM signal
from the yy — v channel and the atmospheric combined
with diffuse astrophysical background contributions.

The impact of the Galactic neutrinos on the sensitivity
for the representative v channel is shown in Fig. 6, which
presents the sensitivity to DM as a function of DM mass for
track (cyan) and cascade events (purple), including and
excluding Galactic neutrino emission, modeled using either
the stochastic or the KRA; template. The central 68%
interval is shown as color bands, indicating the stochastic
effect from various realizations. Across the ensemble, the
resulting sensitivity varies by approximately a factor of 2.
We find that the Galactic-plane neutrino background
degrades TRIDENT’s sensitivity in both event channels
above ~1 TeV, with the strongest impact occurring above
~10 TeV, where the hard Galactic-plane spectra become
dominant. Moreover, the impact is more pronounced for
cascade events, as their poorer angular resolution makes it
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FIG. 5. The event rate of Galactic plane neutrino background from one stochastic Galactic plane template and KRA; model, together
with the DM signal from the yy — v channel and the combined atmospheric and diffuse astrophysical background, for both track (left)
and cascade (right) events. The Galactic contribution included in the total events curve is the stochastic Galactic-plane neutrino

component.

more difficult to separate the Galactic-plane background
from the DM signal toward the Galactic Center region. We
have also evaluated the bb, 77~ and 4v annihilation
channels, which we show in the Appendix. The corre-
sponding impact of the Galactic-plane neutrino background

XX — VvV
——— Tracks
Cascades
10~24F === Atm. + Astro.
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FIG. 6. DM signal sensitivity in the yy — v channel for track
(cyan) and cascade (purple) events. Results are shown without the
Galactic-plane background (dashed line) and with its impact
modeled using stochastic Galactic-plane maps (solid line) or the
KRAE template (dotted line). We assume ten years of full detector
exposure. Colored bands represent 68% uncertainty intervals.

follows a similar qualitative behavior to that observed for
the vv channel.

D. Dark matter halo model

In addition to the neutrino backgrounds mentioned
above, substantial uncertainties of the DM density profile
can significantly limit TRIDENT’s sensitivity to (ov).
Efforts to understand the potential density profile primarily
come from astrometry and N-body cosmological simula-
tions. Modern N-body simulations such as Auriga L3 [62],
FIRE-2 [63], VINTERGATAN-GM [64], and TNG50 [65],
incorporate baryonic effects. Furthermore, in the era of
survey telescopes such as Gaia [66—69], astrometry studies
are also able to provide competitive constraints on the
profile in the Milky Way [70,71].

Despite substantial progress, the uncertainty in the
profile remains large, especially in the central regions.
Reference [72] proposed using a “bracketed” profile, which
takes the state-of-the-art results from N-body simulations
and astrometry in order to quantify our ignorance; see
Fig. 2 of Ref. [72]. The profile maintains an uncertainty
slightly below 1 order of magnitude in the inner region
(<1 kpe), but it is still sufficient to disfavor profiles with a
large core. In Fig. 7 we show the effect this bracketed halo
function has on our projected v channel sensitivity; the
panels on the left and right show our results for track and
cascade signals, respectively. We see that for both tracks
and cascades, the TRIDENT sensitivity is affected by
around 1 order of magnitude for all dark matter masses.
We performed the same analysis for the bb, 77~ and 4v
annihilation channels and find qualitatively similar
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The expected sensitivity of the yy — vv channel for both track (left) and cascade (right) events as in Fig. 4 but showing the

effects from variations in the halo model. The solid curves indicate the limits using the NFW profile as a benchmark, while the colored

bands represent the variations from the Bracket halo model.

behavior: cuspy halo profiles improve the sensitivity to
(ov) relative to the NFW profile by a small percentage,
whereas cored profiles degrade the sensitivity by a factor of
10 for tracks and by a factor of 10-20 for cascades. This
factor is fairly stable over the entire DM mass range.
Comparing Fig. 4 with Fig 6 and Fig. 7, we can see that the
halo uncertainty remains the leading cause of uncertainty in
TRIDENT’s sensitivity to DM annihilations.

