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Motivation: Cosmic Rays — A Century Old Puzzle
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Open problems

ox B/ T°CR

- How is the spectrum formed?
(ex. transition to extragalactic)

- How are CRs accelerated?
(ex. Fermi mechanism: sqcg~2)

- How do CRs propagate?
(diffusion, rectilinear, or?)

;;What Is the origin®?”

WANTED!

LOOKING FOR




Magnetic Field

UHECR Source Candidates: Cosmic Monsters
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UHECR Source Candidates: Cosmic Monsters
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Era of Multi-Messenger Astroparticle Physics

Gamma Rays
Fermi, HAWC,
HESS, MAGIC, VERITAS, CTA etc.

Cosmic Rays

Neutrinos
IceCube, KM3Net ZAMEL¢AAMS-02
Super-K etc. uger, | etc.

Gravitational Waves
LIGO, Virgo, KAGRA

taken from lceCube homepage



Multi-Messenger Cosmic Particle Backgrounds

. gamma neutrino UHECR

1 O ~ IceCube (HESE 4yr) KASCADE — all
== y — allflavor KASCADE — light
] Murase — Beacom 2010 Auger (E x 1.05)

— -6 | TA + TALE (E x 0.91)
. 10 i = CR - all

B Fas == CR-—medium/heavy

1 * = CR —light

.—I| +4 g
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Energy generation rates are all comparable to a few x 1043 erg Mpc3 yr'



Extragalactic Gamma-Ray Sky: Dominated by Blazars

3FGL .
(~3000 sources)

o NP b

48 months of observations :
3LAC: 1563 sources

1444 AGNs in the clean sample
most of them are blazars

Blazar (point-source) contribution to
extragalactic y-ray background (EGB)
86%+16%-14% (Fermi 16 PRL)
68%+9%-8% (Lisanti+ 16 ApJ)

° EGB Spectrum (Ackermann et al. 2014b)

EGB Foreground modeling uncertainty

Il Blazars - this work

~15-30% of the EGB at > 50 GeV
L may come from something else
fl .1 and more rooms at lower energies

1 10 102 10
Energy[GeV]

-
q__



UHECR Sky: Unknown (but Hint?)

« No established source yet

« Tentative correlation?
T starbursts: ~4o

| 180 AGN: ~3c

TA hotspot: ~3c

|
w
S

|
X
()

# events per beam

~~ Beam size
N, =40

T - Dipole anisotropy established
Auger 18 ApJL D -> supporting extragalactic
T (Auger 17 Science)
e Spectrum:
R suppression at ~40 EeV can be
£ Eunitc = (5.08:0.06+0.8) EeV explained by interactions with
% supprelsion CI\/IB during the propagation OR
g E, = (394248) EeV maximum energy at the sources
O Eyjp = (234 1£4) EeV
& |eweccxn |« Composition:
75 180 185 190 195 200 heavier nuclei beyond the ankle?

Auger ICRC 2017 Ig(E/eV)
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Neutrino Sky: Latest Updates

-®, 45 [GeVem~2s1sr71]

« HESE 7.5 year TR e Showers e
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% o 004 “ |2 °
D g ‘.—' 9( : ® )\ o
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1077} e Bestit (£ amzn |
woestFLETEE Y e 8-yr upgoing v, “track”
ﬁ 36 events at >200 TeV (6.70)
s _
a e | - BestHit: $22.19+0.10
B - v, flux above 100 TeV:
100 - E.20,=(1.01+0.26-0.23)
x10-8 GeV cm=2 s sr

10° 106
Neutrino Energy [GeV]



Neutrino Sky: Latest Updates

« Two double bang candidates (not settled yet)
could be CC interaction by v._
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= A SR
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0 o9 o o ot st (%) d 4 + R
+ © R S
(& ° 2 o) + e o SRR
(o) ° ) o o © ° =
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o e ) e © ° 5
¢ AERS ° °ceos § >
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© - ° °s
o ‘ o : . ([
o <0 ° © 9 ° o o
® ' S < < 3
L : 0. o ° °
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e ° G
‘WORK IN PROGRESS Bright DOMs are excluded from this analysis ‘WORK IN PROGRESS ‘ * Bright DOMs are excluded from this analysis Time

Double cascade Event #1

Double cascade Event #2




Neutrino Sky: Latest Updates

) Neutrino? flavor « 5.9 PeV event (deposited)
in PEPE (PeV Energy
Partially-contained Events)

 Could be a Glashow event
at E=6.3 PeV?

Probability Density

BRREL LD

Rt L (T

L)
- .
WY : s
0 ! - - 3‘5
| =S = 3
Fraction of v, =4 " 8 - i‘:
100% v, 39 == > 13
shower+ % 100 ‘%i“ - g g; -
» - ol / -
starting track I ;
80 =t - ’
S —
60 T
g
40 gj
3




Sources?

