. High-Energy Cosmic. j\/:—)uff“f)os
as Prooes or Nw/ Physics

. NN pC\NSTATE
Y TP Kohta Murase (PSU/YITP) Vi

m"smm YUKAWA INSTITUTE FOR
o THEORETICAL PHYSICS J une 1 6 w
. . .

The Frontier of Particle Physics

*m*g’w ’g’ww ’g’* ’g’ww ’g’* *




Why Cosmic V?

A Y

(1)

 Electrically neutral lepton

 Weak interaction: ghost particle

e Almost massless but tiny mass
(<1/108 electron mass)

)

Astrophysics Particle Physics




IceCube & Discovery of High-Energy Cosmic Neutrinos

IceCube @ south pole
completed in 2010

IceCube Lab
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~1 PeV =105 eV >> 1-10 MeV (supernovalébl'a’rv')‘

L ~1 Gpc ~ 3x1022 km >> 295 km (T2K)



Global Neutrino Detector Network

RNO-G Baikal-GVD, 1/2 km®
P-ONE. 1-4 km?® N ~ o — (being deployed since 2015)
(prototyping stage) ‘ 42,,,?7‘% ﬂ S S
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planned: IceCube-Gen2, ~8 km®



Plan of Talk

High-energy cosmic neutrinos can be unique as probes of new physics

- natural high-energy v beams that are hard to create with ground accelerators
- unique advantages (ex. long travel distance, high dark matter density)

* Review of high-energy cosmic neutrino observations and implications

 New physics search
- new v interactions
- SM-DM interactions
- pseudo-Dirac v
- v decay
- conventional DM search

Disclaimer:

There are many things that cannot be covered...

DM-SM interaction in the Sun, atmospheric neutrino oscillation,
sterile neutrinos, v mag. moment, Lorentz variance violation etc.



Neutrino Event Types

u
2 “main” event types § ‘

“vM track” “shower”

Vot+N — e+X
v, *N — t+X
~2 energy resolution

<1 deg ang. resolution (pointing) ~10% energy resolution
~5-10 deg ang. resolution

v,*N — p+X vxtN — vy+X



Anti-Neutrino Detection

3 ms after t,

o
@8t

« Glashow resonance (GR) event

at E=6.3 PeV (~2.30)
(predicted in 1959 by Glashow) H o b
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Tau Neutrino Candidates
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2 . bright DOM m,t— I 077 Gev
g | . | — -
R R 1,=2.9% 10°3s  ~50 m at ~PeV
g1 ’r} ﬂ*# ‘*\
| @t 4T _/4“4” . A"*’ et
# bright DOM
. aie :
p » Hf
R ] \Wm
: E gg_:___‘;* % bright DOM |
. o: 4
§: B¢ AEaEE |
o @ .o i |
’ : = _fm‘jmﬁ"‘m«c—_-: 2090
¥ T { lceCube 24 PRL E 1 Ly
lceCube 22 EPC 4| e
' 1 2150
240 -I { 2170 2
gaz I pia; -2190§
° l 20 12210
a4 v +N +X ® a0
— T 10
K s [2om_=1.77 GeV
« T decay 0 |22007,=2.9% 10-13
0 100 200 300 400 500 600 700 800 900

time (ns)

7 candidates found though neutral network (>5c)



E2¢;er —flavor X Gevcm ?s 'sr?

Latest Results on High-Energy Neutrinos

IceCube Collaboration 24 PRD

~ Single Power Law (This work)

[GeVcm—2s~1sr 1]

perflavor
vV+v

E20

10°5— . :
= Broken Power Law (This work]
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Neutrino Energy [GeV]

“ESTES” (10.3 yr)

(Enhanced Starting Track Event Selection)

Best-fit: s=2.58+0.10-0.09

IceCube Collaboration 25
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MESE BPL
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(Medium Energy Starting Events)

« Simple power law excluded

Ww. ~4: level



Upgoing vs Downgoing

Pevy TeVv Downgoing events

cons: atm. muons (rapidly decreasing as E)
(can be cut by veto)
pros: avoid attenuation by Earth

CR

angular distribution
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Ultrahigh-Energy Neutrino Observations