V. PARTICLE MODEL INFERENCE AND
COMPLEMENTARITY

In the previous sections, we demonstrated that the
TRIDENT experiment can probe the DM thermal relic
benchmark parameters under the assumption of a 100%
annihilation rate into neutrinos. However, this is not a
particularly likely scenario because neutrinos reside in left-
handed SU(2) doublets, meaning many DM models with
annihilations into neutrinos also have comparable annihi-
lations into charged leptons and SM gauge bosons. To
better contextualize our projections in the landscape of
indirect detection searches, we show, in Fig. 8 a nonex-
haustive plot of the current limits on the dark matter
annihilation cross section. We show the most constraining
channels for all analyses. In shaded blue we show the
combined dwarf spheroidal analysis performed by Fermi-
LAT [12], HAWC [15], H.E.S.S. [16], MAGIC [73], and
VERITAS [74] presented in Ref. [75]. We show the most
constraining 777~ channel, taking the more constraining
J-factor set [76,77]. In shaded red we show the dwarf
spheroidal result from LHAASO [18] (z*77). The H.E.S.S.
constraint is their Galactic Center constraint, also for 77~
[78]. Since the H.E.S.S. results for the relevant annihilation

channels assume an Einasto profile, we estimate the
H.E.S.S. NFW limit by rescaling according to the relative
W+ W~ sensitivities for Einasto and NFW profiles. This
weakens the limit somewhat but it makes the comparison
between our result more meaningful. We make a similar
approximation for the Cherenkov Telescope Array (CTA)
projections [17]; however we see the NFW projections are
stronger. The PLANCK limit is strongest for e™e™ [79]. We
show the existing limits on the vo Galactic Center for
IceCube [80] and KM3NeT [24].

In Fig. 8 we can see TRIDENT will exhibit excellent
complementarity with future y-ray searches for dark matter.
In particular we see that the cascade signal is vitally
important for this. Furthermore, the impact of TRIDENT’s
sensitivity depends on whether there exist well-motivated
particle physics models that are not already excluded.

Although many models are available [82—87], we take as
an example the U(1),,_, = extension to the SM [88,89]. This
model is theoretically consistent, simple, and can accom-
modate DM. It was shown in Ref. [90] that high-energy
neutrino telescopes would be able to provide particularly
competitive limits [91]. This is primarily because the
annihilation rate to neutrinos is relatively high, even when
m,, > 1 TeV, an energy region where y-ray telescopes lose
sensitivity. Furthermore, the model does not couple to
quarks at tree level, weakening bounds from DM direct
detection and colliders. Owing to TRIDENT’s large expo-
sure to the Galactic Center and its excellent angular
resolution, we expect it to provide leading sensitivity in
this class of models. In this section we will show that
TRIDENT is expected to probe regions of parameter space
that are currently unconstrained, including the parameter
regions that correspond to thermal freeze-out DM.
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FIG. 8. Landscape of current constraints and projected sensi-
tivities on the thermally averaged DM annihilation cross section
(ov) as a function of the DM mass m,. The colored shaded
regions show existing upper limits from indirect searches,
including the combined dwarf spheroidal galaxy limits [75] from
Fermi-LAT, HAWC, H.E.S.S., MAGIC, and VERITAS; the
Galactic Center limits from H.E.S.S. [78]; the diffuse gamma-
ray limits from LHAASO [18]; the limits from IceCube [80,81]
and KM3NeT [24]; and the CMB constraint from Planck [79].
For each experiment we chose the most constraining channel
which we signify in the bracket next to the label. The black dash-
dotted curve denotes the annihilation cross section required to
reproduce the observed DM relic abundance through standard
thermal freeze-out [5]. The projected CTA sensitivity to the 777~
channel is shown for both Einasto and NFW halo profiles,
indicated by the dashed and solid black curves, respectively. The
magenta and olive solid curves show the projected TRIDENT
sensitivities for cascadelike and tracklike events, respectively,
assuming a 100% annihilation branching fraction into neutrinos.

Before we describe the specifics of the particle model,
we briefly review how we calculate the relevant DM
properties used later. First, when calculating the thermally
averaged cross section during thermal freeze-out, we use
[4,92]

27T
(4zm;TK,(m,/T))?

x A: dsy/3(s — 4m2)K (V;%){Mf(s), (5.1)

V4

(ov) =

assuming the Maxwell-Boltzmann distribution of the DM
phase space. Here, s is the Mandelstam variable; K| and K,
are the modified Bessel functions of the second kind; and 7'
is the temperature, which at freeze-out, we determine
according to Ref. [5]. The cross section o,,_, ;¢ is the total
annihilation cross section.

