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| won’t talk about

Detecting dark matter at neutrino telescopes
 Cosmic Ray-Boosted Dark Matter at IceCube
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| will talk about

Dark matter-neutrino interactions: how do you see the most invisible particle?




High-energy neutrinos

Propagation

/ over
cosmological

(Gpc)
distances

/

Production in
high-energy
accelerators

(AGN, GRB, .
) Detection

Neutrinos can tell us about “standard model” physics:
 Nature of these accelerators
* Oscillation, interaction with intergalactic medium

* Detection: high-energy neutrino-nucleus cross sections
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Current observations: lceCube (south pole)

Effective volume ~ 1km’
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Current observations: lceCube (south pole)

Effective volume ~ 1km’
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Arrival direction

ICECUBE
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Flavour: event morphology

Neutral-current / ve

Angular
resolution:
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http://icecube.wisc.edu

Flavour composition in astrophysical sources

(GRBs, AGNSs, blazars, pulsars...)
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Flavour composition in astrophysical sources

(GRBs, AGNSs, blazars, pulsars...)
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Flavour can be distinguished
statistically in neutrino detectors:
different charged-current interactions
lead to different event morphologies
(there is some degeneracy)
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Everything oscillates to ~ 1:1:1

Fraction of v,



Dark Matter?







Elastic scattering

2
ODM—v X B

We’ve just heard about limits on dark
matter-neutrinos scattering at low

. . . lceCube has seen events above a
(~recombination) energies.

Generically, cross sections grow as ( PeV )2 150
2 Y
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S ECM ’ b

L et’s look there!
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Isotropic extragalactic neutrino flux

b, I galactic latitude, longitude

column density: 7 (p,1) = / ny(z;0,1) d.

l.o.s

scattering from £ scattering to £ from
to any energy any energy £

Solve to find flux at earth at energy E and direction (b,l)
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Isotropic extragalactic neutrino flux

Anisotropic deflection/energy loss

b, I galactic latitude, longitude

column density: 7 (p,1) = / ny(z;0,1) d.

l.o.s

scattering from £ scattering to £ from
to any energy any energy £

Solve to find flux at earth at energy E and direction (b,l)
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Solve by being clever

do(E,7) © _do(E,E) . -
= —0(E)<I>(E,7‘)+/E dE T O(E,T)
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Solve by being clever

~
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Solve by being clever

~

do(E, 1) * ~do(E,F) _, -~
— —o(E)®(E dE O(E
D = o, + | aBT (B
. . - do -~
FE—+E &—-& C(C;;=db—(E; L))
dFE
(1) = —(diag(5) + C)B(r) Ai eigenvalues

¢; eigenvectors

ci's determined by initial condition of isotropic power law flux
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2
opm-v X B — eV ~ 10°Y No!
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b — ANew physics
X g X
X q X

The low energy approximation does not work at a PeV!!

q

q

Begin to resolve microphysics: need more concrete model



2
ODM—p X Eg — eV ~ 1030 No!
77 Tl/,recomb.

b — ANew physics
X qg X
X q X

The low energy approximation does not work at a PeV!! 5

q

q

Begin to resolve microphysics: need more concrete model v

Ev
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Some simplified models: specify
-Dark matter spin
-Mediator spin

Diyaselis Delgado



@ data
| Effective area:

atmospheric earth
background attenuation | - VFATE 1706.09895
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I: observed (or simulated) event
a. source (atmospheric muon, atm. neutrino, astro. neutrino)

t: morphology (track, shower)

E, x: Energy, arrival direction

P, (i, B, %;|9) Probability of given event properti%s,
given model parameters




Dark matter column density seen from Earth

Galactic




Dark matter column density seen from Earth

Galactic

Simulation including effects of detector, Earth
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the lost world of the
film and tv tie-in novel




Profile Binned Likelihood: Signal Subtraction Approach
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Diyaselis Delgado
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Profile Binned Likelihood: Signal Subtraction Approach
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Diyaselis Delgado

Signal Residuals (AS = S — S)
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Unblinding This Week!

Diyaselis Delgado
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Annihilation

Indirect searches yy — SM, SM: gammas
dominate, except if neutrinos are the only
product

S
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Annihilation

Indirect searches yy — SM, SM: gammas
dominate, except if neutrinos are the only
product

d®,,, 1 (ov)1dN,

= J(Q
dE, 4r kmZ 3 dE, (2

DM v
J = J dQJ p)?(x)dx
AQ l.o.s.

