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High to ultrahigh energy neutrino detectors can uniquely probe the properties of dark nigtter
searching for the secondary neutrinos produced through annihilation and/or decay processes. We evaluate
the sensitivities to dark matter thermally averaged annihilation cross decticand partial decay width

- (in the mass scalk)’ m =GeV 10'%) for next generation observatories like POEMMA (Probe
of Extreme Multi-Messenger Astrophysics) and GRAND (Giant Radio Array for Neutrino Detection). We
show that in the rangk)’ m =GeV 10!, space-based Cherenkov detectors like POEMMA have the
advantage of full-sky coverage and rapid slewing, enabling an optimized dark matter observation strategy
focusing on the Galactic Center. We also show that ground-based radio detectors such as GRAND can
achieve high sensitivities and high duty cycles in radio quiet areas. We compare the sensitivities of next
generation neutrino experiments with existing constraints from lceCube and updated 90% C.L. upper limits
onh vi and - using results from the Pierre Auger Collaboration and Antarctic Impulsive Transient
Antenna. We show that in the rant® m =GeV 10, POEMMA and GRAND10k will improve the
neutrino sensitivity to particle dark matter by factors of 2 to 10 over existing limits, whereas GRAND200k
will improve this sensitivity by 2 orders of magnitude. In the rab@fé m =GeV 105, POEMMASs
fluorescence observation mode will achieve an unprecedented sensitivity to dark matter properties. Finally,
we highlight the importance of the uncertainties related to the dark matter distribution in the galactic halo,
using the latest fit and estimates of the galactic parameters.
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I. INTRODUCTION TABLE I. Dark matter candidates and the decay operators,

. . . . which could produce a neutrino line signal. Hédedenotes the
The evidence of dark matter is compelling at various), Higgs doublet, and V _or denote the dark matter

astrophysical scales, from galactic scales to cosmologiGgirticle depending on whether it has spinl€2, 1, or 3=2,
scales [e.g.[1-5], for reviews]. Following the first dis- respectively. In case 4F denotes eitherB B ,

coveries of stellar velocity anomalies in our Galggyand  \wa a o {2 2 | with standard textbook35] notation

galaxy velocity dispersion anomalies in galaxy clusterg, whichB andWe represent the field strength tensors of the
[7,8], the existence of a dark matter (DM) component wagy uyalr, and SURR gauge fields. In cases 1, 4, and 5, for
firmly established by a variety of probes, such as th@nich the dark matter particle carries hypercharge, a Dirac mass
extensive study of galaxy rotation curf€s10], gravita- partner is required. In this table, we have only listed operators of
tional lensing observations of galaxy clusters [¢1dl]],  lowest dimension when considering all operators allowed for
weak gravitational lensing and X-ray observations otither member of the Dirac pair.

collisions between galaxy clusters [e[$2,13], observa-

tions of dwarf galaxies in galaxy clusters [e]d4,15], Case Spin__SUZR vak Deciy operator
observations of the cosmic microwave background tempet- 0 3 1 L® L
ature fluctuations[16,17] observations of large-scale 2 1=2 0 0 L He
structures[18], and simulations of large scale structure3 1=2 3 .0 L
formation[19,20] 4 1=2 2 1=2 _LF

Despite the extensive evidence for the existence (%f 112 36 S% Lf ;EH

. . o

nonbaryonic DM, representing nearly 84% of the matte 3= 0 0 i iD H°b

density in the Universe, its nature is still elusive. A large

number of candidates have been proposed, such as sterile

neutrinos, axions, supersymmetric candidates, such as ) )

neutralinos, sneutrinos, gravitinos, and axinos, light scalar”s€, , . Because SM neutrinos only interact through

dark matter, dark matter from Little Higgs models, KaluzaWeak interactions, the right-handed fieldg are absent in

Klein states, superheavy dark matter, and many mo#&€ SM by construction, and, thereby, SM neutrinos are

[3,21] The diversity of possible particle candidatesmassless. However, the observation of neutrino oscillations

requires a balanced program based on four-pillar strategi#s astrophysical and laboratory experiments implies that

for dark matter detectiof8,22-25]; neutrinos have a maf6]. Even though the SM structure

(i) Collider experiments that elucidate the particleof the neutrino sector must be extended to accommodate

properties of DM. DM could be produced in the the mass term, the neutrinos as indirect (_:iark maiter signals
scattering of standard model (SM) particlesOriginate in charged and neutral current interactions of the

Although the DM particles would be undetectable left-handed fields | . As such, the effective operators that
they are typically accompanied by related produc{via dark matter decay) might lead to high and ultrahigh
tion mechanisms, e.g., SMSMDMDM pf SMg,  energy neutrino lines in the energy spectrum need to
wheref SMg denotes one or more SM particles. involve L . As an illustration, in Tablé, we list hypo-

(i) Direct detection experiments that look for DM thetical dark matter candidates, defined by standard model
interacting in the lab. DM can scatter off SM SU&ZR and U8LR, quantum numbers, and the decay
particles via DMSM DM SM interactions, de- operators that would produce a neutrino line sigaa].
positing energy that could be detected by sensitivéAll in all, the effective operators given in Tablenply that
low background experiments. neutrinos as indirect dark matter signals will always be

(i) Indirect detection experiments that connect lab sigaccompanied by electromagnetic signals; e.g., secondary
nals to DM in the galactic halos. DM can annihilateelectrons will transform into photons scattering off the
DMDM SMSMordecay DM SMSM, andthe cosmic microwave background via the inverse Compton
annihilation and decay products could be detectedprocess. Neutrinos can be also produced through the decay