~3000 sources
(3FGL)

HESE 4yr with Egep > 100 TeV (green) / Classical vy, + Vv, 6yr with £}, > 200 TeV (red)

w 0 source yet
(maybe fishy one?)

from Higgs-tan ' ' e Galactic

event appears in both samples



Constraints from Non-Detection of Neutrino Clustering

I —

log(ny®" [Mpc™])

Muon Neutrino Constraints

12 | | | | | |

36 37 38 39 40 41 42 43 44 45 46 47 48

ff -
log(E, Lg ®"[ergs b))
Vi KM & Waxman 16 PRD

Non-detection of “multiplet” neutrino sources give limits on the number density
Source-identification is possible with Gen2 for known astrophysical candidates



Multi-Messenger Cosmic Particle Backgrounds

. gamma neutrino UHECR

1
O ~ IceCube (HESE 4yr) KASCADE — all
== y — allflavor KASCADE — light
] Murase — Beacom 2010 Auger (E x 1.05)

— —6 | TA + TALE (E x 0.91)
. 10 i = CR - all

a :,__H_ == CR —medium/heavy

1 = CR - light

|—I| | +++ 7 g
n :|_0—7.E +4 4.+ n

I ] H =

c ] | | | _l_

G T T T

> -8

Q 10 non-blazar

= |

Ny

w 107°

10_10 T T T T T T L T T L T T L T T L
102 104 10° 108 1010

E[GeV]

Energy generation rates are all comparable to a few x 1043 erg Mpc3 yr'



Astrophysical Extragalactic Scenarios

E,~ 0.04 E,: PeV neutrino & 20-30 PeV CR nucleon energy

Cosmic-ray Accelerators

(ex. UHECR candidate sources) Cosmic-ray Reservoirs

i ) ) Starburst galaxy Galaxy group/cluster
Active galactic nuclei  y-ray burst

p+p—=Nr+X

G 5 IIIIIIIII |||mul mmul 1|||m|| |||mnl |||nu|l ||||n||| ||n|m] ||n|rrr] T
py Gpp
0 e
: i
03% \E/ 102 s\ I“i’\:\l r\'nr\r AW i f’llf\hlf\hf‘:l ni‘ %‘!i:;h wf’
N IRVIVIVIRIA' A wiNlv] ) \" Al I B AV Lol ULl MLV L ol i * “Senf] L} )
° B 7 7 : T | o H H
) 9 [ totil a—
A-resonance] ] i / - 4 : ;
. P74 s ik ! e
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(+ direct cke)p % O \ ETH g
§ '3 L T L
T
0 i ﬂiw ielastic!
{0V PR TN X
K FLIN 2l AL
ol v Py b 1 ...H..|5 . ...,.H\e R B | | | Pm i~1(=‘V/(‘
E, (MeV) 107! 1 10 102 10° 10t 10 10° 10 10°
Y
pr~occpp~0.5 mb

£, ~ (0.34 GeV)(m,/2) ~ 0.16 GeV? Gpp~30 mb



Fate of High-Energy Gamma Rays

= y+y

p+y—=Na+X rn*n~111—->E2® ~(4/3)Ez2D,
p+p—=Nra+X n*n~21->E2?® ~(23)E?®,

>TeV y rays interact with CMB & extragalactic background light (EBL)

v - ex. Ay(TeV) ~ 300 Mpc
V*VempesL € HE L, (PeV) ~ 10 kpc ~ distance to Gal. Center

cosmic photon bkg.  cosmic photon bkg. ‘;_: Fermi
. PN satellite

A\/EMMMMMMAN

V’\/\/\/\/\/\/\I\/\/\/\/\/\/\/\/\/\/\N\/\/\/\/\/

1C :

T g T e\ o airshower
o N R+ Ix + B OE [PaaN, ]+ Q’Y ’ 4

aNe — ON, e"y K (9N§C e = i detectors

—N,.Ric+
Ox 0x T o

o .
- 8_E[(Psyn+Pad)Ne] + QlenJ7



Generic Neutrino and Gamma-Ray Connection

« Generic power-law spectrum £Q, « €25, transparent to GeV-TeV y
from Murase Ahlers & Lackl (2013)

" IceCube (HESE 3yr) — -+ °
PP Fermi (IGRB) +——+— 1

107°

107

E2 ® [GeV cm? g’ sr'1]

107

0 10° 10" 10° 10° 10*
E [GeV]
- s,<2.1-2.2 (for extragal.); insensitive to evolution & EBL models
« contribution to diffuse sub-TeV y: >30%(SFR evol.)-40% (no evol.)

