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cosmic rays
+ nputrinoé

Cosmic Ray Sources

— Active Galactic Nuclei (AGN)
— Gamma Ray Bursts (GRB)
— Supernovae (SN)

— Galaxy Clusters

— Unknown

3 Victor Francis Hess
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Discovery of % )}

cosmic-rays | ~



Sources of High Energy INeutringe

Cosmic rays interact

Atmospheric Neutrinos

in the upper
atmosphere:

p = proton
1= muon

T = pion

V = neutrino
et =electron
e” = positron
7= photon

p+A > 1Tt (K¥) +
other hadrons

\ Tt U+HVp—e*VeVyV
) v H
IceCub Collaboration Phys. Rev. Lett. 110 (2013) 151105 /1212.4760v2
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Principle of an optical Neutrino Telescope
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Neutrino lelescopes

and lceCube
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Storey with 30Ms @ i 12 lines

» 25 storeys / line
. » % .3pmTs/storey
ve i ve - 885 PMTs
ol v Resolution:
‘b'b ¢ *w - P((jsiticl;nI <10 cm
*’b .- & Timing ~ 0.5 ns
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® Gigaton Neutrino Detector at the
Geographic South Pole

® 5|60 Digital optical modules

distributed over 86 strings IceCube Lab
e Detector completed in December s m— = R bt
. 2 optical sensors per tank
2010 after 7 years construction \ 324 optical sensors
® Neutrinos are identified through | iceCube Array
- S | ings including 8 DeepCore stri
Cherenkov light emission from | el licsntod i g
secondary particles produced in the | AR
) y P ) P ) ) ‘ December, 2010: Project completed, 86 strings
neutrino interaction with the ice | < Evne ~ 100 GeV
1450 m|_____ |

DeepCore
/'8 strings-spacing optimized for lower energies
£ 480 optical sensors

Ethr~ 10 GeV

2450 m
2820 m |
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 South
Pole

p + A = 11 (K%) + other hadrons .. TT* > H*Vu—e*VeVuVy

IceCubVe Depth:
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\, Atmospheric muons ~|0ll/year
Atmospheric neutrinos ~ 10°/year
Astrophysical neutrinos >100/year

extra terrestrial neutrino fluxes
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Track Cascade Double-bang

9 .m. T T

@ Muon tracks (CC v,) o NCor ve/v: @ High energy v,_ (>100 TeV)
@ Resolution < 1° ® Resolution ~ 157 — 20° @ Nor observed yer
@ Large energy uncertainties o Energy resolution

SE/E =~ 15%

X,
Ve vy Vg v,

early s assssosssm |ate

amount of light in detector « v energy
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—log,o P

0.0

No significant PS
reported

No correlation with list
of 74 sources in both
hemispheres. Galactic
& Extragalactic

e

Most recent data periods:

~80k nothern hemisephere evt/yr (atm v)
~35k southern hemisepher evt/yr (atm u)
~200 starting tracks. Southern sky

Sky map in equatorial coordinates of pre-trial p-values

Most significant cluster ¢ i —

the full-sky search (1.90 se30r

post-trial significa nce%qf //,’ ' % 4”1 & 2 ,
a=343.8°8=123.5° RRPT TN oo M O

88 m 24h{ ....'.:' . . .: __';‘)”' '--/.--" . ¥
A‘.\'. , e \‘ ‘.’t ol T
e W T £

5=-30° %

Sensitivities and upper limits at a 90% C.L. e s Ry

on the signal flux from the Full-sky and the
Candidate list searches (Neyman method)

1

0
10g, (p-value)
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Constraints on point.sou

F NN
LCCO

ANTARES 2007-15 sensitivity

ANTARES 2007-15 sensitivity (E <100 TeV)

ANTARES 2007-15 limits (candidate list)

ANTARES 2007-15 limits (candidate list for HESE events)

ANTARES 2007-15 limits (1° declination bands)

IceCube 7 years sensitivity [arXiv:1609.04981]

IceCube 3 years MESE sensitivity (E <100 TeV) [ApJ 824(2016)2 L28]
IceCube 7 years limits [arXiv:1609.04981]
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lceCube 8-years Point Source Search = INGEthERR

steadyastate)

Equatorial
IceCube Preliminary

pot ~19810{Procat 4C 38 .41

Hottest S

| ... BFGL sl + .
ang 2FGL

26.24° ; - 4113

Best candidate RS
from catalog search —
1] * of 34 sources |

- L H : . . . .:

180.89° 177.89° 174.89" 251.81° 248.381° 245381°
right ascension

right ascension
[ [T
0 2 4 6 0 2 4 6

~ by N a) ~hog M)

ppost-trial = 26% ppost-trial = 20%
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Search for highest enersy. ne

IceCube Coll. Phys.Rev.Lett. I I'l (2013) 021103 / arXiv 1304.5356

Tue Aug 9 07:23:18 2011
In two years of data expect

0.08 events at high energies,
but observed 2 events !!