To calculate (o) in the astrophysical environments, one
replaces the phase space distributions in Eq. (5.1) with the

DM velocity distribution. Properly normalized, one can
perform the following rearrangement [93,94]:

<GU>1‘ = /d”relfrel(vrel)giyrelv (52)
where v, is the relative DM velocity, and the subscript of o
signifies a specific annihilation channel. The velocity
distribution function can be simplified if one assumes
the Maxwell-Boltzmann distribution,

Fret(vr1) = 4oy, / P oemf (Vom + Veel/2)f (Vem = Viel/2)

2 2
_ 2 Utel Vtel
=A\/—=€Xp| — s
vl 202
0 0

where v, is the most probable velocity, which we take to be
220 kms~! [95-97] for the Galactic Center and 10 kms™!
[98,99] for dwarf spheroidal galaxies. To map the indirect
limits for a set of given annihilation channels, 6", onto our
model parameter space we determine the combined upper
limit using model branching ratios Br;,

. Br; \~! lolex ~ i)v)
cp)lim — ( L ) where Br; = —————.
(o0) o1 zl: <011>1-1m (Oror?)

(5.4)

(5.3)

We will show our TRIDENT projection as a combination of
the track and cascade analyses above. For y-ray telescopes,
the most constraining bounds above ~200 GeV come from
the H.E.S.S. Galactic Center analysis [78].

Finally we will also make use of the latest results from
direct DM detection experiments. We will explicitly show
the PandaX-4T result [100], but other xenon-based experi-
ments such as LZ [101] and XENONnT [102] have
achieved similar levels of sensitivity.

A. The Li _L] model

The U(1), _, extension of the SM is one of the simplest

. ! Jo. . .
theoretically consistent extensions available. The model
introduces anew U(1), _; boson, Z', which couples to the

SM via the following current:

L-L, = - -
Jo' = LiyeLi +Ciyeli = LiyoLi =€yl (5.5)

js
where L and ¢ are the left-handed and right-handed lepton
fields, respectively; the subscript denotes the flavor; and
i # j. For a DM candidate we introduce a Dirac DM
particle, y, which must interact with Z’ in a vectorlike way
to maintain anomaly freedom [88,89,103—105]. The dark
sector current is then

Je=XraX =XrYaXL + XRVXR (5.6)

such that the interaction terms are
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Eim _ 2002 GW Baﬁzlaﬂ 4 g?/MZ,aj)o(z 4 ggl/\/lz/ajél L/,
where the B, is the SM hypercharge field strength tensor
and 6Oy is the weak mixing angle. We have also introduced
couplings for the kinetic mixing, € [106,107], and the DM
and SM currents, gE,M and g?,v' respectively. We have
normalized the kinetic mixing such that in the electroweak
broken phase, € can be determined by loop mixing between
the photon and the new boson Z' [108,109],

SM
eq m;
€(p — O) = 6;2 1[1(%]),

(5.7)

where e is the electric charge. Depending on the model
flavor, the size of the kinetic mixing will vary slightly;
for L,—L,, L,—L, L,—L, we have e~ gM/30,
e~ g/20, and e~ g5/60 respectively. In the figures
below, we show the results for the Lu — L, model and
comment on the differences for the other L; — L; models.

When my > m,, DM annihilation proceeds through s-
channel scattering into charged leptons and neutrinos with a
branching ratio of ~2/3 and ~1/3, respectively. When
m, > my, the yy — Z'Z' annihilation opens up and can be
important. For a neutrino telescope this process will be
detectable via the decay particles from the Z’, leading to the
box-shaped 4v spectra described in Sec. II, for which the
projected TRIDENT sensitivities were shown in Fig. 4. For
such channels we determine the branching ratio by

gt =gpM =10

—

—-= Qr?=0.11
= TRIDENT
[ Pandax 4T
[ HES.S.

10

10% ‘ 10*
mz [GeV]

Bryjj; = By x <F<Z’ - ’7)> x (F(Z/ _’ﬁ)>, (5.8)

Iﬁtot

where we multiply by 2 if i # j. For the yy - Z'Z' -
vot ¢~ channel, we estimate the sensitivity by rescaling
the 4v sensitivity by a factor of 2 to reflect the reduced
signal spectra dN,/dE,.