(iv) Astrophysical probes that determine how DM scatof  if the dark matter particle couplesdq, but a photon
tering DMDM DM DM has shaped the evolution counterpart will emerge from the associatéd  decay.
of large-scale structures in the Universe. Generally speaking, the assumption of a dominant neutrino

In this paper, we focus attention on indirect detection ofhannel carries with it a violation of t&J&R invariance,
dark matter particles by searching for high and ultrahiglso as to allow a suppression of the coupling. However,
energy neutrinos. Before proceeding, we pause to describgceptions could be manufactured, e.g., by allowing dark
two caveats of our analysis. matter to decay into the sterile neutrino state§espon-

It is well known that the SM of electroweak interactionssible for the generation of neutrino masses and lepton flavor
includes three left-handed neutrino fields , which  mixing), which can later mutate into active neutrinos
accompany the three families of charged leptonsin s L [28,29] Alternatively, the neutrino channel could
the SU®R lepton doubletL Y& ;1 (P, where be maximized introducing new degrees of freedom, which
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would act as portals into the hidden sec{80,31] motivating the consideration of alternative models of
However, it is clear that all of these effective models ar®M. Some classes of DM models feature nonthermal
able to suppress the coupling to charged leptons at throduction in the early Univerdd8-58] and result in a
expense of additional parameters that regulate the mixifigM mass of 110TeV that could produce ultrahigh
between the hidden and visible (SM) sectors. Moreovegnergy cosmic rays or neutrinos through DM interactions.
even if at tree level, the | coupling can be suppressed, Following [59-61], we assume that theparticles can still
radiative corrections could, in principle, start an electroannihilate efficiently in the galactic halo via -, but
weak cascade with the production of charged leptons amde will remain agnostic about the specifics of model
gauge bosong32]. The center of attention in our analysis building and, more generally, how these dark matter
will be indirect dark matter searches in the neutringarticles would evade the unitarity bound.

channel, but we should always keep in mind that, in In the high energy range, gamma-ray and cosmic-ray
general, the same region of the parameter space coultiservatories provide strong constraints on the dark matter
be tested by gamma-ray and cosmic-ray detef38;84]  annihilation cross section and the particle decay widths
Strictly speaking, we concentrate on decays of spin-0 ar{é.g.,[62-71]]. Observatories sensitive to high and ultra-
spin-1 dark matter particles yielding @~ final state. To  high energy neutrinos, such as IceC{ib2], Astronomy
simplify notation, hereafter, the active SM left-handedvith a Neutrino Telescope and Abyss environmental
neutrinos of flavor are denoted by and the scalar Research[73], the Pierre Auger Observatory (Auger)
and vector dark matter particles byThe interesting decay [74], ANITA (Antarctic Impulsive Transient Antenna)
channel in our study is then . [75] and, in the future, for instance, IceCube-G§ra],

The favored models of dark matter are those charactdfM3Net [77], POEMMA (Probe of Extreme Multi-
izing as a relic density of weakly interacting massiveMessenger Astrophysicgy8], GRAND (Giant Radio
particles (WIMPs). A key assumption of this WIMP Array for Neutrino Detection)[79], RNO-G (Radio
paradigm is that is a nonrelativistic stable particle speciesNeutrino Observatory Greenlarjép], can provide unprec-
whose abundance is set by its annihilation in the earlgdented constraints for these channels in the high to
Universe [36-39]. For temperatures above themass, Ultrahigh dark matter mass range 10° GeV. Several
T m, the dark matter particles are thought to be ireXisting studies consider annihilation channels [¢54]]

thermal equilibrium with the SM plasma. When theOr decay channels [e.g[64,66,8186], with various
temperature drops belom , the abundance of begins Models for background neutrinos. For instance, the recent
study by[86] focuses on three decay channels and on the
esses become inefficient, where (in the simplest moﬁels)lcecgbe' RNO-G, and GRAND detgctors, considering
neutrino source and cosmogenic neutrino models as poten-

denotes any particle of the SM. Eventually, for,. ) AN
T, m =20, the dark matter comoving density freezedial backgrounds. In this work, we calculate the sensitivities

out. The WIMP relic abundance (that is, the fraction of th%fuggiwgﬂ:hﬁ?g l()Bleg'i\rlB’tﬁgcri:;ittﬂS-;)iljgpegej;?g:u?)e/s
qutlcal density contributed bytoday) is |r_1verse_ly PrOROr™ ~ ond we compare these sensitivities with existing limits from
tional to the thermally averaged velocity-weighted cros

. A ceCube, with a particular emphasis on the uncertainties
section for WIMP aQZ”'h"a.“O” (to all ghannel§) CaIC,UIateielated to the dark matter spatial distribution in the galactic
at freeze-out: h=><=h vi;,, whereh is the dimension-