KM3Net Collaboration 25 Nature lceCube Collaboration 25 PRL
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« KM3Net: E =220 PeV from 0.6 deg above the horizon (21 lines & 287.4 d)
» |ceCube: no extremely high-energy events in downgoing/horizontal direction
« 2.90 tension between KM3Net and IceCube measurements



Neutrino Flavors

Neutrino oscillation lceCube 25 & CNAPAP

n 2 MESE
Posip(t) = Y Uppexp(—iEt)Uap

_ IceCube Prelimina
k___l ) Y fo: 1, fr at source

U: lepton mixing matrix 1:2:0

(Pontecorvo-Maki-Nakagawa-Sakata) 0:1:0
1:0:0
Best fit BPL
0.295:0.377:0.328
Best fit SPL
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long baseline limit:
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Modifications K =
- matter effect £ Los -5
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(Kashti & Waxman 05 PRL)

- v-v forward scattering
(Abbar, Carpio & KM 22)
- Beyond Standard Model
(e.g., Bustamante, Beacom & Winter 15 PRL)

Arguelles, Katori & Salvado 15 PRL
Shoemaker & KM 16 PRD) Ve fraction (f,)




Neutrino Interactions

IceCube Collaboration 17 Nature
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lceCube Collaboration 21 PRD
10—32 :

HESE

Argiielles et al. (v)

= Cooper-Sarkar et al.
Aartsen et al.

§  This work

106 107
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10°

Consistent w. SM cross section

Inelasticity measurements from
80-560 GeV (w. DeepCore)

Can be used for constraining the
ratio of antineutrinos to neutrinos



Extragalactic Multimessenger Connection: Current

« 10-100 TeV shower data: large fluxes of ~10-" GeV cm=? s1 sr
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Fermi diffuse y-ray bkg. is violated (>3c) if v sources are y-ray transparent
— Requiring hidden (i.e., y-ray opague) cosmic-ray accelerators
(v data above 100 TeV can still be explained by y-ray transparent sources)



Extragalactic Multimessenger Connection: Current

« 10-100 TeV shower data: large fluxes of ~10-" GeV cm=? s1 sr
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Fermi diffuse y-ray bkg. is violated (>3c) if v sources are y-ray transparent
— Requiring hidden (i.e., y-ray opague) cosmic-ray accelerators
(v data above 100 TeV can still be explained by y-ray transparent sources)



Flares from Supermassive Black Hole Jets?

IceCube 2018 Science

~13 events (~3.5c): 2014-2015 neutrino orphan flare
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NEUTRINO ASTROPHYSICS

10—10

Evidence for neutrino emission from the nearhy
active galaxy NGC 1068 Science ' 10-u

IceCube Collaboration™{ JOURNALS RAAAAS

1972

™ 10—13

E*¢ [TeV cm

1§ G

ASTRONOMY

Neutrinos unveil hidden
gaIaCtic aCtiVities By Kohta Murase™?*

An obscured supermassive black hole may be
producing high-energy cosmic neutrinos

(1) Y. Inoue et al.,

Fermi-LAT
e
5 '

-— &
‘

(2) K. Murase et al., PRL'20
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Where Do Neutrinos Come from?

y+y—et e 1\ (047 [ Lx Eq
Tyy ™ ( ) 2 10
for 0.1-300 GeV vy rays 47 R Mec3 MeC?

10-6 E—Hﬁnﬂh—rrmq UL B ELE R L B L "'"W

F minimal py

3 model-independent constraint
] considering elemag. cascade

R < (15-30) Ry

E Fg [GeV cm™ 3'1]

KM 22 ApJL

4

3 10

10°

10" 10% 10
E [GeV]

compatible w. py calorimetry (f,,>1) condition: R <30-100 Rg
Black hole: sub-PeV proton accelerator & ideal beam dump



>108 R

fit infrared

~105-108 R
1
~104R
torus (L |
broad-line optical
region X-ray ultraviolet

accretion disk



Multimessenger View of the Milky Way

IceCube 23 Science

GAMMA RAYS

4" “’“

NEUTRINOS

Neutrino emission from the Milky Way (~10% of total) has been observed w. 4.5¢



Galactic Multimessenger Connection

Discovery of sub-PeV vy rays in 2021
(Tibet ASy Collaboration 21 PRL

LHAASO Collaboration 23 PRL)

all-sky s 1ceCube (70) Tibet ASy (v)
1076+ averaged IceCube (KRAS) LHAASO (v)