We show our projected TRIDENT limit on the parameter
space in the left panel of Fig. 9 in red, assuming g, =
g = 1.0 and an NFW DM profile. One can see that the
TRIDENT sensitivity will be able to cover regions near or
above the thermal relic line. When my < m,, the t-channel
xx — Z'Z' process can become important, Bry, ~ 0.25 of
the total annihilation cross section. In the same regions of
parameter space, the relatively light Z’' compared to y can
contribute to a Sommerfeld enhancement. This enhancement
arises from nonrelativistic multiple exchanges of the light
mediator, which increase the annihilation rate at low
velocities [110,111]. We use the analytic approximation
given in Refs. [112-114]. We incorporate the Sommerfeld
enhancement by multiplying the annihilation cross section
appearing in Egs. (5.1) and (5.2) by the enhancement factor,
6 — 65 (v, ). This correction is applied both to the present-
day relevant for the TRIDENT or H.E.S.S. sensitivity and to
the thermally averaged annihilation cross section at freeze-
out. Owing to both the t-channel and Sommerfeld enhance-
ment, it is not trivial to see exactly how the limits vary
for different couplings. When the s-channel annihilation

SM

gz <<g?;\1, myz < 2my,

10°

DM
9z

1071

P |
103

FIG. 9. Plots showing the reach of TRIDENT on the model we consider here. Left panel shows the (mz,m,) plane assuming
g?,v[ = Z,M = 1.0. We show the strongest limits from y-ray telescopes (H.E.S.S. [78]) and direct detection (PandaX-4T [100]) with the
purple and blue shaded regions, respectively. The neutrino fog [115] is shown by the green dashed line. Right panel shows the
TRIDENT sensitivity in the (m,, goM) plane, now assuming g3M < goM. In both panels we show the calculated relic line cast from
Ref. [5].
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dominates, (ov) ~ (g3'goM)?/(4m% — m2,)*, and smaller
couplings simply require smaller masses accordingly.

In addition to the TRIDENT projections we show the
constraints on this model from the most sensitive indirect
and direct detection results in shaded purple and blue,
respectively. The charged lepton decays, 7z~ and u*p~
occurring at tree level dominate the y-ray limits for this
model [78]. By contrast, the direct-detection signal is
produced only via the loop-induced kinetic mixing,
Eq. (5.7). To determine the elastic nucleon cross section,
we follow Refs. [116-120] and determine that when
myz > 500 GeV, the DM-neutron cross section is zero
at first order and the DM-proton cross section can be
written as

mymy,  e*(goM)%e?
1

m(m, +m,)*  md,

oyp = (5.9)

Furthermore, we also show by way of a green dashed
line, where the irreducible neutrino background from
coherent elastic neutrino-nucleus scattering will come into
effect [115,121]. At these energies the dominant neutrino
source is atmospheric neutrinos which will be indistin-
guishable from a DM particle with mass above ~50 GeV.
We can see that the TRIDENT sensitivities calculated in
this work reach deep into the neutrino floor.

For the thermal relic and the TRIDENT constraint, the
lines in the left panel of Fig. 9 would be unchanged for the
L,—L, and L, — L, models. However, the PandaX and
neutrino floor lines would move a little to the right due to a
slight increase in the kinetic mixing. For the H.E.S.S.
constraint, a slight weakening of the limit would occur for
the L, — L, model because the e* e~ and p "y~ final states
are less constrained with respect to z*z~. Furthermore, the
L, — L,/ models are under much stronger constraints from
LEP-2 [122]. In particular, above mz = 209 GeV, the
coupling is constrained to be g, < 0.044my /(200 GeV)
[123,124], which would provide a constraint on the left
panel of Fig. 9 of my > 4.5 TeV.

In the right panel of Fig. 9 we focus on the scenario
where neutrino telescopes give the only relevant con-
straints. This is the secluded U(1) L,-1, model and occurs
when the Z' mediator is very light, and g)M > g3M [125].
In this case the relic abundance can still be achieved via
dark sector freeze-out. The most interesting possibility for
TRIDENT is when mz < 2m, which results in Bry, ~ 1.
Light bosons are comprehensively searched for by fixed
target and low energy facilities, such as NA64 [126] and
Muon g-2 [127]. For mz < 2m,, both these experiments
require ggl,v[ <5x 107, Experiments such as LDMX
[128], a future muon beam-dump experiment [129] and
astrophysical observations of white dwarf cooling [130]
have the potential to constrain this region further. Finally,

constraints from cosmological probes require that m, 2
3 MeV [131].

Once we embed dark matter into this model, the direct
detection constraints are much stronger than the pure Z’
searches. This typically requires g3 <107¢  for
m, ~ 1 TeV. The lower bound on g5 comes from big
bang nucleosynthesis, requiring the Z’ lifetime to be <1 s,
which in turn requires g%l,vl > 10710 between 3-200 MeV.
Even still, the annihilation is not entirely invisible to other
searches such as the Cosmic Microwave Background
(CMB) [79] or even y-ray searches through electroweak
corrections or the loop-suppressed Z' decay to electrons.

