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Why Search For Dark Matter With
Neutrinos?

Neutrinos present BSM properties (mass)

Neutral particles allow
for direct coupling to DM

The final frontier for indirect searches
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® Neutrino detectors and fluxes
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® Searching for a strange neutrino flavor effects
e How do we move forward??
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Neutrino detectors through the decades
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Multiple different detection technologies to hunt for neutrinos. Different pros and cons.
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“Background/Foreground” neutrino fluxes

Depending on the technology we maybe able to reduce these backgrounds from DM-induced neutrinos.
For example the Sun only produces neutrinos so antineutrino searches remove this foreground.
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Neutrino experiments | will discuss In this talk

Energy Range |Experimental Analysis Directionality Detected Flavor
MeV 2.5 — 15 MeV |Borexino (Bellini et al., 2011) X ve (IBD)
8.3 — 18.3 MeV |KamLAND (Gando et al., 2012) v’ v (IBD)
10 — 40 MeV |[JUNO (An et al., 2016) v’ v. (IBD)
3 SK (Olivares-Del Campo et al., 2018a) X v. (IBD)
GeV 1o~ 107 MV DARWIN (McKeen and Raj, 2018) X All Flavors (Coherent)
DUNE (Abi et al., 2020b)
0.1 — 30 GeV |HK (Olivares-Del Campo et al., 2018b) X Vey Ve, VUr, Vr (CC)
1 —10* GeV |[SK (Abe et al., 2020; Frankiewicz, 2015) v’ All Flavors
TeV 20 — 10* GeV |IceCube (Aartsen et al., 2016a) v’ All Flavors
50 — 10° GeV |ANTARES (Adrian-Martinez et al., 2015) v’ Vu, Uu (CC)
0.2 — 100 TeV |CTA (Queiroz et al., 2016) v’ All Flavors (Bremsstrahlung)
PeV 10 — 10* GeV |IC-Upgrade (Baur, 2019) v’ All Flavors
> 10 PeV  |IC Gen-2 (Aartsen et al., 2014b) v’ All Flavors
10 — 10* TeV |KM3Net (Adrian-Martinez et al., 2016) v’ All Flavors
EeV 1—100 PeV |TAMBO (Wissel et al., 2019) v’ Vr, Ur (CC)
> 100 PeV |GRAND (Alvarez-Muniz et al., 2018) v vr, Uy (CC)

ARGUELLES, ET AL., REV. MOD. PHYS. 93, ARXIV:1912.09486 7
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Fermi-LAT [63]
OTA [64]
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LHAASO [66]
IceTop [67]
KASCADE [68]
CASA-MIA [69)
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TA-SD [71]
Auger-SD [72]

= 0022222222

Gamma-ray experiments
will have correlated
signals

| will discuss these gamma-ray experiments too!

BECOMES RELEVANT BEYOND

ELECTROWEAK SCALE

MeV |

12y

C. Bauer, N. Rodd, B. Webkber.
10.1007/JHEP0O6(2021)121

GeV TeV PeV EeV

ELECTROWEAK
CORRECTIONS
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Stops

® Neutrino detectors and fluxes

e Searching for an excess of neutrinos

e Searching for a deficit of neutrinos

® Searching for a strange neutrino flavor effects
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Indirect Detection

Final Products

+ (=)

y e p

Focus on large reservoirs of DM

In this talk | will only focus on dark matter decaying or
annihilating directly to neutrinos 10




Recipe to obtain the neutrino flux

* Divided by 3 in the case of all neutrino flavors. . | | -
Particle Physics
v DM decay lifetime D = stz[ p, (x) dx

l.o.s.

dN, m, D factor: 3D integral over the sky
K o <7 - Ey) solid angle and line of sight

Neutrino Production Spectrum for Dark Matter density: NF\W Profile
Direct Decay of DM to neutrinos* 2577 p,

X 3—
* with gamma-ray production becomes more <L>y<1 + L) !
rS

Fs

complicated due to electroweak corrections.

NAVARRO, ET AL. ASTROPHYS.J. 462, ARXIV:ASTRO-PH/9508025

e Similar in the case of annihilation. Will discuss this later.