® Ernie ~1.15 PeV (~1.9:10-4))
® Bert ~ .05 PeV (~1.7 -10-4))

Tue Jan 3 03:34:01 2012

® Topology of the events -
cascades

® Angular resolution on
cascade events at this
energy ~10°

® Energy resolution is about
15% on the deposited
energy
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IceCube Collaboration Phys.Rev. D91 (2015)
no.2, 022001 (arxiv:1410.1749) V d
]
eto and Self-vete

Atm. neutrino Down goinghgh-energy neutrinos

' . can be nearly background free |
|dent|f‘ ed as astro-physical neutrinos

~up-going  down-going

; Northern Hemisphere Southern Hemisphere -

”

.

1000m

Conventional v,

PF= = = = o

10—4 1
—1.0 —0.5 0.0 0.5 1.0

edge strings
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Science

HESE 6yrs 80 events (track-like & showers)
observed
Expected from the Earth atmosphere ~41events

Energy Threshold

= Background Atmospheric Muon Flux
[ Bkg. Atmospheric Neutrinos (n/K)
[

Background Uncertainties
Atmospheric Neutrinos (90% CL Charm Limit)
Bkg.+Signal Best-Fit 1-Component Astrophysical (E-2?)

102 R I ______ «  Bkg.+Signal Best-Fit 2-Component Astrophysical
i ; ee®e Data

IceCéube Preliminary

Events per 2078 Days

107 100 10
Deposited EM-Equivalent Energy in Detector (TeV)

Events per 2078 Days with deposited E > 60 TeV

‘ Southern Sky (downgoing)’ | Northern Sky (upgoing)

3 Background Atmospheric Muon Flux
= Bkg. Atmospheric Neutrinos (#/K)
Background Uncertainties
| == Atmospheric Neutrinos (90% CL Charm Limit) |
—— Bkg,+Signal Best-Fit 1-Component Astrophysical (E %)
= = Bkg.+Signal Best-Fit 2-Component Astrophysical
eee Data

élceCube Prelilfninary

-1.0 -0.5 0.0 0.5 1.0
sin(Declination)

Best fit spectral index (E¥):

y=-2.92+033 4 5
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Hligh-ene

® Recently unblinded 1.5
additional years of data (new
calibration)

4 Showers

K Tracks

® Ternary topology ID added [ceCube Preliminary

(Cascades, Tracks, Double
Cascades)

e Above 60TeV: 60 events . + I_\_lew events
® |2 new events in 2016 %
season —¢-
DU
® 5 new events in 2017 season
® All energies: 102 events
® 22 new events in 2016 : H
season 10 Bicauls SENEN S EE— - ',_i_' +
10 107

® 9 new events in 2017 season

Deposited Energy |TeV]
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Arrival directions (hig
IceCube Collaboration, Science 342, 1242856 (2013) =
High-Energy Starting Events (HESE) — 7.5 yr
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Coincident events: 32, 55

Dropped events: 5, 6, 42, 53, 61, 63, 60, 73

Equatorial

0.0

E < 300TeV

No evidence for point
sources, nor a correlation
with the galactic plane
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. .
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SCILTTIEET]

- Highest-energy neutrino-induced muon
2.6 PeV deposited energy
8.7 PeV neutrino energy (median)
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Astrophys.J. 833 (2016) no.1, 3
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rgy. distribution

A

— 1 "B Data 1 lceCube Work In Progress HH  Data
2 2 = Ao - | pstro.
= 1 mmm Atmo. Conv. lceCube Work In Progress - J{_} % B Atmo. Conv.
3 i 0 10! 3 N
i B Atmo. Muons C>U~. . R H EEl Atmo. Muons
i\/ 101 K1 Atmo. Prompt 90% U.L. + _ - . T o . T\ [N Atmo. Prompt 90% U.L.
E B —1— , : , . Lo i N A\ - - -
a3 - BN 2 -
© i L \ C: - | HH
2 100 - & )
N 0 100 c —H HH
2 5 N[
810! - 1| o .
c <
(O] Q)
§ I 3
102 10! .k.‘, e
—1.0 —0.5 0.0 0.5 1.0 10 10° 106 107
cos (0.) Deposited Energy [GeV]

® Compatible with benchmark single power-law model.
® Best fit spectral index (E¥): ¥=2.91%033 45,

® E2¢p = 2.19+110455 x 10-8 x (E/ 100TeV)-29! GeV cm-2 5! sr-!
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o

-, .5 [GeVem™2s 1sr1]