DI\/I/ \

Ny
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1%




Annihilation

Indirect searches yy — SM, SM: gammas
dominate, except if neutrinos are the only
product

dd,,. 1 (ov) 1dN,

= J (€2
dE, 4r kmZ 3 dE, (2

DM
J = J dQJ p)?(x)dx
AQ l.o.s.

DM

N, ,
o5 = 20(1 — E/m%)mx/E .

1%

Dark matter column density




Annihilation

Indirect searches yy — SM, SM: gammas
dominate, except if neutrinos are the only
product

Dark matter column density

dd,.. 1 (6v) 1dN

= ~J(Q
dE, 4r kmZ 3 dE, (2

DM v
J = J dQJ p)?(x)dx
AQ l.o.s.

DI\/I/ \

dN, ,
o5 = 20(1 — E/m%)mx/E .

1%

*We also spent a long time calculating extragalactic constraints.
They are subdominant though



What if we looked at every neutrino telescope in the world?

Liquid scintillator
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Decay tO ){ —_ DI/ these are gamma-ray telescopes
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Electroweak corrections
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Electroweak corrections
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Looks like the gamma rays do better than neutrinos... but not quite the end of the story!



Flavour again

Neutral-current / ve

Isolated energy
deposition (cascade)
with no track

both » and » look the same

Charged-current vy,

Up-going track

Charged-current v

(simulation)

Double cascade

lmages

T

- lcecube.wisc.edu



http://icecube.wisc.edu

What does v vs © do for you?

Are neutrinos coming from pp or py collisions? These give different 7z /7 ratios

{Ves Vet : AV Vp} 2 {Vr, s §

p+p—ng |7+t + 7] p+vy—= AT =7t +n
Production Source flavor ratio Earth flavor ratio v + Earth flavor ratio D,
pp {1,1}: {2,2} : {0,0} 0.33:0.34 : 0.33 {0.17,0.17} : {0.17,0.17} : {0.16,0.16} 0.17
DY {1,0} : {1,1} : {0,0} 0.33:0.34 : 0.33 {0.26,0.08} : {0.21,0.13} : {0.20,0.13} 0.08

Standard model stuff: Liu, Song, ACV 2304.06068/PRD



What does v vs © do for you?

Are neutrinos coming from pp or py collisions? These give different 7z /7 ratios

{Ves Vet : AV Vp} 2 {Vr, s §

p+p—ng |m0+at + 77 p+v—= At >t +n
Production Source flavor ratio Earth flavor ratio v + v Earth flavor ratio D,
pp {1,1}: {2,2} : {0,0} 0.33:0.34 : 0.33 {0.17,0.17} : {0.17,0.17} : {0.16,0.16} 0.17
Y {1,0} : {1,1} : {0,0} 0.33:0.34:0.33 {0.26,0.08} : {0.21,0.13} : {0.20,0.13} 0.08
ppu damped  {0,0}: {1,1}:{0,0} 0.23 : 0.39 : 0.38 {0.11,0.11} : {0.20,0.20} : {0.19,0.19} 0.11
pyu damped  {0,0}: {1,0} : {0,0} 0.23 : 0.39 : 0.38 {0.23,0.00} : {0.39,0.00} : {0.38,0.00} 0

Standard model stuff: Liu, Song, ACV 2304.06068/PRD



New physics?

VS L

 Symmetric dark matter annihilation/decay: equal parts neutrino/antineutrino

 Asymmetric dark matter

Benchmark B1 (scalar X) B2 (scalar X) B3 (fermion X) B4 (fermion X)

Oninf — OxOsm Ox -1 %X@bLCD %X(ch)2 %XLW %XLLVC
o Am+n 4 ] ]
Decay X = vy /vy X — vv/vv X s v /vy X — vvv/vvp

Liu, Song, ACV, 2304.06068



https://arxiv.org/pdf/2304.06068

(Aside: India-based Neutrino Observatory proposal)
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50,000 tons magnetized iron leaves

3 Resistive plate chambers



(Aside: India-based Neutrino Observatory proposal)

50,000 tons magnetized iron leaves

1 Resistive plate chambers



(Aside: India-based Neutrino Observatory proposal)

50,000 tons magnetized iron leaves

i Resistive plate chambers

ity

Currently stalled due to ecological concerns (blasting, excavation, ...)