IceCube (KRA50)

- Truly diffuse emission

- Supporting hadronic (pp) origin E
S
=)

Vs (Y
R ] e CRINGE diffuse
Unresolved (extended) sources —— HINR Ahlers-Murase 14, GP
10710/ :
— SWGO, KM3Net, GenZ2 etc. 10° 10° 10* 10 106

relevance of templates Fang & KM 21 Apd, 23 ApdL " (&%)



Hig'h-Enefgy Cosmic 'Neutriho'as Probes of BSM Physics
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BSM Imprints on Spectra/Flavors

nonstandard interactions

pseudo-Dirac v

Blum, Hook & KM 14

Normal Hierarchy
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Standard Model Resonances

Z burst (weiler 82 PRL)
2 , 2 . -1
~ o 771,Z . 13 mz my
fres = 5, = 89 ) 10T GeV (91 GeV) (G05=v)
U Muons
le q< .
Q' L T J
v Hadronic Cascade 107 om 102 10 101 1015 1016
E, [GeV]
A PRI '
* Not realistic to expect in L %10, Avsarton ol
astrophysical scenarios s | T
« BSM scenarios required g 104
3
(ex. superheavy DM) ::
10
* Neutrino cascades |
Das, Carpio & KM 25 PRD
(Yoshida 94 APh) e Y I PP FOVOR W
1010 1011 10%2 1013 1014 10%° 1016

E, [GeV]



Other Possible Resonances

vector meson resonance
(Paschos and Lalakulich 02)
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O_DG extreme CvB o

verdensity required "
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Neutrino Energy E, [GeV]

Brdar+ 22 PLB

Events per 2635 days

Zee burst (Babu+ 20 PRL)

I

15

Zee Model(Y=1.0) + SM + Atm BG
[ Zee Model(Y=0.5) + SM + Atm BG
B Zee Model(Y=0.25) + SM + Atm BG
s SM + Atm BG
[ Atm BG

Mg+ ~ M+ = 100 GeV

@® IC7.5 year data
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Secret Neutrino

eXx.

L D Grvo

% m, < 0.3eV

[ Eg=100 TV T egg=1 PeV g S10PeV

Blum, Hook&KM 4' :

10-3 0 ; E §1 H
10 10 10
m, [MeV]
m; Mg m,, -1
S 2m,, - (10 MeV ) (0.0.5 eV)

LDOGrZ'v

Interactions

Bardin, Bilenky & Pontecorvo 70

Applications to IceCube
loka & KM 14 PTEP

Ng & Beacom 14 PRD
see also

Ibe & Kaneta 14 PRD
Araki+ 14 PRD
Cherry+ 14 JHEP

ex1. Majorana v self-interactions via a scalar

1
L = —3 Z (my, + G;d) viv; + cc+ ...,
SSB ﬁA g
lepton # violation VA2
L= ——<I>(HL) + cc

A2
ex2. L,-L. gauged

——-', ex3. interaction w. “sterile” neutrinos

- m, is replaced with mg
- limits are weaker due to sin 6



Effects on Cosmic Neutrino Spectra

é AV Cascade loka & KM 14
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Scalar Mediator Case

SN 1987A
prop. Shalgar+

Mediator coupling, 10g;,(gxg)

TXS 0506+056

IceCube HESE 6 yr
(for gee = Sup = 87)

(for gee = Sup = 87) E

SN 1987A .

core Kolb & Turmer

(for gee = guu = &rv) _:

—-10 / BBN (ANyg = 1) -

J (for gee = guu = g1) ]

~11 E

R Y ]

J— N\ 1 . .

12 \\ ;‘-\\ ',' Stellar cooling (for gu+) .
_13 | S - I I‘-I 11 "\\5 11 I 1111 I 111 I L1 11 I L1 11 ' L1 11 I L1 11

-5 -4 -3 -2 -1 0 1 2 3 4

Mediator mass, log;,(M/MeV)

: 7 from 2203.01955
ab g1t J see also Shoemaker & KM 16 PRD for Gen2
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1072

103
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<~ ’ /
| g E
2 ot
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10 102
M¢ (MBV)

synergy w. Muon Collider (Adhikary+ 25 PRD )

Diffuse neutrino observations could give the best constraints
but the limits depend on spectra that may not be power law



Vector Mediator Case
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Probing v-v/v-DM Interactions

Kelly & Machado 18 JCAP
[ceCube TXS 0506 + 056 Sensitivity (13 £5 excess evts.