2
1%
-
o
o

High-Energy Starting Events

(HESE) - 7.5years

work Iin progress

Astrophysical Flux .
(on top of atmospheric)

e Differential

o Best-fit (E7287%03) 4

No Systematics == v, sestrit (210

105

106

Neutrino Energy [GeV]
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fne ‘hw

Double cascade Event #1 Double cascade Event #2
—— single cascade —— double cascade -+ - exp. data | l —— reco with bright DOMs === reco without bright DOMs —— single cascade = double cascade <+ - exp. data ] I —— reco with bright DOMs ===~ reco without bright DOMs
@ a7 ';‘-.‘bright DOM* bright DOM* @ bright DOM* bright DOM*
§ :': .|. o W §
a + % o
2 e 2
o o
o O :
° ® o
° o (@]
. & ° 4
2 & |
3§ :
N T - Nog
- Y s ++ ++-
‘ ° +
. . : s ()
. ° Q : U
° o
4N Y PNER $
3 Fret '+ o .
o 2 _|_-|-+ 4 o
IceCube Preliminary * Bright DOMs are excluded from this analysis Time IceCube Preliminary ©. Bright DOMs are excluded from this analysis
v Two double cascades have been identified
4
2

Double cascades arise from v, or mis-identified backgrounds
(astrophysical neutrinos / atmospheric backgrounds)

Separate study of taunts of the double cascade events on-going
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103' [ HESE v, Contained cascades
| PEPE v, Partially-contained

" [ EHE-PeV v.| Through-going tracks
@ 102 3
<
()
>
)
()
£ 10'}
L

10°

5
h 2.0
T 1.5
w 1.0
& 0.5
% 0.0 ' '

4.5 5.0 5.5 6.0 6.5 7.0

log,,(E"/GeV)

4.6 years (2012-2016) of data. One
event is at Glashow bin

It is brighter than all IceCube PeV
events even only partially-contained

BRRELL LT

1SN

N

:IceCube Work |:n Progress

cascades data

expected SIgnaI (B~ “— 15 PeV A= 2 19; ng—O 6)"

expected background (atmosphemc nu + mu)

Events in 4.6 yrs
W

=

5.8 6.0 6.2 6.4 6.6 6.8 7.0 7.2
log1l0(cascade energy proxy E,.. [GeV])
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— lceCube diffuse numu (ICRC 2017)
—— lceCube EHE cosmogenic nu (2018) \4
— Auger cosmogenic nu (2017)
Anita cosmogenic nu (2018)
10—7 | , A V  Auger cosmic-rays (ICRC 2015)
i lceCube HESE nu (ICRC 2017)
T the new event

o :
H?a
cllm
|
£
@) e
>
(D)
O,
N | et Y
N‘ 10_8 N V 7
W - I Y4 -
' . \%
lceCube Preliminary \V4
X All flavours
bar:nue=1:1
1 nuebar:nue =
Ll . L 0 g gl L e aaaald , L e aauld ; L 0 el g gl , RN
10° 10° 107 108 10° 1010 10

Energy [GeV]
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Astropart. Phys. 92 (2017) 30

A&A 607 (2017) A115 | \A'Z Lf‘b@ﬂ”@,@@/fx\ 9\’{/ Wr\/\/g C;A A== R £

® Real-time alerts. Since 04/2016, el T . % SN/GRBY/...
~6-8/yr ﬁ_ | :
® Improved selection summer
2018
® Good angular resolution “The North” (R
O 50 _ 20 907 f Iridium '
(0. o of events) ¥ o
: : Veritas/H.E.S.S./ -
® 50% astrophysical fraction  [FYINaIy ey T®

..............................................................................................................................................................

Online Event IceCube iceCube * EHE Alert »  avoN
Filtering -» Live Live &
System South  © i North "»HESEAlert® GCN

South Pole, Antarctica Followup
...................................................................... . e A

lceCube Data Center, Madison WI

.........................................................................................
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Astropart. Phys. 92 (2017) 30
A&A 607 (2017) A115

® Real-time alerts. Since 04/2016,
~6-8/yr

® |mproved selection summer

2018

® Good angular resolution
(0.5° - 2° 90% of events)

® 50% astrophysical fraction First public v Alert: lceCube-160427

|

't

L
s
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is
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® HsEH - .

200 o R

..-....t.i " L] S

.....................................................................
.
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.