X ) . halo. The layout of the paper is as follows. In Secwe
less Hubble constant. The proportionality constant, whicQegcrine the dark matter distribution and the neutrino

is steered by the dynamics of thermal freeze-out, is found {tensity from decay or annihilation. In Séit, we present
be3 x 10°%" cm’® s> [40]. Now, for a pair of nonrelativistic key properties of the high and ultrahigh energy neutrino
WIMPs annihilating with relative velocity, partial — getectors considered. An observation strategy that can
wave unitarity dictates an upper bound:py optimize the detection of neutrinos from dark matter decay
1.7 x 1o§6p m =T;,@m =TeVPhS2 [41], which implies or annihilation for POEMMA is presented in Sé¢. In

m  110TeV [42]. Curiously, a stable particle speciesSec.V, we present the constrgints on t_he dark matter
with a weak scale mass and interaction strength is predictégrmally averaged cross section and in Ség. the

to freeze out of thermal equilibrium with a relic abundancé&onstraints on the dark matter decay width. Their uncer-
that is comparable to the measured cosmological density &inties are evaluated in Sédl. In Sec.VIll, we discuss
dark matter: oy 0.118&R0ENS2 [43]. This can be seen prospects for quure experiments. We discuss these pro-
taking a weak cross section derived from diwensionaﬁpecuve constraints and conclude in S¥c.

analysis: ¢g*=% m P 10%GeV? withm 1= G,

g 065 andv c=3forT,, m =20[44]. This remark- ll. DARK MATTER DISTRIBUTION

able coincidence is usually referred to as tNeéIMP AND NEUTRING SPECTRUM

miracle’ Thus far, WIMPs have eluded detection through An accurate description of the dark matter distribution, in
any of the methodologies listed aboy24,25,4547], particular, in the galactic halo, is critical for direct and

to decrease exponentially, and ff annihilation proc-

083002-3



CLAIRE GUEPIN et al. PHYS. REV. D104, 083002 (2021)

N

all)

—4.7 —4.6 —4.5 —4.4 —4.8 —4.6 —4.4 —4.2 —4.0
log1o(dQD/ [dQ D) log;(dT/ [dQ.7)

FIG. 1. DifferentialD factor for dark matter decay (left) addfactor for annihilation (right) in different longitude and latitude
bins for d %105 sr, considering the generalized Navarro-Frenk-White dark matger profile with best fit parameters from
Benito et al. [91]. The J factors are normalized by their integrals over the entire skly, D %46.6x 107 GeVenv?sr and

d J v%2.3x 10% GeV? cn® sr, and are shown in logarithmic scales.

indirect searches. Its distribution is commonly assumed tGenter or extragalactic signd&)]. The average neutrino
be spherically symmetric and characterized by a specifiatensity in solid angle d from dark matter decay or
radial profile, such as Navarro-Frenk-White (NF®J],  annihilation [e.g.[60,93],
Burkert[88], or generalized NFW. The uncertainties con-

cerning the shape of the profile as well as its normalization d dN z

can be constrained by observations such as rotation curve d dE 4 MPdE e dx &R a3p
measurements. In the following, in order to compare our -

estimates with estimates calculated by the IceCube o
Collaboration[84], we use the parameters given[89] depends on the spectrum of decay or annihilation products
for a Burkert profile dN=dE, the rate , and the integral along the line of sight of

’ the dark matter density, the so-call@dactor orJ factor,

r St r 2%
apvd 4 1p— 1p —  ; abp z z z
Ry R Dd b d Dv d dx &b @b

o l:ois:
with a central dark matter density 4x 10’ M kpc>®
and a core radiuRy 9 kpc. Heref is the fraction of Y4 Z Y4
dark matter that is superheavy. For comparison, and to J8 b d J Y d dx 2k &P
account for the most recent estimates of the uncertainties l:o:s:
related to the dark matter distributif®®,91] described in
Secs.V and V|, we also consider a genera”zed NFWFor decay, is the decay width aral ¥ 1. For annihilation,

profile, Y4 h vi=2, with h vi the annihilation cross section, and
a ¥4 2. Moreover, the factot=4 in Eq. (3) accounts for
r S r S3 isotropic emission. The line of sight distangeand
ap Vi R ip R ; ®P  the galactocentric distance are related byr Vs

R3S 2xRycos p x?KS, with  the angle between the
where (% (®Ry,=Rpdlp RO:Rslﬁé . The best fit param- line of sight and the Galactic Center. The integral avier
eters from91] give a local density, ¥20.6 GeVcnt3 a  from 0 to the upper bounkl,y ¥ &2, S sif. R3F*° p
slope ¥:0.4, and a scale radiug, ¥48x 10" kpc. The Rocos , with R4, ¥4 30 kpc. The differentia factor and
distance between the Sun and the Galactic Center is setkdactor O andJ ) are illustrated in Figl. For the decay
Ry ¥4 8.178 kpc [92]. and annihilation channels considered in this study, respec-

Three dark matter astrophysical components contributévely, ~and ~, the spectra of secondary decay
to the neutrino flux [e.g[59-61]]: the Milky Way halo, the  or annihilation products peak Bt ¥%am =2 andE %am,
extragalactic diffuse background, and the extragalacti@spectively. In the following, we use a delta-function
halos. In this work, we focus on the Milky Way halo approximation for these spectra [see E§$.and (10)).
component, as it provides stronger and less uncertaiie also assess the impact of the neutrino distrib(@idh
constraints than the ones provided by the Galacti; the AppendixA, for the case of decay.
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lll. HIGH AND ULTRAHIGH ENERGY sensitivities of POEMMA and GRAND with the constraints
NEUTRINO DETECTORS from IceCube, Auger, and ANITA, which provide currently

A new generation of detectors, aiming at detectinihneep;;s‘r;%%?gggiggerlgn&'ts from neutrino detection in the

ultrahigh energy particles and, in particular, very to ultra
high energy neutrinos (abovel0’ GeV), is emerging. In
this paper, we focus on the projects POEMMA and V. OBSERVATION STRATEGIES
GRAND. Despite their common detection goal, these FOR POEMMA

two future observatories involve different techniques and
configurations.