10~ -
¥
10-2
10-2
=== (Pscudo)Scalar Mediator, v — vz === MFP =600 Mpc, £, =1PeV
== (Axial—)Vector Mediator, vi — vir -= MFP =600 Mpc, Fy =1PeV
10—4 R . R ol . R

l 10-1
my [GeV]

10-3 10-2

#essentially relying on t~noD <~ 1

1073 ¢

o 10-° E
—_— my = 107° MeV 1
—— my =107 MeV ]
m, = 0.1 MeV
105 — my=1MeV 3
. — m, = 10 MeV 1
B — L constraints 1
Allowed region ]
10—7 T | 1aal 1 1
102 107! 10°
mz [CeV]

Cline & Puel 23 JCAP

- NGC 1068
| scalar DM
L vector mediator

subject to large uncertainty (e.g., unknown astrophysical spectrum)



Distortion by BSM Scattering

v-DM scatterings induce deflection (attenuation)
-> limits complementary to laboratory constraints

(neutrino telescopes can provide the best constraints)
90°

3 ) SCALAR DM
180° ( = _180° FERMION MEDIATOR

Scalar y - Fermion ¢: 90% CL

........ IceCube Preliminary

log gmax = 0.5
B log gmax = 0.0
B log gmax = —0.5

e — s === This Work
Galactic £ ps Hl HESE 7 years

21.3 log,o(pparr/GeVem=2) 23

Arguelles et al. 17 PRL
lceCube Collaboration 23



BSM & Time-Domain Multi-Messenger Astrophysics
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BSM Tests with Multi-Messenger Transients
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Supernovae as High-Energy Neutrino Sources

- SNe as “multimessenger” & “multi-energy” neutrino source
- Importance of "global v detector network™ neirandish & kv 23 Aput)

- ~1000 events of TeV v from the next Galactic SNe «wm 18,24 Pro)

- LHC ATLAS/CMS as cosmic v detectors (Wen, Arguelles, Kheirandish & KM 24 PRL)

A
Lv MeV v

GeV-PeV v
(2> shook

GeV-TeV v?
wind
(Carpio, Ekanger,
Bhattacharya, +KM 24 PRD)

~10 sec

» time
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Jetted Supernovae as High-Energy Neutrino Sources

Time integrated Choked LP GRB flavor ratio

High-energy v production in choked jets -
_— Qv a Qv..eB E— ¢u,.&9 <I’&'..GB
(Meszaros & Waxman 01 PRL, 2,0t me/ f
Razzaque, Meszaros & Waxman 04 PRL L8k u cooling
Ando & Beacom 05 PRL, KM & loka 13 PRL) '
o 16f
E 1.4}
H
jet or wind w 1l2p nonadiabatic
HE neutrinos 1.0
R U A W os
' Carpio & KM 20 PRD
inelastic collisions o'gog 10* 10°% 10° 107 108
E, [GeV]
LE neutrinos
[ central —1 -2 —1 2
. Epey ~ 3T 0.« ~T r
engine v,MeV ”sh v,MeV~ sh
s O i
L M F i
- Pion/muon cooling P ]
S ] PR U -
- Matter effect g
- On-shell Z production w. MeV vs b ]
(though difficult to have PeV vs) - Guo Qian & Wu 24 PRD
107! 1 10

E (PeV)



Flavor Impacts of High-Energy Neutrino Self-Interactions

High-energy v & MeV v : self-interactions (forward scattering)

. UM2UT d3 / i

U~ V2Gen, W22~ 6.4 x 1076 cm™! (”—>§ Ex@%/2~1/(21?)