« s,<2.0 for nearly isotropic Galactic emission (e.g., Galactic halo)



Astrophysical Extragalactic Scenarios

E,~ 0.04 E,: PeV neutrino & 20-30 PeV CR nucleon energy

Cosmic-ray Accelerators
(ex. UHECR candidate sources)

Active galactic nuclei Y-ray burst %

' [e-coﬂ e
N

p+y—=>Nr+ X

E2® — o
4 | stacking and other searches
exclude y-ray bursts and
disfavor blazar-type AGN

as the “dominant” v origin

(exceptions: AGN cores, choked jets)

0.4/TeV  PeV

E,

Cosmic-ray Reservoirs

Starburst galaxy

Galaxy group/cluster

p%p—eNn+X
E2® DxE-s

<i:§j\§\\

A%

gas density &
source size

Sy~ScRr

0.1 TeV PeV




Photomeson Production in AGN Jets

AVAVAVAW, (IR)
accretion disk ‘

(UV, X)
@

>
‘ cosmic ray blazar!
>

KM, Inoue & Dermer 14

bIazar zone broadline region =
(broadband) (opt, UV) § I/f ]
Ly e e ]
P SR
il e
b~ I/ 2 -1 H i
E") = 0.05E", =80 PeV I'{(E{/10 eV) inner jet photons
py — A* S+ N E'") ~0.05(0.5m,c*e5/Ey; ) = 0.78 PeV BLR photons

E'> = 0.066 EeV(T1gr/500 K)~! IR dust photons



Blazars as Powerful EeV v Sources

Blazar (radio galaxy) = BL Lacs (FR-l) + FSRQs (FR-II)
FSRQs: efficient v production, dominant in the neutrino sky
BL Lacs: |neff|C|ent Y productlon dominant in the UHECR sky as FR-|

|
o Atm. v, BLR/DustTorus .
»\ L Blazar Zone ..............
‘\
- IceCube 2013 . — k=50 7

| Waxman- Bahcall |

u':c'n'\nc'mc'n
|

—
o

Iog(EV2 ®, [GeV cm?stsrl)
—
=

1
=
N

KM, Inoue & Dermer 14 PRD

11

log(E,, [GeV])
Unique v spectrum: PeV v by BLR photons & EeV v by dust IR photons

Only bright FSRQs are dominant -> promising source identification
Consistent w. IceCube (1-10% at PeV), UHECRSs are isotropized at kpc-Mpc



HE Neutrinos from AGN Jets: Constraints

Standard simplest jet models as UHECR accelerators: many constraints...
- Blazars: power-law CR spectra & known SEDs— hard spectral shape

10_5 F i L 1 |
F HZ97 (Blazar) — — — ]
MPERSO3 (LBL) .............. - N
_ MPERSO3 (HBL) -~ 7 .
" 106 PPGR15 (BL Lacg e / _
7 E MID14 (Blazar w. §,=3) ——— // E
c;“’ - MID14 (Blazar w. £5=50) - 1 leptonic w, neutrino norm,
s 1 BL Lacs + FSRQs
S 10 E
% 1 lepto-hadronic w. y-ray norm.
O, 1 BL Lacs (w.o. external fields)
=l
o 100 1 leptonic w. UHECR norm.
1 BL Lacs + FSRQs
10
10

from KM 1511.01590 E [GeV]



HE Neutrinos from AGN Jets: Constraints

Standard simplest jet models as UHECR accelerators: many constraints...
- Blazars: power-law CR spectra & known SEDs— hard spectral shape
lceCube 9-yr EHE analyses give a limit of <108 GeV cm=? s' sr' at 10 PeV

- Give up lceCube explanatlon OR glve up UHECRS (ex. Dermer, KM & Inoue 14

17 [ — 90 / CL model- dependent UL

= Ahlers best-fit 3EeV
= Ahlers best-fit 10EeV
= Kotera FRII

Kotera SFR

ESO(E,) [GeV cm® sec sr]

1070

me Murase AGN s=2.3
Padovani all BLLac
Fang Pulsar SFR

IceCube 16 PRL \

10

E° 0 [G .

1o9 10" 10"

from KM 1511.01590

E [GeV]

Tavecchio+14,
Tavecchio & Ghisellini 15)

leptonic w, neutrino norm,

1 BL Lacs + FSRQs

Iepto-hadronic W. y=ray norm.
BL Lacs (w.o. external fields)

1 leptonic w. UHECR norm.
1 BL Lacs + FSRQs
1 (This model is still OK!)