Online Event IceCube iceCube > EHE Alert ™  avoN
Filtering -» Live Live &
System South  : | North ™HESEAlert®»  GCN

: South Pole, Antarctica Followup
..................................................................... ; T

lceCube Data Center, Madison WI

.
ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo
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Astropart. Phys. 92 (201
A&A 607 (2017) A115

7) 30

TITLE: GCN CIRCULAR
NUMBER: 21916

SUBJECT: IceCube-170922A - IceCube observation of a high-
energy neutrino candidate event

: o Subjects: Optical, Gamma Ray, >GeV, TeV, VHE, UHE, Neutrinos, AGN, Blazar

® September
lceCube

| First-time detection of VHE gamma}ays by MAGIC o\m_

DATE: 1 R . .
rrom- £| Fermi-LAT detection of increased gamma-ra
TXS 0506+056, located inside the IceCubdgis &
Claudio Kg error region. od
report on
ATel #10791; ¥4
On 22 Sep
probability Crede
Extremely| Subjects: Gamma event lceCUbe‘1 70922A
narmal An
A Referred 1 by Al ATel #10817; Razmik Mirzoyan for the MAGIC Collaboration
10844, 10845, 10 ond Oct 2017;: 17:17 UT
| & Twee |

Referred to by ATel #: 10830, 10833, 10838, 10840, 10844, 10845, 10942

m £} Recommend 448

After the IceCube neutrino event EHE 170922A detected on 22/09/2017 (GCN circular #21916),
Fermi-LAT measured enhanced gamma-ray emission from the blazar TXS 05064056 (05 09
12596370, +05 41 35.3279 (J2000), [Lani et al., Astron. J., 139, 1695-1712 (2010))), located 6
arcmin from the EHE 170922A estimated direction (ATel #10791). MAGIC observed this source
under eood weather conditions and a 5 sigma detection above 100 GeV was achieved after 12 h of

a direction consistent with the recent EHE neutrino

Credential Certification: Razmik Mirzoyan (Razmik Mirzoyan@mpp mpg de)

22, 2017: a neutrino alert issued by

* Fermi-LAT and MAGIC identify a spatially
coincident flaring blazar (TXS 0506+056)

* Very active

multi-messenger follow-up from

radio to y-rays
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Multimessenger observations of a
flaring blazar coincident with

high-energy neutrino IceCube-170922A

The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS SN, HAWC, HLES S,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/1T7B403 teams ™

Chance probability of a Fermi-lceCube

coincident observation: ~30 (determined

based on the historical lceCube sample
and known Fermi-LAT blazars)

Time-integrated neutrino spectrum is
approximately E-2!

TXS 0506+056 redshift
determined to be z=0.3365 (S.
Paiano et al. ApJL 854.L.32(2018))

Time-average luminosity about an order

of magnitude higher than Mkn 421, Mkn
501, or IES 1959+605
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Declination [°]
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s.72f
6.5‘ """" el b Lt Ll B LR S:QS-
SR RODERSHER T ey el
X d N e : " ; e » '
: oLt Xy 5 o AL 71377477133
L4 -® . -~ N o? Kadal ¥ * . R Ll L . " .
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Fermi (95%) . S TR
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___lceCube-I| /0922~

IC40 IC59 IC79 IC86a IC86b IC86¢

==us |ceCube-170922A
- Gaussian Analysis
== Box-shaped Analysis

2009 2010 2011 2012 2013 2014 2015 2016 2017

® 9.5 years of archival data was evaluated in 2125 M50 WIS N0 M6 20160
. . P PR | IR Lo o o o B | PR AT R 20 —~
direction of TXS 0506+056 £ 4+ == Best Fit: Box [_'\‘_l 10 E
2 = = Best Fit: Gaussian ; N 5 o
\ X
® An excess of |3%5 events above % :- F £

. o 1
background was observed during Sep 2014 & ] ' 05 O
o !
- March 2016 o &
2 0.1 §
. . 56200 56400 56600 56800 57000

® Inconsistent with background only VD =

hypothesis at 3.50 level (independently of  Time-independent weight of individual events during the 1C86b period.
the 30 associated with lceCube-170922A
alert)
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Search for Physics Beyond

the Standard Model
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Signatures of Dark Matter in Neutrino [Detecte

Channel Type of Search

) AN /SM
N\
?
x// \sM

DM Annihilation searches

V from SM particle decay,
direct neutrinos helicity

suppressed
/SM DM Decay searches
X==17 V from SM particle decay or
\SM directly produced

PN X

N g DM Nucleon scattering
(halo) "« AcCapture)

? Following % capture, annihilation.
M/ \ Once annihilation and capture in balance
S SM | (equilibrium) - no dependence on <ov>

N\
K

(halo) » \ /

N

Neutrino DM scattering

Astrophysical v scatter off
from Galactic halo - resulting
in anisotropy

Typical Sources

Galactic Center
Galactic Halo
Dwarf Spheroidals
Galaxy clusters

Extragalactic
Galactic Halo
Galaxy clusters

® Sun
e Earth

e Milky Way Halo

Measures
Self-annihilation
Ccross section <gv>

DM Mass m,
(Branching fractions)