11



For good limits, we need good
predictions!

https://github.com/lceCubeOpenSource/charon
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Q. Liu & J. Lazar et al 2007.15010 Bauer, Rodd & Webber et al 2007.15001
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Background agnostic constraints on
Dark matter making neutrinos
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Flux of neutrinos from dark matter cannot overshoot
measurements of the integrated neutrino flux. 13



Background agnostic constraints on
Dark matter making neutrinos
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Constraints on dark matter decay to neutrinos
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Constraints on dark matter decay to neutrinos
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Constraints on dark matter decay to neutrinos
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Constraints on dark matter decay to neutrinos
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Constraints on dark matter decay to neutrinos
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Background informed constraints on
Dark matter annihilation
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Constraints on dark matter annihilation to neutrinos
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Stops

® Neutrino detectors and fluxes

® Searching for an excess of neutrinos

e Searching for a deficit of neutrinos

® Searching for a strange neutrino flavor effects
® How do we move forward??
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"' ic 'DM-v interaction will result in

- scattering of neutrinos from
- extragalactic sources, leading to
anisotropy of diffuse neutrino flyx.

] CA, A. Kheirandish & A. Vincent Phys. Rev. Lett. 119, 201801

125



HESE Neutrino Skymap

HESE: high-energy starting events
IceCube Collaboration, arXiv:2205.12950

+: cascade
X: track

rrrrrrrrrrr

Galactic coordinates

N 2 B
21.3 logyo(pprm/GeVem™2) 23

Events are compatible with an isotropic distribution: found no signal!

180 (G0
sl
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Events per bin

Also Include effects Iin energy and direction
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SM prediction
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New constraints on
neutrino-dark matter interactions

IceCube Collaboration, arXiv:2205.12950
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Second Generation Analyses
Using Medium-Energy Starting Events

>
Medium-Energy
Analysis Range

>
High-Energy
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Larger sample sizes data sets yet to be used for these searches.
Only IceCube’s High-Energy Starting Events used so far.
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Neutrinos From Cosmic Beam dump
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Flavor composition @ source

(GRBs, AGNSs, blazars, pulsars...) (e : Q- o)

7T+4>,u+—|—uu

Neutron n—p+e —+ Ve (1 OO)
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The flavor triangle

Fraction of electron flavor at Earth
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The flavor triangle

100% muon neutrino

Fraction of electron flavor at Earth
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The flavor triangle

100% electron neutrino
Fraction of electron flavor at Earth 34




The flavor triangle

Fraction of electron flavor at Earth
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The flavor triangle

3 of each flavor

Fraction of electron flavor at Earth
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After oscillations where will the
different sources end up?

Measuring a flavor 0.0,1.0
composition outside of (1:2:0) pion
: . ®(1:0:0) neutron
these regions points to ®(0:1:0) muon-damped
new physics! ®(0:0:1) exotic tau
.6
Ze
CA, T. Katori, J. Salvado
(Phys. Rev. Lett. 115, 161303)
1.0 0.0
00 02 04 06 08 1.0
@
ae

See also Bustamante et al. PRL 115, 161302 (2015); Rasmussen et al. 1707.07684; Palomares-Ruiz
1411.2998; Palladino et al 1502.02923; Bustamante et al 1610.02096; Brdar et al. 1611.04598; Farzan &

102F {£0;
Palomares-Ruiz 1810.00892; CA et al. 1909.05341; Learned & Pakvasa hep-ph/9405296 .. 37
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Latest astrophysical neutrino

flavor measurement

—— HESE with ternary topology ID v, : v, : v, at source — on Earth:

% Best fit: 0.20 : 0.39 : 0.42 u
~ | Global Fit (IceCube, APJ 2015) °
Inelasticity (IceCube, PRD 2019) A

-------- 3v-mixing 30 allowed region *

Double cascade = °°

0:1:0 - 0.17 : 0.45
1:2:0 — 0.30 : 0.36
1:0:0 — 0.55 : 0.17
1:1:0 — 0.36 : 0.31

IceCube Collaboration arXiv:2011.03561

. . All flavors
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" ela i 8
LR 9 'l
|8 & (t
s )
o, 0\
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§
i

[T

: 0.37
: 0.34
: 0.28
: 0.33

Carlos Arguelles (TeVPa 2022)

Fraction of v,
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As neutrinos travel from
their far away source they
can interact with dark
matter along the way.