AGN Cores as Neutrino Factories

Xrays Seyfert/Quasar AGN

corona

standard accretion disk -> collisional
CR acceleration is inefficient

Low-luminosity AGN

accretion
disk

black hole
accretion disk is “radiatively inefficient”
collisionless -> promising CR acceleration
supported by simulations & observations

diffuse neutrino flux

— -4 I I I I

in g Bl

e

25 B2 — — o

('ﬂw ;X S

|E '6 B4 — - n QEJ
o IceCube —B— o)
% -1 atm. —-4a— §
<} 83
>

S

o

a8

N’

a0

2

-10

3 4 5 6 7 8 00 01 02 03 04 05 06 0.7
Kimura, KM & Toma 15 ApJ RsinB/R.

log(E, [GeV]) Kimura, KM & Tomida 19 MNRAS



Astrophysical Extragalactic Scenarios

E,~ 0.04 E,: PeV neutrino & 20-30 PeV CR nucleon energy

Cosmic-ray Accelerators
(ex. UHECR candidate sources)

Active galactic nuclei Y-ray burst %

' [e-coﬂ e
N

p+y—= Nr+X

E2® — o
4 | stacking and other searches
exclude y-ray bursts and
disfavor blazar-type AGN

as the “dominant” v origin

(exceptions: AGN cores, choked jets)

0.4/TeV  PeV

E,

Cosmic-ray Reservoirs

Starburst galaxy Galaxy group/cluster

p%p—eNn+X

E2 D PxE-S

<i:§j\§\\

A%

gas density &
source size




Cosmic-Ray Reservoirs

Starburst galaxies

Galaxy clusters/groups

“cosmic-ray
reservoirs”

CR confinement

Loeb & Waxman 06 CR

KM, Inoue & Nagataki 08

magnetized region w. CR sources

sufficiently high-energy CRs
escape without interactions

low-energy CRs are
confined by magnetic fields
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Neutrino-Gamma-UHECR Connection?

Grand-unification of neutrinos, gamma rays & UHECRs
simple hard CR spectrum w. s~2 can fit all diffuse fluxes

« Explain >0.1 PeV v data with a few PeV break (theoretically expected)
« Escaping CRs may contribute to the observed UHECR flux

107 —
KM & Waxman 16 PRD
— 10° .
@
L 107 Auger
S 40 .
= / E
N@ IL\(cosmogenicv_%‘ E
L 409 117> %] PeVv-confined CR
' )I +\ UHECR - escaping CR
10710 i, ., ] EeVv-— cosmogenic v
100 102 104 108 108 1010 sub-TeVy — confined CR

cosmogenic y



Neutrino-Gamma-UHECR Connection?

Grand-unification of neutrinos, gamma rays & UHECRs
simple hard CR spectrum w. s~2 can fit all diffuse fluxes

« Explain >0.1 PeV v data with a few PeV break (theoretically expected)
« Escaping CRs may contribute to the observed UHECR flux

KM & Waxman 16 PRD

Y  Cosmic Ray*

k2

C}IU) ':-: IceCube " E

5 _ gl % 1 ~3x10° GeVicm?/s/sr
" I N % 4 at~100 PeV

(.2. T IN / §

o

Al

L

107 y PeVv — confined CR
UHECR - escaping CR
10 . . EeVv — cosmogenic v
10 10° 102 10 108 108 sub-TeVy — confined CR

cosmogenic y



Ex. AGN Embedded in Galaxy Clusters/Groups

AGN as “UHECR” accelerators

confinement in cocoons & clusters

escaping CR nuclei: harder than CR protons
smooth transition from source v to cosmogenic v

10>
-+ Fermi EGB ~ IceCube (HESE 6yr) KASCADE — all
mm FermiEGB (non — blazar) [ IceCube (v, 6yr) KASCADE — light
== Associated yray — total == — allflavor Auger (E x 1.05)
— —6 | = Associated yray — source Murase — Beacom 2010 TA + TALE (E x 0.91)
7 107> m—CR —all
B "-+++ .e CR—r.nedium/heavy
— *‘+++ == CR - light
|
1077, Fang & KM 18 Nature Physics
) ]
-
O L=
% 108 - 900
O] — EPOS-LHC
— gs04{ - Sibyll2.1 ~ -1
Ne . = - QGSJetll-04
w 1077 7.\ € 500/
_promising! 3
A ‘\ Q 750
\ !
1010 L : . \." . . . . X . X e o0
10t 102 103 104 10° 10° 107 10® 10° 10'C 10'! >\f7
E [GeV] 650 1 — Rl
g /,,/”/ Auger ICRC2015
Unifying >0.1 PeV v, sub-TeV y, and UHECRs

175 18.0 18.5 19.0 19.5 20.0
logE[eV]

(including proton ankle at 100 PeV & composition)



E2| (E) [GeV em s sr "]

Yy

Ex. Star-Forming Galaxies w. AGN

Starbursts can potentially explain v and y simultaneously but...