DM Lifetime 1y

DM Mass m,
(Branching fractions)

DM-Nucleon scattering
cross section 65D / ¢8I

DM Mass m,
(Branching fractions)

Combination of coupling
strength g and masses m¢ my

Ry Boosted DM ® Galactic Center DM Lifetime 7y
’ ® Sun TR
% . ... or self-annihilation
oo ? (boosted) Highly boosted % from the decay or ® .. cross section <GV>
. annihilation of a heavy DM particle mg
\' % interacts directly in the detector DM mass myg
Carsten Rote (G 5™ fo Mewris 36 Oct 25,2018
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Heavy Dark Matter Decay

Decay process might produce mono-

Two flux contributions:

energetic neutrinos
™ Galactic and Extra galactic

10712

—~ i i 1 ) AT

% Line signal . Heavy_loop N

O

‘:% 1076 d¢DM,Va L d@G,Va + d@EG,Va

E1pe | dE, dFE, dE,

2 [onaT Vanagida X 1303.7320v1 /Py BN e Characteristics of the signal components:
Jg2s L1, 015004 Garny, Ibarra, Tran,

4 1(.)5 . l6 . H . .
* Neutrino Energy (Ge\1/;) Wenlger 1011.3786 ® (I) Dark Matter deca)’ IN the GalaCtIC

v Gravitino DM’ Halo (Anisotropic flux + decay
JJ\P‘V spectrum)

—
Npwm \* T o
Rott, Kohri, Park 3/2 deb 1 dN. o0
1408.4575 h v = - p(r(s,l,b))ds
dE,  4mmpnm mom dEy o
J. Stettner & H. Dujmovic [IceCube] PoS(ICRC2017) 923
D BV NN ® Dark Matter decay at cosmological
distances (Isotropic flux + red-shifted
spectrum)

30° 60° 90° 120° 150° 180° B 330°

d(pEG QDM Pc > 1 dN,,
dE  4mmpy oM /o H(z)dE, (A +2)E] dz

& Galactic Center
Galactic Plane

equatorial
L, T—

1 1 1 1 1 1 1 I 1 1
096 150 204 258 312 3.66 420 474 528 582
Line-of-Sight Integral J(¥) [10*? GeV/em? |
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J. Stettner & H. Dujmovic [IceCube] PoS(ICRC2017) 923
IceCube Collaboration arXiv:1804.03848v1 (published EPJC)

1029-;

® Two IceCube analyses have been 3
. ~ 128
performed on independent data samples g "
® Track-like with six years of data P 107
2
® (Cascade-like with two years of data B0
3
Track-like Cascade-like 10%
Number of events 352,294 278
Livetime 2060 days 641 days 1024
Sky coverage North (zenith > 85°) Full Sky
Atm. muon background 0.3% 10%
Median reconstr. error < 0.5°(E, > 100TeV) ~ 10°
Energy uncertainty ~ 100% ~ 10%

IceCube (this work)
HAWC (dSph, 2018)
HAWC (GC, 2018)
Fermi/LAT (2012)

LA e LI | LI el LY | LY | LI S e
103 10* 10° 108 107 108 107

Dark matter mass / GeV

E(X |7.DM’ MDM : (I)Astro’ ,.},aStTO)

Test-Statistic: 7'S = 2 x log ‘ = -
,C(XlTD‘M = 00, (I)Astro, ,),astro)

Bound on DM lifetime at ~1027s
obtained with lceCube data for
mpm> | 0TeV

® Dark matter alone cannot explain the observed astrophysical neutrino flux in

lceCube

® Scenarios with a PeV neutrino line became less attractive with lceCube’s
observation of neutrino events well above this energy

Neutrino Oscillation Workshop Rosa Marina (Ostuni, Italy)
September 9-16, 2018
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lceCube @ Neutrino 2018 / ICHEP 2018 &ﬂﬁll | M L)m}/ with lce@ubes

ﬁ/\/,\ﬂ /-" H,_,_ ,_

™

[ceCube preliminary Einasto pgofile

1029

“, 1028
X
1027
T T T
: my [GeV]
0 90 180 270 360
RA [°] 1020 IceCube preliminary X—=H U]
B ]
00 01 02 03 04 w028l AL .
Expected events/bin for - -
X = U, my=1PeV, T, = 10%%s _ 1027; ,/’
® 7 years of lceCube’s HESE (High Energy Starting 9 1026 ___/
Events) Sample 7
e Events with energies above >60TeV 10%° e DESE.Syr s EEWEs sl
1 == = [C: Cascades 2yr === Fermi
® Binned likelihood analysis 10244 = TAWE6C - VERIAS
- e
® Most competitive limits above 100TeV for a large 10 10 10 10 10
my [GeV]