10?7 ¢cm?

short-scale conversions rapidly lead to the flavor mixing

af= AEn -
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BSM CR-DM Interactions

Herrera & KM 24 PRDL
DM spike DM halo

4 > < >

X X x X  v-DM/ v-v interaction:
X X X M,
N PP N

W\ & High-energy cosmic vs
as a natural beam
AWV

CR-DM interaction:
Complementarity to the
low-energy frontier of
direct detection
experiments

- CR cooling due to BSM
- CR-boosted DM




Dark Matter Spike Around Black Holes

R, \7sP
initial orbit [)sp(r) - ,DR g'y(r) ( ;p)
4R
gy(") ~ (1 - rS
adiabatic final
1
5 Ryp = (Yyr()(MBH/(p()rg)3—Y spike size

sudden final

9-2y . )
Ysp = 25, cuspiness, y=1 (NFW)

# modification necessary for annihilating DM

Adiabatic growth

A substantial increase in the black hole mass takes place after its initial

formation, and the mass accretes slowly to the pre-existing seed black hole.
(e.g., Peebles 72, Quinlan+ 95)

NGC 1068: dynamical time < Salpeter time is justified



1

Dark Matter Distribution & Cosmic-Ray Cooling
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DM density can be very high at the center of AGN (“DM spike”)

NGC 1068 vs originate from CRs within ~30-100 Schwarzschild radii
Neutrino emission would not be seen if DM-p scattering was too efficient
y-ray emission would not be seen if DM-e scattering was too efficient



CR Cooling Limits on DM-p and DM-e Interactions

Herrera & KM 24 PRDL

10725

heavy mediator

10—28

10—31 —

DD 7
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cm

.
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ODM—

1028 . :
—-= (ov)/mpm = 107> cm’®s ™ /GeV 1
—30 L |
0 —— {ov) fmpar =0
10732 | B
-34|. BBN e |
10 ’./"-TXS 0506+056 DlreCt deteCtlon b
" .
| BBDM )
10728 = .
Therm \
al
1040 | dark mapye, -
10742 - B
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* Most stringent constraints for dark matter in the MeV range
* Important for freeze-in DM (ex. Elor+ 23 PRL) & thermal DM (ex. Boehm & Fayet 03)
« Complementary to CR-boosted DM limits with XENON/LZ and Super-K



Example of Scalar-Mediated DM-Nucleon Interactions

Herrera & KM 24 PRDL
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« NGC 1068 observations enable us to probe new parameter space



Astrophysical and laboratory probes

Application to Inelastic Dark Matter

This work: AGN cooling (protons)

Cosmic-ray boosted DM

T ~100 GeV

Non-galactic DM

Direct
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NGC 1068, < ppm >

= Direct Detection ; Xenon

dpm [GeV]

NGC 1068, < ppym > =7 x 10" %% mz =0.01 GeV

opm [GeV]

Constraints on Inelastic DM
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10~ ' S
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Complementarity
different (nontrivial) systematics

* CR cooling
More robust and/or conservative

 Boosted DM
Limits can be improved with larger
detectors and paleodetectors

* DIS helps



Pseudo-Dirac Neutrinos

m, - Tiny mass splitting w. sterile neutrinos
vV, .V, _
m, T } a7 3 Wolfenstein 81, Petcov 82

- Cosmic neutrinos can be used as a probe
Beacom et al. 04, Karanen et al. 03

atmospheric : :
P - Motivated by the Swampland conjecture
Gonzalo et al. 22 JHEP
m, - Planck-suppressed operators, loop generation
'2' YA } v2a ’ V2s 10'9 - —
m S ’ ’ -
2 10° 3 S
N solar S
m 8 / LRy g
1 Vv vV, ,V 10 PO
m, } fa” s 107 ,' &>
;‘ l ()6 "'l‘ 7"’1
L - Enal B >
0 mp = 107 o .
M — T M LL? l()" . ',.. . 5\ "/ $
mD R I()l " 7’ 3 ; f .."
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! SR
- IMg|>>|mp| (Type-l seesaw) ' # ;
. 10" T ——t - :
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Constraints from Point Sources

Carloni+ 24 PRDL, Rink & Sen 24 PLB

NGC 1068
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E,/TeV

IceCube, current

30 7
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Meaningful limits by lceCube-Gen2 but astro-model dependent



Diffuse Neutrino Constraints (Future)
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- Spectral modulation may be caused

- Energy-dependent flavor constraints would be
more model independent

10,

OO

[\

220

Shoemaker & KM 16 PRD

@)