For the entire range of m,, in the right panel of Fig. 9 the
Sommerfeld enhancement is in effect, allowing our pre-
dicted sensitivity to overcome the uncertainty on the
DM halo. The solid red line is for the NFW profile, and
the red shaded region brackets the uncertainty in the halo as
described in Sec. IV D. We see that when m, 2 600 GeV,
TRIDENT’s sensitivities will be able to confidently
exclude this scenario for thermally produced DM.

We quickly comment on other proposed experimental
tests for this model, many of which are reviewed in
Ref. [91]. The key limitation for collider searches is the
achieved center-of-mass energies, the largest of which is
the LHC, but since our model does not couple to quarks at
tree level, most limits are not relevant. In fact, measure-
ments at LEP-II remain the most stringent, m, 2 209 GeV
[132,133]. This underscores the power a future lepton
collider could have on this model [134-136].

VI. SUMMARY AND OUTLOOK

In this paper we have presented the first DM annihilation
sensitivity forecasts for TRIDENT. Our results show that
cascade events will bring substantial improvements to the
DM sensitivity, by over a factor of 2 compared to a track-
only analysis. This demonstrates the significant impact
precise reconstruction of cascade events can bring, further
informing ongoing predeployment detector optimization
studies. In fact, the cascade sensitivity result shows that
TRIDENT will be able to probe the thermal relic cross
section values for DM masses between 10°~10° GeV. We
obtain sensitivities down to (ov) &5 x 10727 cm?s™! at
m,, = 10 TeV. This area of parameter space is still untested
and is one of the last regions for the “WIMP miracle.”

As always with indirect detection, one has to contend
with uncertainties in the DM distribution, which will
weaken TRIDENT’s sensitivity. Additionally, the back-
ground flux of neutrinos originating from the interactions
of hadronic cosmic rays and interstellar gas remains largely
unknown and can limit the sensitivity further. We estimate
the effect this background will have on neutrino telescopes’
search for DM annihilation signals from the Galactic
Center. We believe that this is the first time such a
background has been incorporated, and we find that its
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impact is greater at energies above ~10 TeV where at most
the sensitivities are weakened by a factor of ~2. We also
highlight the possibility that this background could mimic a
DM signal, motivating further research and the develop-
ment of analysis techniques that distinguish between the
two signals.

In order to emphasise the future impact of TRIDENT we
contextualize our model-independent limits with a specific
particle physics model, the U(1),, _; , which represents a
more realistic scenario than 100% annihilations into neu-
trinos. We demonstrate that TRIDENT remains sensitive to
parameter values consistent with a thermal relic, as anni-
hilations into neutrinos are still substantial. At energies
above 1 TeV, y-ray telescopes and direct dark matter
detection searches lose sensitivity, opening a complemen-
tary discovery window for neutrino telescopes. Owing to its
large exposure to the Galactic Center and excellent angular
resolution, TRIDENT is uniquely positioned to exploit this
window. For example, when my and m, are both at the
~10 TeV scale, TRIDENT will probe deep into the
“neutrino fog,” where direct detection experiments will
struggle to penetrate. There remain substantial regions
where both direct and indirect detection experiments
complement each other and would provide independent
verification of any signal, which may be needed given the
Galactic plane neutrino background. The accompanying
y-ray signals predicted by the model will also be a source of
complementarity aiding both background and particle
model discrimination. Furthermore, since relic DM above
1 TeV requires resonances or leads to Sommerfeld
enhancements, the velocity distribution in the DM profile
could be more important than usually assumed for velocity
independent annihilation. The TRIDENT sensitivity we
report here motivates a more careful analysis.
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APPENDIX: GALACTIC PLANE NEUTRINO
BACKGROUND: ADDITIONAL CHANNELS

We show the impact of the Galactic plane neutrino
background for the bb, v+t~ and 4v channels in Fig. 10,
following the approach of Fig. 6 and Sec. IV.3. The
background has a smaller effect on tracks owing to their
better angular resolution. For channels with distinct spectral
features, such as the vv 6 peak and the 4v box shape, the
high energy resolution for cascades mitigates the influence
of the Galactic plane background. As with Fig. 6 the central
limit degrades above ~1 TeV with the effect saturating
around 10 TeV.
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FIG. 10. DM signal sensitivity in the bb, 777~ and 4v annihilation channels, shown from top to bottom, respectively, for track (left)
and cascade (right) events. Results are shown without the Galactic-plane background (dashed lines) and with its impact modeled using
stochastic Galactic-plane maps (solid lines) or the KRA; template (dotted lines). We assume ten years of full detector exposure. Colored
bands represent the 68% uncertainty intervals associated with the stochastic Galactic-plane realizations.
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