number of channel
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X\\ /SM 10-22 Ig:eCube p;‘ell XXM
4 ". . -
.’ \sM ~ — 10"23{ " i
IU)
‘“E 10—24.3,
3 ]
<~ —25
S 10 IC: HESE 7.5yr === MAGIC+Fermi
- 1g-26] = IC:Cascades2yr —— VERITAS
0 3 « =« IC: Muons wes ANTARES
| == HAWC: dSPH e H.E.S.S.
101 102 103 104 10° 1060 107

m, [GeV]
® 7 years of lceCube’s HESE (High Energy Starting Events) Sample

® Events with energies above >60TeV

® Binned likelihood analysis

® Improve neutrino bounds above 100TeV and extend to high masses

E < 300TeV 300TeV < E < 1PeV 1PeV < E

KPS Fall Meeting
Carsten Rott (G 575"l Moo 40 Oct 25,2018



\ / ) [ J (]
XS X maging Galactic Dark Matter wi STElIgh=
(halo) "~ u
s g mle 1 |
usinggk H SErdata
(astro =
/ \ A% [C. A. Arglielles, A. Kheirandish A. C. Vincent Phys.Rev.Lett. 119 (2017) no 60 T T T T
20, 201801 (arXiv:1703.00451)] ) — Atm. v
[
Dark Matter - Neutrino Interaction Baep > 607 TV \im + Astro., no DM
50 (Sx;85) = (1/2,1),9 1~
® Scattering of high energy astrophysical neutrinos on DM in the Galactic —(S\, S¢) = (1/2,1),9 + V5
halo can lead to a deficit of high energy neutrinos 10 == (S, 86) = (0,1/2),9 + V10
e Neutrino-DM interactions mediated by a scalar or vector mediator f. QQ _
)
® Limits on coupling constant, g, possible by measuring the isotropy of = 30 -
the HE neutrino flux % —r—
— |
(1) Fermionic DM, (2) Scalar DM, - S
vector mediator ferminonic mediator — |
. . Assume: l
i ey
a9 ful g 2 1 1 1 1
ODM—v X Eu 0 30 60 90 120 150 180
X X Angle 0 from Galactic centre (deg)
vector medlator . scalar mediator
: . : 1
I - <Dominated \ Dominated :
TceCube Pre a.ry by Cosmology by IceCube — |
05 il 10°
10
0
IceCube Prelimina +: cascade
: 05 %
102 S
..... -
10-4 1.5
............ ,
........... . .
10°° 102 10! 100" 0% 10°° 10~ 102 #o
21.3 logyo(ppar/GeVem %) 23 mX/GeV mX/GeV
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velocity distribution

v 1nteractions

' v oscillations

O ann

Oscatt

Fa,nn

Fc:a,pture

Detector
Freese ‘86

Krauss, Srednicki & Wilczek ‘86
Gaisser, Steigman & Tilav ‘86

Silk, Olive and Srednicki ‘85

Gaisser, Steigman & Tilav ‘86
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Cosmic background from the Suf

7 Ng, Beacom, Peter, Rott Phys.Rev. D96 (2017) no.10, 103006 Ng, Beacom, Peter, Rott Phys.Rev. D96 (2017) no.10, 103006
10 _IIIII T T T T IIIII T T T T I E IIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 LILLLL
F lceCube — my=200GeV -
" (cubic kilometer detector) m, =500 GeV |- s |
i — m,=1000 GeV || 107" &
i — m,=3000 GeV ||
" m,=5000 GeV ol
+ 10| VWA, —  m,=10000 GeV | 1077
CIC) / - : : f
> " ] c -
L v ] O -40 [
— i [ \'\ | [— 10 E
3 o
L = h - A > -
O (@) R
Z 10° 104
< E é
LI [ S ) -
I <, ] A
- ' 107%% —]
_ - : 7 floor _ . 77 floor
i - T T SupérK lceCube
10_1 IIIII . | . . L1 . , ) , L1 10_43 L1 IIII1 1 1 IIIIIII2 1 IIIIIII3 1 1 L1 1 111 4
102 103 104 10 10 10 10
E/L[Gev] mX[GeV]
® Solar Atmospheric neutrinos give a new background to Recent works on the Solar Atmospheric Neutrinos /
Atmospheric Neutrino Floor
solar dark matter searches e C.Arguelles, G. de Wasseige, A. Fedynitch, B. Jones JCAP
. 1707 (2017) no.07, 024 [arXiv:1703.07798]
® However, energy spectrum expected to be different * K. Ng, J. Beacom, A. Peter, C. Rott Phys.Rev. D96 (2017) no.
10, 103006 [arXiv:1703.10280]
® In DM annihilation neutrinos significantly attenuated * J.Edsjo, J. Elevant, R. Enberg, and C. Niblaeus, JCAP 2017 .
b f 100GeV 06 (2017), p. 033, arXiv: 1704.02892 [astro-ph.HE]
above a tew ¢ e M. Masip Astropart.Phys. 97 (2018) 63-68 [arXiv: 1706.01290]
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Solar Atmospheric Neutrinos
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Cosmic ray interactions with thesSui

see Fermi-LAT Collaboration: The Astrophysical Journal 734 (2011) 116 (arxiv:1104.2093)