N

I 1071 eV?2\
Losc — M A 9
7 50 Mpe (1 PeV) < Ams > |

future IceCube-GenZ

E

AD
:Zaf\Uik|2|Ujk|2 <cos2< 5

J:k
| 1

')

230 235 240 245 250

spectral index, y

225



Summary

General Implications

- 1 candidates, hints of the v spectral curvature, debate on the KM3Net event
- Multimessenger analyses on 10 TeV v data require hidden CR accelerators
- NGC 1068 (AGN): evidence of a hidden v source

- Milky Way: multimessenger connection now observed

New v Interactions

- Spectral & flavor modulations

- Time delays (& arrival directions) can also be used

- Useful as probes of v-v & v-DM interactions

- Supernovae high-energy vs allow us to measure v flavors

- CR cooling & CR-boosted DM er provide power probes of MeV-GeV DM
- Advantage of super-long baseline — ex. pseudo-Dirac vs, v decay

Indirect Search for Dark Matter

- Multimessenger constraints on DM models explaining n observations
- Beyond the IceCube energy range

- Nearby DM halos provide more direct tests



Neutrino Decay: Normal Hierarchy

d = — <m )NZ T,L-/mz- [i] ~ 10% L [Mpc]

dt i B eV E, [TeV]
Mixing + decay ° No decay
eij,SCP: var. 3c 01 0.9 J D =0.50
NH BD=0.10
08 D =0.01

(complete)
T2/m2, 1'3/m3 Z 10 SeV_l(Z20', NH)

“‘complete” decay of v,, v3
disfavored only by flavors

0.8

Oj}ﬁfeCube 2015
1

0 0.1 0.2 0./3 04 05 0./6 0.7 0.8 09 1
foo
Bustamante, Beacom & KM 17 PRD
(see also Pagliaroli+ 15 PRD)




Neutrino Decay: Normal Hierarchy

complementary to atm. & solar v

Normal hierarchy (active only; v, stable)

10° -
10* //
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107 £

—
.
N

10
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10°°
10°®
107
10°®
10°®
10-10
10-11
10-12
10-13

Neutrino lifetime 7, ,

=t

Neutrino mass m,, ms [eV]

Partial decay solution
—> v,, vy are lost at low energies
-> possible tension alleviated

logyo[(T/m)/(s/eV)]

[ Denton & Tamborra 18 PRL |
-1 I ‘ ‘ : : " A . . . | ,
2 3
Y
Atm + LBL (v IceCube (V2=U3)
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Bustamante, Beacom & KM 17 PRD, Abdullahi & Denton 21 PRD



Number of 5-8 PeV showers in 5 yr

Neutrino Decay: Inverted Hierarchy

IH is not disfavored yet by the flavor information

3-5_ rorrTTT LR | LR | RN |
- Decay NH
3.0
2.5F
2.0 No decay NH
1SFNodecayn — _—
1.0F
i P,Lleo. 16 i
0.5F ;
- |Decay IH

10-1 100 101 102 103

Neutrino lifetime 7/m [s eV ]

104

Shower count E,,dNy, /dEg, (5 yr)

[T R S R
o R N
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Bustamante, Beacom & KM 17 PRD
(see also Shoemaker & KM 16 PRD)

= 7= 250 Glashow res

at 6.3 PeV

Shower energy Egy, [GeV]



Neutrino Decay: Inverted Hierarchy

GR detection can give the best constraints in the IH case

Bustamante, Beacom & KM 17 PRD

IH, visible decay (see also Shoemaker & KM 16 PRD)

100 T T T T T L L | T T 3 12
— V1, Nubs =1 (IC today) — 1), Nobs =1 (IC tOday) E - — 2 50 ]
—=== V1, Nobs =2 (IC fuuture) =mms v3, Nopy = 2 (IC future) 11:7 " Glashow respnance-
....... v1, solar s Up, SOlar 7 - : ]
1 Z > 10k at 6.3 PeV E
NN E RGN '
= MO )
= AR R o8
- —2 AR Mass excluded P -
z 10 NN by cosmology = 7 E
= -
] ) .
= ; -
= 1 -3 Mass excluded A e 5E
8 0 by v oscillations E - o
k= o 4
E S 4p
= o :
D Q 3 -
Z. % E
c 2
nooE
1t
0
1