POEMMA will be comprised of two satellites flying in
formation at 525 km altitude, equipped with Cherenkov an
fluorescence detectofs8]. Cherenkov signals may come
from extensive air showers from up-gointgpton decays,

Due to the slewing capability of its detectors, POEMMA
can adopt various observation strategies in its Cherenkov
gbservation mode. Full-sky coverage can be achieved, and,
in the case of transient source follow-up, a specific
observation strategy focussing on one region of the sky

the result of interactions in the Earth. A key feature is can be adoptef@5]. The dark matier density is enhanced in

that the Earth acts as a neutrino converter. The prObabiIi&sieﬁglggt:n(;:ggfzeli;aﬂli:;cglzr;’er\:\:jr;ﬁr;ié;ng?(t::]se :jri]gerr(legnr;[al
fora -lepton to emerge from the Earth and produce an ujs factor andJ factor, as illustrated in Fidl. The differ-

going air shower depends on neutrino energy and its source,. : : .
location in the sky relative to the Earth, and the detectabilit nt'azll‘] fac_tor 's the mos’; |mpac_ted due to |ts_ dependency
depends on the satellitegositions[95-97]. Air fluores- ©ON * against for the differentiab factor. Given these
cence signals come from neutrino interactions in thdeépendencies, an observation strategy optimized for indi-
atmosphere. Over several precession periods, POEMMA&Ct dark matter detection is important to develop.
can access the full sky. In the Cherenkov observation mode, 10 _detérmine the optimum observing strategy, we
POEMMA can adopt specific observation strategies. Fdfombine sky coverage calculations accounting for the
instance, the detectors can rapidly point toward a source fiptector field of view and orientatigs] with calculations
the case of an alert for a transient event. In its fluorescen€ the best achievable differential exposure for every
detection mode, POEMMA will achieve a groundbreakingflirection of the sky97]. In the sky coverage calculations,
sensitivity to neutrinos in the rangel0l-10'° GeV. the d_etector has a field of view of 45° and covers a region

GRAND will be ground-based and composed of"@nging from 7° below the limb to 2° above the limb. Also,
arrays of 10k to 200k radio antennas (referred to ad® account for the iII_umin_ation of the Sun and the Moon.
GRAND10k and GRAND200k in the following), operating FOr & total observation tim&q,s 1yr 15d4h, corre-
in the 56-200 MHz range in its final deploymefitd]. The sponding to seven precession periods of the_satelllte O.I’blt
targets for GRAND neutrino detection are also tau leptor@round the North Pole, we calculate the optimized effective
that decay to produce extensive air showers, coming from observation time for every direction of the_sky. '_ro do so, we
interactions in the Earth. A geomagnetic field effect yie|d§alculate the_tlme-depen_dent detector orientation maximiz-
radio signals from the extensive air showers. The GRANDG the effective area weighted by thefactor orD factor,
arrays can be deployed over immense areas and thé@f €xample, for DM annihilation, the quantity,
achieve a competitive diffuse sensitivity in the range Z Z

10°-10' GeV, together with a high duty-cycle in radio d Agd E;th dx 28<P Bb
quiet areas. A single array of antennas will access a limited max los
declination range. Full-sky coverage could be achieved by o ) )
installing arrays at different locations around the globe. Th&/hereAe0 ; E ; tPj,,, is the best achievable effective area
latter configuration is still to be determined. for  detection[97], and s the region of the sky

Due to their prospective unprecedented neutrino sengfétermined by the instantaneous field of view of the
tivity in the >107 GeV energy range, these detectors aréletector [95]. This procedure roughly corresponds to
particularly well suited for constraining the neutrino pro-S€lecting the observable portion of the sky closest to the
duction channels of superheavy dark matter. Several existifgglactic Center. _
detectors sensitive to high to ultrahigh energy neutrinos The effective area depends on the area of the extensive
already constrain indirectly the properties of superhea§ir showe's Cherenkov cone subtended on the ground
dark matter. The properties of dark matter annihilating t§ormal to the shower axcy&sR a quantity that depends
neutrinos is constrained over a wide energy range consi@l the path length of the tau lepton before its decay along
ering various detectors@1]. The properties of dark matter @ trajectory to the detector. The effective area depends on
decaying into high energy neutrinos is constrained fothe differential observation probabilit§,,s according to
various experiments i{82,85] These properties have also Z
been constrained by the IceCube Collaboration for various Agid (E;tb % dPyd ;E ;s;thAcdb &b
decay channeld84]. In this work, we compare the
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FIG. 2. Normalized time averaged effective area in logarithmic scale for the standard observation mode (left) and the Galactic Center
observation mode (right), fd& Y. 108> GeV.

with the effective area averaged ovgys designated by area is identical for neutrinos and antineutrinos for
MAg0 ; E Pi. The differential probability to observe the E %2 m considered here. We refer to neutrinos and
shower depends on the probability of the tau lepton to exéntineutrinos together &seutrinos in what follows. In
the Earth, given an incident energy and angle of the taigrms of the time averaged effective dnmg;® ; E biand
neutrino, on the tau-lepton decay probability as a functiothe observation tim& ., for a given annihilation cross
of s, and on the detection probability given the showesectionh vidm B the number of detectable tau neutrinos at
energy, altitude, and angle. Details can be founf®@. E ¥m is given by

The effective observation time is normalized and used to

weight the maximum effective area in every direction of the Z 1hvi2 an SEP

sky. In the following, this observation strategy is namedN & P dE4 ? N

Galactic Center observation mode (GC), whereas the 7
observation strategy leading to a full-sky coverage is

x d dx 2&PW0 ;E biTgyyg

referred to as standard observation mode (std). As illus- los

trated in Fig.2, the two observation strategies lead to 1 1hvi Z

drastically different sky coverages. T B d | dx oxPW0 ;E PiT,pg
HOXY

®dp
V. DARK MATTER ANNIHILATION
TO NEUTRINGS where N %3 is the number of neutrino flavors.