_Illll[[lllllllIllllllllll]llil'l[[lilllllllllllll_
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| .
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——— background + Disk + IC
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Integral Intensity (photons sr™')

10 ' =

0 05 1 15 2 25 3 35 4 45 5
Elongation angle (deq)

Leptonic
_ . o  Moskalenko, Porter, Digel (2006)
® Cosmic ray interactions in the Solar atmosphere e Orlando, Strong (2007)
produce gamma-rays and neutrinos ’ J
Hadronic

® Background to dark matter searches from the Sun, that
soon will be relevant (and could result in the first high-
energy neutrino point source)

e Seckel, Stanev, Gaisser (1991)
e Moskalenko, Karakula (1993)
e |Ingelman & Thunman (1996)
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Cosmic ray interactions with thesSul

Kenny C.Y. Ng, John F. Beacom, Annika H.G. Peter, Carsten Rott Tim Linden, Bei Zhou, John F. Beacom, Annika H. G. Peter, Kenny C. Y. Ng,
4 Phys.Rev. D94 (2016) no.2, 023004 and Qing-Wen Tang arXiv:1803.05436
10 N T T T TTTT] T T T T TT117T] T I L R ;l\ | ! ' | L | i
i HiHH Fermi2011 (1.5 yr)|; - S | August 4, 2008 to November 5, 2017 -
- {" i H This work (6 yr) 1 7 T~~J Maxj i
- [ 7 w 1 TE=lT
T % %p]% .{.‘ } + 1 9 1074 TS~ ISk By E
n ‘s‘~ ““““ -
™ % c v 0 T==llU i
[a O - T
3 2 ‘
— -5 10—5
i — L
~ 107 | L
' <
x -
- - * © SG (X6)
™ i S$SG1991 nominal ~ -
Ll
a | —6
2 L i 107° . N I | l
g 10 20 50 100 200
L I *SSG1991: ] Energy (GeV)
D. Seckel, T. Stanev , and T. K. Gaisser,
% I'I'he Astrophysical Journal 382 (1991)
1010-1 10° 101 102 ® Six gamma rays above 100 GeV are observed during the
Energy [ GeV ] | .4 years of solar minimum, none are observed during

the next 7.8 year

® Gamma-ray flux extends to 100GeV and beyond ® From morphology: Evidence that emission is produced

® Gamma-rays below 10GeV anti-correlations with solar activity by two separate mechanisms

® Observed flux factor 5 larger compared to central prediction ¢ T4 understand the underlying physics, gamma-ray

of SSGI1991 | (HAWC, Fermi, ...) and neutrino (lceCube) observation
® Spectrum could be fit by single power law (y~2.3) of the imminent Cycle 25 solar minimum are crucial

Carsten Rott 6 47 KIAS Workshop Oct 29 - Nov 2, 2018



® The analysis utilizes data collected over a 7 year

Solar Position

M

—

Mo

o : .
6’ - I /
. C = .
period (May 31,2010 - May 18,2017) s 20 O-
o [ !
e Up-going muon neutrino candidate events are £ 10§ Austral Winter \  Sunrise ]
. . o -
selected using the well established IceCube 3 o 182days
point source analysis selection procedure [ S L
: : -10 |, Austral -
S 1
We only consider events from the meer Livetime ~ 207days / year
season when the Sun is below the horizon
©13° i ' : g & @ SIS F
(0=[-57,23"]). This results in a total analysis A . . . . . .-
o 0 50 100 150 200 250 300 350
livetime of 1420.73 days. Day of the Year
10-3 Energy proxy dlstrlbutlon | o le4 Zenith angle distribution
— MC (Background Expectatlon) ' 5 ' — MC (Background Expectatron)
+ Data | 1.0} #  Data
= o 060 e T
i o O4F—l
ool lc.e..Cub.e__Pr?l!-_nlnary _____________________ .
X 20 o _ i e T < 0.0 EFRPSRSIUPRUPSTIN SUTN. SR SIPSIPRE RPRIP T SO Y U NPT APRPRRRTPIP S |
\_'/ OO H’””‘”'" ....... I.:......O.................!.... ........ .‘.....u.‘...’ ....... + ...... eeves ........+ ...... % _5 O MR .“ AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA . AAAAAAAAAAA . AAAAAAAAA >>>>>>>>>>
2.0 2.5 3.0 35 4.0 4.5 1.0 0.8 0.6 ( ‘gh‘; 0.2 0.0
10910 (Eproxy [GeV]) cos(zeni
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. lLikelihood