Shower energy Egy, [GeV]

Neutrino mass my, m, [eV]

Bustamante 20



Future Constraints on Neutrino Decay
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e future IceCube-Gen2
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Multimessenger Emission of Decaying Dark Matter

" lceCube 2014 —-+— ] KM, Laha, Ando & Ahlers 15 PRL
Fermi 2014 ——— 1 see also:
_ _| Ellis+ 92, Gondolo 92, Gondolo+ 93
) 3 KM & Beacom 12
m Esmaili & Serpico 15
l_I|U)
o ' E
5 _F,.L ‘\[
< L ﬂ ;
& | _\[ ] DM — b+bbar (88%)
W 1079 kASCADEW| = DM — vetve (12%)
1 ] (similar results in other
0 “' 1 models that are proposed)
10— PR ISR Y IR N Y N SR Y N SN SY BN RS B! IR Lo SR
10° 100 10° 10° 10* 10° 10° 10’ 10°

E [GeV]
« Galactic: y — direct (w. some attenuation), e* — sync. + inv. Compton

« Extragalactic — EM cascades during cosmological propagation

Testable with existing Fermi (sub-TeV y) and air-shower (sub-PeV y) data



Multimessenger Search for TeV-EeV Scale Dark Matter

Cohen, KM, Rodd, Safdi, and

Soreq 17 PRL
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* |ceCube, LHAASO and Fermi limits are complementary and comparable
* Nearly excluding dark matter scenarios to explain the all-sky IceCube v data
» Unique probes of superheavy dark matter that is difficult to directly test
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Model-Dependent Results
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Examples of Models (EFT)

EFT (up to dimension 6)

(RSU(Q))Y operator final states ratios of BR’s, my > TeV T2 10%7 [5]
spin 0
xHTH hh, Z°Z° WHW~— ff 1:1:2: 161\@?% iy /A% 2 9 x 10700
vvhh, vwZ°2° vvZOh, 1:1:2:
X (LH)? ve"hW+, ve= ZOW+, eme" WHWT, 2:2:4: K yms > 1
woh, w70, ve= W+, v 24772%(1 101 768772%) X

YHLE hete—, 200t WeFu, eto- 1:1:2: 32772;% A2/md > 4 x 102
o xHQU, $HQD hqq, Z°q, W+q'q, qq 1:1:2: 3272 "zi A2/m3 21 x 1030
XByu' B VI VG, 22 cly 1 2c%, 8%, ¢ s, A2/md 22 x 10%
N Y, 720, 2020, WHw = b shy s2cd, 8%, el 2 A2/m3 2 6 x 1031
XGW(CNJ) mv hadrons 1 A%/md 2 2 x 1032
xD HYDHH hh, Z0Z0, WHW~— ¢ 1:1:2 ]\2/m§ >3 x 1030
Vi [114]¢ hhh, hZ°Z°, h(WTW — 1:1:2 %My S 2% 10793

@11 Veg_ o [114]ef hh, Z°Z0, WHW— 1+ (A — 2)\A)/)\)2 $1:2 mx/cgfn >4 x 10%8

1/2
! ¢LE e 1 %My S 2 x 107°6
#QU, $QD aq 1 g2y <6 x 1057
¢*HoH hh, Z0Z0 WHW— ff 1:1:2: 161\@7% iy /A% 29 x 107
(3)o PWi, B vy, 2%, 2°2° sy = 2(chy — s%v)2 sefysiy | A2/mE 21 x10%
¢*LEc®H et o=, Z00t 0= WEeFu, £t0— 1:1:2: 327r2%x A2 m3 > 4 x 102
¢*QUoH, $*QDo"H hqq, Z%q, WEq'q, q7 1:1:2: 32#2% A%/m3 21 x 1030
(3 ¢ LT 502 L v 1 g2y <2 x 10756
spin 1/2
(1o HLy vh, vZ0, (FWF 1:1:2 g%y <2 x 10796
(2)1/2 HYE vh, vZ0, (XWF 1:1:2 g%y <2 x 10796
(3)o HLo%)p® vh, vZ°, (XWF 1:1:2 g277LX <2x 10796
spin 1
" Fruvieg if see text Neg?my <2 x 10796
0

By, F'*v )2 ff see text g%y <4 x 10796
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Viable DM Scenarios?