1. CR accelerators are more powerful than supernovae (beyond the knee)
2. Diffusion should be much slower than expected from that of our Galaxy
3. Tension with Fermi and IACT data (normalization & photon index)

Liu, KM, Inoue, Ge & Wang 18 ApJ

' ' ' -6 : ‘ :
| Tamborra, Ando & KM 14 JCAP 10 %GB - v — 5 (n%cas)
y + ] E B Mew e 5 (7 only) E

1#
% IC15 (all flavor, combined)
= @ﬂ}l - + =
N S . f
s 9 S - 7
Lo » S 7
. -~ \- N N
© \o- N N
N
I - o\ ~ AY 3 |
E SPL 'g=2.3 'T S I N ]
L -\ ~ o AN B
N . ' ]
<~ \
\ \
\
\

[ SPL Teg=2.1
L 107° | ‘ A W | ‘ A
1 2

10 10 10° 107 10* 10° 10°
! Energy (GeV)

1. Disk-driven winds are likely to accelerate CRs up to ~10-100 PeV
2. Diffusion coefficients can be smaller from those of star-forming galaxies
3. Consistent w. Fermi limits and CR spectra can be harder

o
4

(@]
o

E?dN/dE (GeV cm™2s7'sr™")

| BPL I'x=2.0/2.5
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Blazar Flares
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Blazar Flares?

50 LAY | T LAY | R | RELILRRLL | T
I 1. FSRQ quiescent, ypk= 10’ ]
| 2 FSRQarng 7 =107 | Good chances to detect them
0t =10 R | even if subdominant in the diffuse v sky
R 5b=2 6.b=05 - .
® 4 £ 1. Observational reason:
g + 7 temporal & spatial coincidence
g 2. Theoretical reason
g “enhanced” jet power + target photons
42
-. (see e.g., KM & Waxman 16, KM et al.18)
1oLZ/Detmer KM Inoue 14 JHEAP % '\ )
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IceCube 170922A & TXS 0506+056

side view
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- lceCube EHE alert pipeline

- Automatic public alert
(through AMON/GCN)

- Kanata observations of blazars
-> Fermi-LAT (Tanaka et al.)
ATel #10791 (Sep/28/17)

- X-ray observations reported by
members of Penn State people

- Swift (Keivani et al.)

GCN #21930, ATel #10942
NuSTAR (Fox et al.)
ATel #10861
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TXS 0506+056 SED Modeling: Hadronic

Keivani, KM, Petropoulou, Fox et al. 2018 ApJ

e [eV]
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10%

e L Jergs™]

Swift-UVOT/X-Shooter,
Swift-XRT/NuSTAR
Fermi-LAT data

UVOT/X-Shooter
Veyn<3X1 014 Hz: ISP/LSP

v = n-induced cascade
F, ~ F,: ruled out

vy = p-syn. from UHECRs
very low F,at 0.1-1 PeV

|C-170922A event
CANNOT be explained
by the hadronic scenario
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TXS 0506+056 SED Modeling: Leptonic

Keivani, KM, Petropoulou, Fox et al. 2018 ApJ
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el pergs™]

Swift-UVOT/X-Shooter,
Swift-XRT/NuSTAR
Fermi-LAT data

UVOT/X-Shooter
Veyn<3X1 014 Hz: ISP/LSP

Leptonic scenario
v = external IC emission

F, < (1-2)x10-'2 erg/cm?/s
eplee > 300
E..x<03ZEeV

N,~0.02/yr (real-time)
N,~0.2/yr (point-source)



2014-2015 Neutrino Flare

lceCube 2018 Science

IC40 IC59 IC79 IC86a IC86b IC86¢
5 ‘ I I I I B — l
' IceCube-170922A A 4o
o o Gaussian Analysis \ ~13 events (~3.50)
o 3« = Box=shaped Analysis ] \ o R
o".)- .
o 2= .
| = 20
1 | .} 10
0 ey _W’_'—_L"“ - - } .
2009 2010 2011 2012 2013 2014 2015 2016 2017 170922A

Single-zone models predict F,~10-1° erg/cm?/s by cascades
(violating Swift-BAT limit)
KM, Oikinomou & Petropoulou 18 ApJ

: confirmed by numerical studies:
Vs A\ E Rodrigues et al. 18
\o L..!,/ ,: : Reimer et al. 18

"l‘%w WA 3 Petropoulou, KM et al. in prep.

vF, [ergecm™? s

No simple picture

Petropoulou, KM+ in prep.



Multi-Zone Picture?

Problems
- Severe X-ray constraints on the maximum neutrino flux

- Severe CR power requirement for low v production efficiency

cascade 1\/ Y

Relaxing X-ray suppression?
Path?  attered emission? 1. Anisotropic cascades
s\P. ouds (isotropization & time delay)
= vt 2. Avoiding Bethe-Hesitler

(for neutron beams)
3. Scattering (N>10%° cm)

\Y}
*
I
I
|

Efficient v production?
1. External radiation fields
2. pp interactions w. clouds

star?
BLR cloud?

see
KM, Oikinomou & Petropoulou 18 ApJ

Need more information: X-ray/y-ray monitoring, X-ray/y-ray polarization



Summary

v-ray flux ~ v flux ~ CR flux
multi-messenger limits are now critical for CR and DM models

Cosmic-ray sources (above 100 TeV)?