In this section, we focus on dark matter annihilation tt?OEMMASs Cherenkov signal sensitivities to the thermally
neutrinos, through the channel 5, where isitsown averaged annihilation cross section multiplied by the square
antiparticle with a cross section i 0 ~ bfor  of the -fraction of DM squaredf h vi, illustrated in

Yae, , .We assume equal cross sections for each of theig. 3, are given by settinyl ¥4 2.44, which corresponds
three neutrino flavors. For a given dark matter masshe o the 90% C.L. limit with negligible background.
three-flavor neutrino flux produced by dark matter anni- In the following, we give additional detail about the
hilation in the galactic halo is proportional to a Dirac deltacalculation of the sensitivity for the different detectors

function atE Yam, considered. The number of detectable tau neutrinos is
7 b used to calculate the sensitivity for the Cherenkov obser-
d -, 1lhuvi ~ i de of POEMMA noted above, and for
b~y 1 N 2 vation mode o , as no ,
dE /44 2m? 2an SEP d Lo o "R &P ERAND10k and GRAND200k. Total number of neutrinos,

N ¥22.44, is used for the fluorescence observation
where the factoi=2 accounts for the dark matter being its mode of POEMMA, and for Auger and ANITA IV.
own antiparticle, and the factor of 2 multiplying the Dirac For the Cherenkov observation mode of POEMMA, we
delta function accounts for equal production @ihd . To  use the averaged effective area over a total observation time
account for the possible anisotropies of the sensitivity of ,,sfor the standard observation strategy, and the weighted
specific observation strategies and constrain the thermakyffective area as described in Sé¢. for the Galactic
averaged cross section, we combine POENEVEective  Center observation strategy. A detailed discussion of the
area[96-98] with the differential) factor. The effective prospective backgrounds for the Cherenkov observation
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10712

— POEMMA C. st GRANDIOK ANITA-IV, its sensitivity[75] is combined with the ANITA-

——. POEMMA C. GC GRAND200k - Il effective area as a function of declinatidi94].
Jo-14] — POEMMAF.GQRS — —+ Auger ‘ The sensitivities computed can be compared with the
* POEMMAF,BDH ~ —— IceCube.,:' limit from [61] for IceCube-HE (up td(® GeV). As this

- T ANITALV limit is calculated using a generalized NFW dark matter

rﬁ: 10-16 profile, we simply scale it using the ratig between the
‘i“‘ full-sky J factors rj ¥a Jgnew=Jgurkerr A COMparison
B between existing limit§61] for Auger is presented in
1071 AppendixB.

10-20] =~ VI. DARK MATTER DECAY TO NEUTRINOS

= Following the approach described in Sécwe focus in

15 0 o0 e o5 this section on daLk matter decay into neutrinos, through

my (GeV) the channels . The three-flavor neutrino flux pro-
duced atE ¥am =2 by dark matter decay in the galactic

FIG. 3. Sensitivities to dark matter thermally averaged annihihalo,

lation cross section,” channel (summed over neutrino flavors), b 7
multiplied by 2% 8 = pyP. Five-year sensitivities of PO- d - 1 - =
EMMA for the Cherenkov standard [(std), solid blue] and gg V“I m ‘2an =2SEP d los dx &R

Galactic Center [(GC), dashed blue], and the fluorescence (green)

observation modes, GRAND10k (solid orange), and alop

GRAND200k (dashed orange). Sensitivities of ANITA IV (gray),

Auger (dot-dashed red), and IceCubé] (dot-dashed purple). depends on the dark matter decay width - As in
Eq. (8), the factor of 2 multiplying the Dirac delta function

mode of POEMMA can be found if®7]. In the cases of accounts for equal production ofand ~. The number of

GRAND10k and GRAND200k, we use GRAND differ- detectable tau neutrinos is given by

ential effective areas as a function of neutrino energy, for Z

eight energy bins betweeh(® GeV and 10''° GeV. N EbY dE 1

These differential effective areas are derived for an antenna N 4 m

array located at 43° latitude North (Olivier Martineau, z

private communication). The sensitivity calculated for x d dx &PW0 ; E PITyyg

GRAND200k (obtained by dividing the sensitivity of los,

GRAND10k by 20) is indicative, as the locations of the 1 -y

future twenty 10k antenna arrays are still to be determined. N_4 E

In some of the cases considered, namely for the fluores- z

cence observation mode of POEMMA, for Auger and for X dx  PW0 ;E PiTops alip

ANITA-1V, the differential exposure of the detector is not os

directly available in the literature. In these cases, we use thghere N ¥4 3 is the number of neutrino flavors. The

sensitivities of these detectors to compute the total exposuggo, C.L. limitN ¥ 2.44gives the sensitivities to the dark

for one neutrino flavorE ¥2 244N =408l0PTops4 F o matter decay widtt - for POEMMA Cherenkov

whereN ¥4 3 is the number of neutrino flavorSeps IS 10de and GRAND, antlj:) N Y4244 for POEMMA

the total observation time c_)f the d_e_tgctor considered, ar}ﬂjorescence mode, Auger and ANITA IV, which are