Search for Secret
Interactions via
Flavor.Morphing




Trajectories In the Flavor Triangle In the
Presence of Secret Interactions
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Results for high-dimensional operators

AN NN N N N N N

| : |
10732 : ---BF>10—BF>316 B
_ |
10—36 ' L\ N l 'NT
T ' : 5
C%D) 10~ . GXQ
| Quantum Gravity e e
’6\%10— 10 | Motivated Region . ~ —
IS | _ _ -~ _2 %B
10% ﬁ*“:‘éf— T T T =~ - —4 -
| o h
10_44 = |2 o 1—6
: = -
1046 L= | .v 1
0.0 0.2 0.4 0.6 0.8 1.0
z, source flavour ratio (x : 1 —z : 0)g
( New Physics (N.P.) ) ( Key ) .
O o] I
I Re( (6 [ Re( 'E;)_) | o(6) o
I Re( ) atm. limit (90%)
— Re(géﬁ) Re(E(G)) | o(6)
H - — logm( E ) =0
e Ro(6) e Re() !
- ' Y

103 8a; IceCube collaboration arXiv:2111.04654

9




Coherent Dark Matter Scattering

Standard term New physics term Vo < 10-YGev Ve < 107 2GeV

(0:1:0) source (1:0:0) source

Coherent scattering with dark
cosmic background

Our analysis is performed by
introducing effective terms, which
can be due to other new physics.

Caveat: need to know neutrino source
initial flavor composition to get robust de Salas, et al. Phys. Rev. D94 (2016) 123001
bounds with current limits. Capozzi et al. 1804.05117




Stops

® Neutrino detectors and fluxes

® Searching for an excess of neutrinos

e Searching for a deficit of neutrinos

® Searching for a strange neutrino flavor effects
¢ How do we move forward?
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Landscape of New Physics That We can Explore

Standard expectation: gt
Power-law energy spectrum "Qc-"-(“

g

Standard expectation:
Isotropy (for diffuse flux)

v :
CActéét\detec\ion)

<

See CA, Bustamante, Kheirandish, Palomares-Ruiz,
Salvado, and Vincent arXiv:1907.08690 for more
details

Standard expectation:
v and 7y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, v«

Note: Not an exhaustive list
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The lceCube Upgrades!

See talk by Jason
Koskinen this week!

Phase 1: 7 new, high-
precision strings in the
central, densely
iInstrumented region.

Phase 2: x10 the volume
of present lceCube, plus
additional detectors.

® lceCube-Gen2 ® IceCube ok IceCube Upgrade

AR e e See talk by Lu Lu!

[ .
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[ ]

"] 1000 m
g
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Thinking about Earth-skimming neutrino detectors

Shower

The geometry here is key for the acceptance of neutrino detection
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Thinking about Earth-skimming neutrino detectors

Jamoys

H B 'E =

The geometry here is key for the acceptance of neutrino detection

This would be a more ideal scenario, but can’t put mountain over detector
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See talk by Pavel Zhelnin this

afternoon for new ideas on tau
neutrinos
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*TAMBO means house or inn in Quechua.


https://arxiv.org/abs/2002.06475

Projected Upgrade Flavor
Measurement
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“*We live in interesting times! Nu-probes are available and
old puzzles remain!

**Astrophysical neutrinos provide new ways to search for
dark matter.

**The flavor of astrophysical neutrinos is a powerful probe
of new physics.

“*The future is bright in neutrino telescopes: new
detectors and technologies ahead!
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Sources of Astrophysical Neutrinos

. I': bulk Lorentz factor

: NeuCosmA 2010
|

1 1 1 1 1 1

1

- Lines: =1, protons at 10%° eV
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1 Neutron stars
2 White dwarfs
Active galaxies:

3 nuclei

4 jets
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6 lobes
7 Colliding galaxies
8 Clusters
9 Galactic disk
10 Galactic halo
11 SNRs
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Pion beam — muon damped
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New Physics In Astrophysical

Neutrino Flavor

Source effect 0.0 ©' NS vs prod. Propagation 0.0 DM
01’0  @Prod. NSl effects 0 1A ® Eff. oper.
0.9 @ Std. mix Quantum 0.9 @ Shortcut
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Rasmussen et al Phys. Rev. D 96, 083018 (2017) arXiv:1707.07684 55



Currently working on simulation with detailed
geography of the Colca valley

Initial simulation of v/_ in
Colca valley is complete

Working on connecting to
CORSIKA to simulate air
shower

TauRunner will serve as
neutrino injector

All being written in Julia




Second Generation Analyses
Using Medium-Energy Starting Events
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Constraints from v, — v,/v, — 1, searches

on 3+1 with MicroBooNE?

MiniBooNE 2018 Argiielleset. al. 2021
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