CR accelerators: blazars are likely to be subdominant at sub-PeV energies
but they can be dominant in the 10-100 PeV energy range
AGN core models are viable given that CRs are accelerated

CR reservoirs: s<2.1-2.2 & significant contribution to Fermi y-ray bkg.
cosmic particle unification is possible with s~2

Blazar flares?
TXS 0506+056 flares: no simple convincing picture — stay tuned....

BSM?
decaying dark matter: constrained by Fermi-LAT and CR experiments

various possibilities are discussed (neutrino decay, pseudo-Dirac neutrinos, neutrino-
neutrino self-interactions, neutrino-dark matter interactions, Lorentz invariance violation)



dwarf dark matter
galaxy v ) decay
cluster

etc.

high-energy y
background radiation
(low-energy v)

dark matter 4

annihilation

%
%

magnetic field

1 1 1 1 1 1 1 1 1 1 1 1 1 1



BSM Signatures in Neutrino Spectra

Decaying dark matter (“‘dominant” in terms of the number of papers)
E}®, = E}O[S + ELDY ~4x 10~ GeVem 25! sr! [1 i 1'6(‘79/2)} 3 57 5(R,/15)7!

2.6
- Neutrino lines:
Feldstein et al. 13, Dudas, Mambrini & Olive 15, Roland et al. 15, Aisati et al. 15, Aisati et al. 16

- Portal type, R-parity violating gravitino, RH v, glueball DM etc.

Feldstein, Kusenko, Matsumoto & Yanagida 13, Esmaili & Serpico 14, Bai, Lu & Salvado 13,
Bhattacharya, Reno & Sarcevic 14, Higaki, Kitano & Sato 14, Esmaili, Kang & Serpico 14,

Rott, Kohri & Park 15, Fong et al. 15, KM et al. 15, Boucenna et al. 15, Ko & Tang 15, Chianese et al. 16,
Bhupal Dev et al. 16, Bari, Ludl & Palomares-Ruiz 16, Borah et al. 17, Hiroshima, KM et al. 17 etc.

Other models
- Annihilation in low-velocity sub-halos: zavala 14
- Early time particle decay; Ema, Jinno & Moroi 14, Anchordoqui et al. 15, Ema & Moroi 16

- Boosted dark matter: Bhattacharya, Gandi & Gupta 15, Kopp, Liu & Wang 15, Bhattacharya et al. 17

Secret interactions

loka & KM 14, Ng & Beacom 14, Ibe & Kaneta 14, Blum, Hook & KM 14, Cherry, Friedland & Shoemaker 14,
Araki et al. 15, DiFranzo & Hooper 15, Kamada & Yu 15, Araki et al. 16, Shoemaker & KM 16, Yin 17

Neutrino decay
Pagliaroli et al. 15, Shoemaker & KM 16, Bustamante, Beacom & KM 17, Denton & Tamborra 18



MESE events in 641 days

102

10"¢

10%4

BSM Explanations for Neutrino Spectra?

dark matter decay

(Chianese+ 17 JCAP)
T amy

[ atm. y
[] astro. y=2.0

DM '

- Southern sky
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Ll Lo TR e N il I
104 10° 108
Deposited energy [GeV]
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wool(m/m)/(s/eV)]
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Invisible
neutrino decay

(Denton & Tamborra 18 PRL)

astrophysical v necessary

108 107 108

neutrino energy, E, [GeV]

10°

T hidden sources (more) required

neutrino-neutrino

. self-interactions

|

(e.g., Blum, Hook & KM
Cherry+ 14)



Multi-Messenger Emission of Decaying Dark Matter

" lceCube 2014 —+— ] KM, Laha, Ando & Ahlers 15
Fermi 2014 ——— 1 see also:

. | KM & Beacom 12
— 3 Esmaili & Serpico 15

A
|_I|U)
N 3

& ;

O i

: T

q) -

3 .

o -\[ 1 DM — vetve (12%)
Y 10 )| DM — b+bbar (88%)

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

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



Profile Likelihood Technique

from Nick Rodd

scan to find best-fit values

DM
at each energy bin
(point source model included)
Gal
diffuse
Fermi
bubbles

isotropic



Profile Likelihood Technique

from Nick Rodd

scan to find best-fit values

DM
at each energy bin
(point source model included)
20-63 GeV
Gal
diffuse
Fermi
bubbles
0.6-1.6 GeV
isotropic
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Neutrino Constraints on Dark Matter Decay

KM & Beacom 12 JCAP

> Annihilating heavy
dark matter scenarios
are difficult due to the
unitarity bound

3 4 5 6 7 8 9 10
log(m [GeV])

Neutrino bound is very powerful at high energies
Cascade y-ray bound: more conservative/robust at high mg,,



Multi-Messenger Constraints on Decaying DM

Cohen, KM, Rodd, Safdi, and Soreq 17 PRL
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Pass 8, eight-year Fermi data w. non-Poissonian template fitting method