F 1/4.E dN =adE .dAd th|ts sensitivity. The total expo- illustrated in Fig.4. We overlay the limit calculated by

sure is then combined with the sky coverage of the detectme IceCube Collaboratigf4], corrected to account for the

to calculate the sensiti\_/ity to superheavy dark matter. F_(_)r_thﬁﬁerence of dark matter distribution used. As previously,
fluorescence observation mode of POEMMA, its senS|t|V|t3f0r Auger, a comparison with existing limif§2,85] is

[78,99] using two different high energy neutrino cross : :
sections, labeled GQR$00]and BDH[101], is combined presented in Appendig.
with a uniform differential exposure over the entire sky. The
large instantaneous field of view of the fluorescence detector VI DARKU'\I/\II%TETIEEAR:%L@BUTION

makes this assumption reasonable. In the case of Auger, the

total exposurgl02] multiplied by a factor 1.5to accountfor ~ The sensitivities presented in Fi§sand4 are computed
the increase of exposure with time, is combined with theonsidering the Burkert dark matter distribution with
average neutrino exposure per {By3]to account for the parameters froni89], as mentioned in Sedl.. However,
declination dependence of the exposure. In the case dtie to the limited knowledge of the baryonic component of

-2 =2SEP
N
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= POEMMA C, std - POEMMA F, GQRS = GRAND10k = Auger —+— IceCube
== POEMMA C, GC «+=== POEMMA F, BDH == GRAND200k = ANITA IV

[

1030 J

1029<
71077
z 10%
Lip-2s
lV_(>< 1027
BN
10729
1026
10—30
T T T 25 T T T
107 10° 10 1013 101 107 10° 101! 1013 101
my (GeV) m, (GeV)

FIG. 4. Sensitivities to dark matter decay width (left) and inverse of the decay width (rigbbannel. Five-year sensitivities of
POEMMA for the Cherenkov standard [(std), solid blue] and Galactic Center [(GC), dashed blue], and the fluorescence (green)
observation modes, GRAND10k (solid orange), and GRAND200k (dashed orange). Sensitivities of ANITA IV (gray), Auger (dot-
dashed red), and the IceCul@d] (dot-dashed purple). Allowed regions are below (above) the curves in the left (right) figure.

the Galaxy, the dark matter distribution is loosely conuse the likelihood profiles publicly availabletps://github
strained by rotation curve measurements, leading to siggom/mariabenitocst/UncertaintiesDMinThelVand we
nificant uncertainties on dark matter properf#%91] calculate thel uncertainties on our sensitivities for

In order to systematically evaluate the impact of thesé degrees of freedom by considering parameters such that
distribution on the sensitivities to SHDM annihilation and 2S 2 . < 4.72
decay into neutrinos, we consider the general fit presentedThe uncertainties to the sensitivities, in the case of
in [91], which uses rotation curve measurements for thannihilation and decay to neutrinos, are illustrated in
parameters o, , Rg, and V, (the circular velocity of Fig. 5. For both decay and annihilation, we obtain uncer-
the Sun) for a generalized NFW dark matter profile, withtainties of about-41.5 orders of magnitude. As illustrated in
the latest estimates of the Galactic paramg@r$05] We  Fig.2, the POEMMA Cherenkov Galactic Center observation

1071 : : : 77 1072 :
Z —— POEMMA C, std
7 10-25] —— POEMMA C, GC
10-15 7l I —— POEMMA F, GQRS
/a2l ) —— ANITA IV
7 107264
o o —— GRANDI10k
' 1g-17 7 A GRAND200K
- 210777}
) ~10-28
-19 L 10 E
L 10 POEMMA C, std o
=
POEMMA C, GC 10-29]
POEMMA F, GQRS
107214 —— ANITA IV i "
—— GRANDI10k 107
GRAND200k
—23 -31
10 7 9 1 113 15 10 7 9 1 113 15
10 10 10 10 10 10 10 10 10 10
my (GeV) my (GeV)

FIG. 5. Uncertainties on the sensitivities to dark matter thermally averaged annihilation cross section (left) and on the sensitivities to
dark matter decay width (right) for the channel. The bands show thie uncertainties associated with the four parameters in the
generalized NFW profile, the solid lines the sensitivities obtained with the Burkert dark matter distribution with paramg&9% from

and the dashed lines the sensitivities obtained using the best fit parameters and the generalized NFW distrig@tign from
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mode is only sensitive to the dark matter distribution in a Estimates of the uncertainties due to the dark matter
restricted area around the Galactic Center, and thus, uncprefile are available in the literature.[84], the variation of
tainties are noticeably larger for the annihilation channel, dube dark matter profiles can lead to uncertainties on the
to the factor ? that intervenes in the calculation of the numbetifetime of the order of 10% These uncertainties are
of detectable neutrinos [see E®)]. Conversely, the ANITA obtained for the Burkert model, by varying the parameters
experiment is mostly sensitive to &0° declination band in thel range[89] and for a comparison with the NFW
around DEC/4 0°[104], and the uncertainties are smaller formodel. In[61], the likelihoods fronj90] give uncertainties
the annihilation channel. of approximately 1 order of magnitude.