High-energy diffuse neutrino data can be explained by multiple final states

Medium energy diffuse neutrino data in the 10-100 TeV range can only be
explained by neutrinophilic DM

1
2n o o2n .
g XS 4 LEST - Hee.

EX — ‘—IHDMZL + (GZ;/,X + HC)
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=== Dark Matter
----- astrophysical

10*

10° 10°

10’ 10°
E [GeV]



Current Energy Frontier in Space

EeV-10 YeV scale
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« UHECR measurement & UHE photon limits:
tom > 1039 s up to GUT scale: world-best limits for EeV or higher



The Highest-Energy Particles & Inflaton DM

Collaboration w. A01

Inflaton DM models
in (modified) natural inflation
(entropy dilution necessary)

Scalar DM
o — Hqq, [:[l_l, [:IH, gg, AA, BB,

UHE neutrons can also be used
as good probes of superheavy DM
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« IceCube NST

IceCube HESE

IceCube Glashow

« KM3-230213A
« KM3Net Joint

mm=m= [ceCube/EHE
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Future Energy Frontier in Space

GRAND

-\ lceCube-Gen2

UHE neutrino
>1020eV

. UHE eutrin osr\}ations will be
drastically improved in future |
« Essentially no atmospheric v bkg.  |RRMEIERITREEE L



Future Neutrino Search for Superheavy Dark Matter

Future UHE v detectors
- 1oy >~ 1030 s up to GUT scale
- Best probe for leptonic channels
- No astrophysical neutrinos
for GUT-scale DM
(range of lunar radio telescopes)
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[ —— |C-Gen?2 (radio) = = ULW (300 km)
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BONUS

- Neutrino self-interaction considered
- Will be public in the AMES code
- Applicable to BSM (ex. Z' physics)



Future Tests for Dark Matter Scenarios

Nearby DM halos (clusters & galaxies)
should be seen as point/extended sources

flux o< My, Jty./d?

stacking or cross-correlation
powerful independent of y—ray limits

N Galaxy log o< Decl | de | Myw | moe [

[GaVem™*sr] | [dog] | Mpe] | IMo] | [kpe] | [deg]
Andromeda 20.76 4106 | 075 | 1244 | 36095 | 2826
NGC 472 Virgo 20.33 1241 | 1582 | 1465 | 202332 | 7.33
NGC 5128 199 4553 | 363 | 1295 | 54668 | 862
NGC 0263 19.76 2501 | 349 | 1278 | 47798 | 784
Mnfi 1 19.68 5961 | 346 | 1269 | 44779 | 741
NGC 6322 19.42 2148 | 048 | to71 | 9791 | 1169
NGC 3031 , 19.57 69.22 | 365 | 1263 | 463 | 671
NGC 469 Centnaras 19.55 4122 | 3727 | 1462 | 197153 | 303
NGC 1399 - 19.42 2530 | 1816 | 1387 | 110677 | 349
100355 19.35 69.78 | 139 | 1357 | 88197 | 363
NGC 4594 19.32 21140 | 1134 | 1336 | 75137 | 38
ESO 137-G 006 Norma 19.42 6091 | 7825 | 151 | 284243 | 216
NGC 4736 - 19.07 4135 | 443 | 123 | ames | 429
NGC 1275 Percas 19.37 4151 | 7764 | 1508 | 279622 | 2.08
NGC 3627 19.12 1313 | 971 | 1302 | 5788 | 342
NGC 1316 Fornax 19.1 3711 | 1842 | 1356 | 87363 | 272
NGC 4265 - 19.01 259 | 1219 | 1218 | 65134 | 283
1300081242728370 |  Coma 19.24 2798 | 107.61 | 1523 | 313232 | 167
NGC 153 Dorado 19.02 2578 | 17.76 | 1345 | 79985 | 258
NGC 3311 Hydra 19.13 2756 | 4801 | 1442 | 1687.23 | 2.01
NGC 4261 - 19.02 589 | 3161 | 1395 | 117931 | 214

Galactic

: ” ! , . / . 13 TR “‘
Mggwumu N g o s




Neutrino Search for Galaxy Clusters

Chianese, Kheirandish & KM 24
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