Multi-Messenger Constraints on Decaying DM

Cohen, KM, Rodd, Safdi, and Soreq 17 PRL

10297“““% LR L AL B
DM — bb _ﬁ
B Fermi-LAT
1028_ 1
= 2 Z
o7 * : extragalactic w. astrophysical models
107F N 1777 (Ando & Ishiwata 15)
- v extragalactic w.o. astrophysical models
N —| (KM & Beacom 12)
—. Galactic
i (Fermi Collaboration 12)
2000\ L H:'lwl L
10 10" 10° oY Tom
m, |GeV]

Gamma-ray limits are improved independently of astrophysical modeling



Multi-Messenger Constraints on Decaying DM

Cohen, KM, Rodd, Safdi, and Soreq 17 PRL

10297”””% ERRRLY
DM — bb
1028_ 1
% 2
N
: N Y
3 N /7] Anti-proton (Galactic)
i O[(Giesenetal. 15)
I ! Positron (Galactic)
/\ 4 : (Ibarra et al. 13)
260N vl Ll L e————————
AU TV 10? 10° 108 1010

m, |GeV]
Anti-proton constraints are competing for soft channels such as DM—bb



Multi-Messenger Constraints on Decaying DM

Cohen, KM, Rodd, Safdi, and Soreq 17 PRL

29
107 o=

CASA-MIA, KASCADE, Auger

diffuse limits on photon fraction

VHE g rays w.o. inv.-Compton (Galactic)
(Kalashev & Kuznetsov 16)

(see also Ahlers & KM 14, KM et al. 15,
Esmaili & Serpico 15)

Fermi (this work)
---- IceCube (this work)
2] 1ceCube 30 (Comb.)

/24 lceCube 30 (MESE)

102! T Y, I [ B

]
10° 10*

o o L
10°

m, |GeV]
tension w. diffuse VHE y-ray limits that are important at ultrahigh energies

|“cascade” bound

(extragalactic)

100



Multi-Messenger Constraints on Decaying DM

Cohen, KM, Rodd, Safdi, and Soreq 17 PRL
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Pass 8, eight-year Fermi data w. non-Poissonian template fitting method



Extension to Superheavy Dark Matter?

Cohen, KM, Rodd, Safdi, and Soreq 17 PRL in press

T T T Ty
DM — bb ]
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......... IC Only
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24 | | I | | | \\\\\\I | | \\III‘I“r‘ | | \\\\III-.."I 1 I
105 g7 10° 101

my [GeV]

Constraints up to ~10'" GeV thanks to “cascade” bounds



Other Final States
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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




Model-Dependent Results
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high-energy (>100 TeV) data could be consistent
<100 TeV (e.g., MESE) data cannot be explained

(see also Bhattacharya et al. 17)
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Other Tests? Search for Nearby DM Halos

Nearby DM halos (clusters & galaxies)
should be seen as point/extended sources
flux o< My, /ty,/d?

stacking or cross-correlation

powerful independent of y—ray limits
102 ¢

; 3
ndremeda N
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

- Virgo + M31

IceCube-Gen% I
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-- Higaki, Kitano & Sato 14 1
-- Esmaili & Serpico 13

-- Rott, Kohri & Park 14
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Observation Time with IceCube [yr]

KM, Laha, Ando & Ahlers 15 PRL




v Limits on Annihilating Dark Matter

lceCube Collaboration 1705.08103 KM & Beacom 13 JCAP

E L B N AL R R | v v vrrreeg T v yorrveyg LR AR R | 3
- W—# IC 3yr halo cascades k=4 IC 2yr cascades - DM+DM — u+u'
- @8 IC 3yr GC tracks ——  ANTARES GC -
£ ¥V—y IC 4yr PS+ 3yr MESE

IceCube Preliminary

log(o v [cm3 s'1])

] Peaersels e .
L O 52, | -26 | Coma -===
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T L T/ T/ S 1) R )¢
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v from Galactic clusters

v from Galactic halo and center
complementary to y-ray limits

complementary to y-ray limits



Constraints from Neutrino Flavors

Shower-to-track ratio -> flavor information (ex. lceCube Collaboration 15 ApJ)
BSM physics tests w. sufficient statistics (especially by Gen2)

Std. mixing L (fo:f,:f)s
6;,6: bf, 10,30 "/ \ ;4 all free
020 w (1:2:0)

NH

0.30

7 - 0.00 &
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 01 02 03 04 05 06 07 08 09
fe. o
Bustamante, Beacom & Winter 15 PRL Shoemaker & KM 16 PRD

see also Arguelles, Katori & Salvado 15 PRL



Neutrino Decay: Normal Hierarchy
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fe
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OWCube 2015
1
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fo.0
Bustamante, Beacom & KM 17 PRD
(see also Pagliaroli+ 15 PRD)

complete decay of v,, v,
disfavored only by flavors
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Shower count Egy,dNy,/dEg, (5 yr)

Neutrino Decay: Inverted Hierarchy

IH is not disfavored yet by the flavor information
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L y=250 Bustamante, Beacom & KM 17 (see also Shoemaker & KM 16)
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Secret Neutrino Interactions

eXx.