-0  -08  -06  —04  —0.2 0.0
1081017 (€2) (A (€2))/ max[T (2) (Aer ()1}

75

150 120 90 60 30 wo 300 270 240 210

-1.0 08 06 04 02 0.0
108107 (€2) (Aer () / max[T (2) (Aer ()1}

75

300 270 240 210

150 120 90 60 30 ﬁ:}ou 210 240 210

-10  -08  -06 04  —0.2 0.0
10g10{ T (€2) (Aer(2))/ max[T (2) (Aer ()1}

FIG. 6. Instantaneous field of view for a given position along the satellite orbit (left) and effective areas weighted by the differential
factor and normalized fdE ¥4 10%% GeV (right), as a function of longitude and latitude, for configurations with one, three, and six
detectors (from top to bottom).
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VIIl. MOTIVATION FOR For annihilation, the sensitivity gainlis.;=l ;.; 2, and
FUTURE EXPERIMENTS | 5671 5.1 ¥4 2-5. For decay, the sensitivity gains also show

. : o o A
A space detector focussing on the Cherenkov detectioﬁ]WIOIe range withh p;37l p;y ¥4 2-3 andl pe= p;y ¥4 2-6.

of ultrahigh energy neutrinos can be designed to observe ese large ranges are due to the_Iarge unqertai_nties on dark
large portion of the limb, as a wide azimuth extent wijjmatter halo properties. The best fit properties give gains of

1 o S
increase the instantaneous sky coverage and thus, thé3 | 52%42 and 1 5=l 5,1 Y44 for annihilation and
| b1 Y43 andl p.g=l p.; ¥4 6 for decay.

sensitivity of the detector. With a field of view of 45°, " D3~
cI?fOtEg/lll?/lnfxb'observes instantaneously approximafiety2 IX. DISCUSSION AND CONCLUSION
We evaluate the sensitivity gain that would be provided High to ultrahigh energy neutrino detectors can provide
by a detector with a wider azimuth extent. Concretely, wenique constraints on the properties of superheavy dark
consider several detectors pointing in different directionsmatter annihilating or decaying to neutrinos. In this work,
all with a field of view 45° and covering a region rangingwe have calculated the sensitivities and limits that high to
from 7° below the limb to 2° above. Three configurationsiltrahigh energy neutrino observatories provide on dark
are considered. The first is comprised of one detector, withatter thermally averaged annihilation cross section and
an azimuth extent of 30°, which corresponds to the dark matter decay width, for the channels  and
POEMMA Cherenkov observation mode, the second is ~. We have focussed on calculating the sensitivities
comprised of three detectors and has an azimuth extentafd limits of POEMMA, GRAND, ANITA-1V, and Auger,
90°, and the third is comprised of six detectors with arcompared with the current limits given by IceCube. The
azimuth extent of 180°. The geometrical instantaneoussensitivities of the detectors, or their differential exposures,
fields of view of the three configurations are illustrated inas well as their sky coverages and the possibility of
Fig. 6 for one satellite position along the orbit. detecting several neutrino flavors, are key aspects for
The geometrical instantaneous field of view is given byconstraining the properties of superheavy dark matter.
the intersection between the region corresponding to the The next stages of GRAND, GRANDI10k, and
constraint on the viewing angle< 7° (or emergence angle GRAND200k, to be deployed in the next decades, have
em < 19.6°), and the regions corresponding to the conthe advantage of a very large exposure, of the detection from
straints on the field of view of the detectors fov5°. all azimuth angles and a full time operation due to the radio
These three configurations are used to calculate the sk{gtection technique. Therefore, they give the most con-
coverage of the instrument, using our optimizatiorstraining bounds in the energy rangd(®-10'! GeV.
method accounting for the dark matter distribution. Th&SRAND200k could improve the existing limits by 2 orders
central detector is pointed toward the direction maximizin@f magnitude. The locations of the antenna arrays of
the detection of dark matter, which is often the Galacti&RAND200k are still to be determined, which could
Center direction when accessible to observations. THefluence its sensitivity to superheavy dark matter. The next
effective areas weighted by the differentiafactor for ~phase of the experiment, GRANDProto3006], a pre-
the Burkert dark matter profile, namelyy b8 ;E bi  liminary network comprised of 300 radio antennas, will
are illustrated in Figb for E % 10°5 GeV. The effec- determine the efficiency of autonomous radio detection and

tive areas are time averaged over an observation timydl! Possibly help identify unexpected sources of noise.

Tyne 1yrl5d4ah. Wider azimuth extents allow the POEMMA has the advantage_offull-sky coverage, due_to
detector to be sensitive to a larger portion of the sky!S orbit around the Earth, and in the Cherenkov detection
and the effect is more pronounced for the quantitjm’de’ the pointing ability of the detector can allow optimiz-

D& b8 :E bi as D& bis less peaked toward the N9 the observation strategy for dark matter detection. A
Galactic Cehter direction thahd b strategy focussing on the region of the sky observable and

In order to evaluate the gain of the last two Comcigura_closest to the Galactic Center improves the sensitivity of

tions when compared with the first configuration, for POEMMA o superheavy dark matter detection. This
the case of annihjftion, we calculate and Compargnprovementlsmore5|gn|f|cantfordarkmatterdlstrlbutlons
the quantitiesl ;, % d J 8 P3 :E bity,d b for peaked towards the Galactic Center. K GeV, the