Distinguishing v vs 0?

* At high energies, neutrino/antineutrino separation
IS almost impossible

* Exception: the Glashow resonance.
At £y = My, or £, = 6.3 PeV, can produce on-

shell W for v, only. |
10-31 |
= _
= 1072
S :
0
2 10-33 o(vN-all
:&
2 0-34
10~ o(v.e”— W~ —=hadrons)

1 2 5 10
Liu, Song, ACV, 2304.06068 Ey, [PeV]



https://arxiv.org/pdf/2304.06068

First Detection of Glashow Resonance w
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Visible energy (PeV)

« Reconstructed energy of 6.05 = 0.72 PeV.

* The detectable escaping muon suggests
it’'s a hadronic shower.

MC events in 4.6 yr per bin

lceCube Nature 2021 Visible energy (PeV)

- 38



https://www.nature.com/articles/s41586-021-03256-1.pdf

Electroweak Showering L, Song, ACV, 2304.06068

« Both v and v can be produced no matter whether the lepton number is
positive or negative.

. The spectrum dN<"/dE becomes softer.

1070

1 1 1 1 1 | L II 1 1 1 1 1 | L II 1 1 1 1 ] T 1
/'a . —— IceCube HESE — X S UU -
o’ | I "}" [ceCube Glashow Resonance X s DWE ]
,*' 10—7:_ -4 X —wp _
/' - background: diffuse astro. v — L:—
I -== [+

my = 20 PeV -
10°

fragmentation functions from HDMSpectra

Bauer, Rodd, Webber 2007.15001
Qinrui Liu



https://arxiv.org/pdf/2007.15001
https://github.com/nickrodd/HDMSpectra
https://arxiv.org/pdf/2304.06068

Constraints with Current Observation

10% T T T T T T T T T 103V T T
; — X v ] :
X —svv |

271 _ 27
10 t -—— IceCube 90% C.L. limit : 10 IceCube 90% C.L. limit

| I I L1 1 1 L 1 ol 1 1 IR T T I I L 11 | | Lo g aal 1 1 L1111
107 108 107 1019 107 108 107 1010
my |GeV] mx |GeV]

Scenarios with positive/negative lepton numbers
can be constrained respectively for m, ~ PeV - EeV.

The sensitivity of Glashow Resonance weakens
when the number of decay products increases as

v:U—1:1.

Liu, Song, ACV, 2304.06068



https://arxiv.org/pdf/2304.06068

Constraints with Current Observation
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Scenarios with positive/negative lepton numbers

can be constrained respectively for 1, ~ PeV - EeV. Better constraints on

neutrino portal of
symmetric DM decay for

The sensitivity of Glashow Resonance weakens
when the number of decay products increases as

mv ~ 10 - 100 PeV
v:U—1:1. A

Liu, Song, ACV, 2304.06068



https://arxiv.org/pdf/2304.06068
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Glashow Resonance Signal

Glashow resonant events can be identified on an event-wise basis in the [4,10] PeV deposited energy

window.

BR ~67 %

* W~ — hadrons

escaping muons, the only irreducible
background is from neutral-current events

BR ~11 %

W™ e DIt

Indistinguishable from a deep-inelastic-
scattering cascade

* W > ,u‘ﬂﬂ

BR ~11 %

track without the initial cascade compared

toy, charged-current events

Liu, Song, ACV, 2304.06068
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https://arxiv.org/pdf/2304.06068

Projected Sensitivities in the Future
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e Projected 10yr IceCube-Gen2 (8 X IceCube) sensitivities have lifetimes ~5 of current

constraints.

Liu, Song, ACV, 2304.06068
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https://arxiv.org/pdf/2304.06068

(not really a) Summary

* Even though neutrinos are the most
Invisible channel, neutrino telescopes
cover at least 14 orders of magnitude in
energy & can say all sorts of things about

the dark sector & new physics.

» Electroweak cross section rises with
energy, but events become rarer (big

detectors)

e Electroweak corrections means that even
If the dark matter tries to cloak itself with
the neutrino... it cannot hide forever.

44







Corrected Cross Section

subleading effects that affect the cross section

10— —— GR w/ Doppler & ISR _
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f~ GR w/ ISR
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TeVPA 2024
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