" Sres_=‘°9 TeY 7y

Blum, Hook&KM 4' :

L D Grvo

% m, < 0.3eV

Ye =1PeV
+ o8 :

e =10 PeV 157
. res EET ST TR

LDOGrZ'v

10-3 ; i P
10° 101 107
m, [MeV]
m; Mg m,, -1
S 2m,, - (10 MeV ) (0.0.5 eV)

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

ex. Majorana v self-interactions via a scalar

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

AQ

ex. gauged L-L. model
see also Kaneta’s talk

ex. 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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events

Hunting Gaps & Future Constraints

HE neutrinos can give the best limits

T I cf. n/K decay: G < 0.01
Gen2 10 yr Z decay: G <~ 0.1
100! ) OvBp decay etc. but model-dependent
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flavor ratio, a®

Pseudo-Dirac Neutrinos

o — .1 -Tiny mass splitting w. sterile neutrinos
05" 4] Wolfenstein 81, Petcov 81
; - Cosmic neutrinos can be used as a probe
4 Beacom et al. 04, Karanen et al. 03
03 107'"'I""I""I""I""IIIII
S g Shoemaker & KM 16
>
S
0.1 = 6
S | I
- Am2=10-17 eV? 7 S
0'904 10° 108 107 108 o 4
E, [GeV] =
a® <
0.1 0.9 OB
0.2 0.8 .E
0.3 0.7 j: 2
0.4 06 : [ E 10_15 eV2 B
SN F e () ()
RAY == VAN, n 7 1
o1 LT EJL TN 2 ® _ S0 2100 2 2 [(AD;
08 -A-[;’?A}'I/‘?‘;A —7 o E Q; —Zaj‘ ’Lk| | jk| COS 9
0.9 _v'llm'./'(’A' 04 -...|j.’k...|....|....|.........
IVAVAVY {5/ GAN AL ATANG 220 225 230 235 240 245 250

01 02 03 04 05 06 07 08 09 Spectral indeX, ”y



Neutrino Decay

Neutrinos may decay (as studied in Majoron models)
HE cosmic neutrinos provide a special way to test for m, ~0.1 eV

Beacom, Bell, Hooper, Pakvasa & Weiler 04

e s ) R
18T L [Mpc] 1 1
K [W} ~ 107 E, [TeV] or [gec~0.01-k% [S eV ] E, [TeV] Mpc

Complete decay of all eigenstates: SN 1987A k= > 10° s eV-1
Invisible decay
. ’ N; (Eo, 2, k; !
P (Eo,2) = Y Uail” [Usil” ( ONZ i)

2=1
Visible decay (decay into the lowest mass eigenstate)

N1 + <N2—N2> + (N3—N3> N. N.
. - Un2l? [Uga|® =2 + [Uas|” [Ups|? =2

N1 N2 NS

P = U [Uni



Future Constraints on Neutrino Decay
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Constraints on Self-Interactions

E=my“/2m, [GeV] (m, =0.05 eV)
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« An example that lceCube can be used for testing nonstandard interactions
« Can be more powerful than laboratory tests



A Phenomenological Model

6-dimensional operator L — _i(I)(HL)2 + cc
A? |
EW SSB & LN explicit breaking
P=o+p (®)=p
1

L= 5 E (mu, + Gip) viv; + cc+ ...,
2 2
gi; v . my, g;v
ml/i — [/\/LQ 9 g — dlag(gl7g27g3)7 g’L — ILL — A2

There are many possibilities to induce neutrino-neutrino scattering

Example 1 (type Il seesaw)

Vov = {A®*AHlo%H* + A°LTec®yL + YiH' Le® + cc}
+ M2A™A® +mi|B” + As|®|* + Vuy,

Example 2

Vov = { My +y/ Spey° + y(HL) + YiH' Le® + cc} +m3 |02 + M| @[* + Vi,



Events

Observational Features

To see a sizable effect in IlceCube, we need
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general cautions: deposited energy, muon energy < neutrino energy
unfolded spectrum derived a flavor ratio 1:1:1



Experimental Consftraints

Constraints: light meson decay, Z invisible width, Ovp[3 decay
(& non-unitarity mixing, LFV processes, cosmology...)

—NH BR(I{+ — N+V¢)) . ZigﬂU#i'Q 772:12{

— "BR(K* S ptv) | 12(dm) m2

10721

* helicity-unsuppressed decay ev¢d
leads to comparable limits

(Blum, Hook & KM 14
see also, e.g., Laha, Dasgupta & Beacom 14)

107
> m, [eV]

« Active v scattering: G < 0.01 (i.e. 103 < G < 0.01 needed)
« Sterile v scattering: constraints can be weaker due to sinf,,



Improvements in Future?
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