E 1, 1085 GeV i%r thel range preser'1ted ir?Se\CII In sensitivity of POEMMA to superheavy dark matter decaying
this formula, n stands for the number of detectors,

to neutrinos improves by a factop, the constraint derived
hA.40 ; E Piis the best achievable effective area in all

by the IceCube Collaboratiof84]. In the fluorescence
e ) . observation mode, the three-flavor sensitivity and the full-
Q|rect.|ons of the Skyf We_lghted by the_ eff_ecnve observaélw coverage of POEMMA lead to unprecedented sensitivity
tion time for each direction,, & B which is computed o superheavy dark matter pronerties ahbgé GeV and
using geometrical sky coverage calculations. FoP P y prop

cav. we adoot the same orocedure. calculdtingy, MProves by a factor of 80 the sensitivity of ANITA-IV.
Y: P . P : B4 The uncertainties related to the dark matter distribution
d D& b0 ;E bit,,d PatE ¥4 1085 GeV.

in the galactic halo play a central role for indirect dark

083002-10



INDIRECT DARK MATTER SEARCHES AT ULTRAHIGH ENERGY... PHYS. REV. D104,083002 (2021)

matter detection. In addition to calculating the sensitivities ~ 1* o POEMMA C. GC. distribation )
to su_perheayy dark matter annihilation and decay into Lg-25] — POEMMA ¢ ac y
neutrinos using the best-fit parameters of the dark matter —+= POEMMAF, GQRS, distribution /*
distributions, we have evaluated the uncertainties on —— POEMMA F, GQRS a

L - Lo 107264
these sensitivities, using the tabulated uncertainties in the .

distribution of dark matter constrained from rotation curve '» j;-27]
measurementf91]. We have shown the importance of

— vy

these uncertainties, which can belb orders of magni- 1072
tude, depending on the sky coverage of the detector =
considered. 10724

An enhanced version of the POEMMA Cherenkov detec- f
tor, for instance, with a wider field of view, or comprised of ~ 107"’;
several detectors pointing in different directions, could w
increase the sensitivity to superheavy dark matter properties. 10 107 10° 101 1013 1015
We consider the cases of three and six detectors with a field of m, (GeV)
view of 45°. For the case of six POEMMA-like detectors, the
best fit parameters of the generalized NFW distribgéaf ~ FIG. 7. Effect of secondary neutrino distribution on the
we find an enhancement in the sensitivity by a factor 4 and §ensitivity to decay width for POEMMA Cherenkov (Galactic
respectively, for annihilation and decay. Most of the detectofseNer observation mode) and POEMMA fluorescence (GQRS).
do not point toward the Galactic Center; thus, the enhanceﬁ . . " .
ment is small for a very peaked dark matter distributiodne® showering, introduce additional neutrinos at lower

towards the Galactic Center. Consequently, the uncertainti€ ergies. \Iive} consider_ recfent palculatilon_s that inﬁl_ude
on the dark matter distribution strongly influence thes€ ectroweak: fragmentation function evolution, matching
estimates of the sensitivity gains. at the weak scale, and then further evolution wnh Pythla

In addition to GRAND and POEMMA, various projects of [94- We use the associated python packages including

HE-UHE neutrino detectors are being developed, such 44€s€ e€ffects, available on  githulhttps://github.com/
IceCube-Gen2[76], RNO-G, [80] Trinity [107], and nickrodd/HDMSpectia to assess the impact of the

others[108], with a variety of detection techniques. Thesedistributions of secondary products on the sensitivities

detectors will profitably contribute to superheavy dark mattei® SHOM. L
searches. Two examples for the decay channel, considering

POEMMA Cherenkov Galactic Center observation mode
and POEMMA fluorescence observation mode with
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APPENDIX A: DISTRIBUTION
OF SECONDARY PRODUCTS APPENDIX B: COMPARISON WITH EXISTING

Electroweak showers can influence the distribution of AUGER CONSTRAINTS
secondary products for both the annihilation channel Several constraints from the Auger experiment, on the
~ and decay channel ~ considered in this SHDM annihilation cross section and decay width, have
work. With SHDM, the or can be produced with virtuality been computed in previous studies. In Bigwe compare
m (m =2) for annihilation (decay). Electroweak showersour calculations, which use the updated Auger sensitivity to
develop, degrading the initial neutrino energy and, throughWHE neutrinos and the declination dependence of the day-
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—— Auger, Arguelles et al. (2019), rescaled e Auger, Esmaili et al. (2012), rescaled
—-+— Auger, this work — Augc‘r, Kachelreiss et al. (2018), rqscalcd
—-— Auger, this work
107274
T
=z
3
T
-~
—~
<
10728 1
107 108 10° 1010 101 1012 107 10° 101 1013 10%
my (GeV) my (GeV)

FIG.8. Comparison between Auger limits on the averaged annihilation cross sectif@ilfrand this work (left) and Auger limits on
the decay width fronf82,85] and this work (right).

average exposuif@02,103] with estimates fronj61] for For the decay channel, our limit differs froff2]
the annihilation channel afi@2,85]for the decay channel. (rescaled) by a factor of 10, which may be related to
These estimates are rescaled to account for the differaditferent effective area and solid angle acceptance of the
dark matter distribution profiles considered and thejetector in both studies. Moreover, our estimate differs
increase of exposure with time. from [85] (rescaled) by a factor of 2 in the mass range
Our limit for the annihilation channel differs by a factor 108-10'! GeV, the main difference between the two
40 from the rescaled constraint fr¢di]. The sky coverage analyses being the use of the distribution of secondary
of the detector and the related calculation of the differentigleutrinos if85], which contributes to the constraint in the

J factor differ in these two analyses. higher mass range0*-10'5 GeV.
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