® Maximum log likelihood method is used to calculate significant with a test statistic (TS) distribution

® The likelihood function is defined by

H H N = total number of events,
L(E, ®) =I{ =X psig(Ea 4 |/’t) + (1 _ _) X pbkg(Ea lP) K = number of signal events
N N E = neutrino energy proxy
W= angular distance to the Sun’s center

Signal and background pdfs

7

= > N 2
> ém.zg > =
o 1073
M Background 2%s 8 g
= =10°8 3 1020
> = 'y ;\ E
o PP o 10°% @
2 21072 a "
= =103 > 1073
g 5 = e 105
2 10° — 107
8 ' o C
S E 107 S F 107
O [I__ =
e 5 1078 = 108
= - -9
g 4 10° - 10
i = 10710
L -10 L
3.5 10 : o
:_ 10-11 3:_ 10—12
i 1072 c 10713
L 2_ -
25:_ 10_13 55 10—14
:||||||||||||||||||||||||||||||||||||||||||||||||| NEERE RN EREE FEENE FR RN RN RN AN AN N R 10—15
05 1 1656 2 25 3 35 4 45 5 05 1 15 2 25 3 35 4 45 5
Angular Distance [deg] Angular Distance [deg]
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.‘U‘@@/‘f Statictice

. - L -— e bt Do

0 105

_g —— Background Only

= 1 ____ Median Background
108 IceCube Preliminary — .. Observed TS

p-value: 0.574

10°

10°

10

[T BN I P
-15 -10 -9

5 70 15
Test Statistic
e Test statistics (T9S) is defined as a ratio of likelihood function

TS = — 2 In(L(0)/L()) >0
d2

)2/<2ﬁL(ﬂ)> f=0

® The p-value calculate based on a background only assumption is 0.57. Hence,
no excess of solar atmospheric neutrinos is seen.

|
|
|
|
|
|
|
|
|
|
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1
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¥ (°)
%105:_ 3 4 3 2 10
= = —— Background Only 10 —
N IceCube Prelimi o T Median Background
10%E _c‘zlulel_ 0e57; climinary | — - Observed TS 42 102 i R RCITIt IEITIPPEEN SSEUPPIREE SRR
- P T | O IceCube Prellmlnary
- . > | | | |
— i Ll 101 P MC: (Background) .......... ........ cedeeean. ........ . ...............
3L I Y— : :
107 E ; o —— MC (Signal, JEdSJo et. al 2017) ' :
E ! E 100_—+— ..... Data..f ............... e ............... .............. .
- ' = : : : : : : :
102L | £
= l 2 1071k SRR AR S S [ ORI T
- - i r — theoretlcally flux predlctlon
oL | e | J. Edsj et al. JCAP 06(2017)033)
S |
: | - 20 ! ! ! ! ! ! !
1 ! &\o, 18_ ________ _______________ _______________ _______________ ............... ,,,,,,,,,,,,,,, AAAAAAAAAAAAAA i
A T BN B R A 1 | = _10:Zfﬁﬁffgfffffffﬁffffff+fiﬁffffffff;'.f+fffﬁff§fffffffif;fﬁffffﬁffﬁf+fffff:
15 -10 -5 0 S Te1s(t) Statistils A& 2055565 0.0970 0.9975 0.9980 0,9985 0.9990 0.9995 1.0000

cos(0)
e Test statistics (T9S) is defined as a ratio of likelihood function

TS = — 2 In(L(0)/L(%)) 4> 0
d 2 0 d? X
——Lwl,) / zﬁL(ﬂ) p=0

® The p-value calculate based on a background only assumption is 0.57. Hence,
no excess of solar atmospheric neutrinos is seen.
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Cosmic ray Sun shadow

Cosmic rays are absorbed by the Sun, resulting 2
in a deficit in muon and neutrino flux. Two extreme i 0
cases were compared: =

- no absorption <

- neutrino flux deficit as measured for muon flux €

Sun, IC86-Il, MPEFit

-0.06

-0.1

Systematic effect~ 2%

-0.02

~0.04f

- -0.08[+

Source distribution
Three extreme cases are considered to
derive a sys. uncertainty

Source Ring

Systematic effect~ 4%

Systematic
DOM efficiency
lce properties
Source distribution
Point Uniform Cosmic ray shadow
disk
Total

Preliminary systematic study completed
Full study on-going

Carsten Rott 8 52
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= Expected signal fmx (J.Edsjo et al. 2017)
- e Expected signal flux (FJAWSs 2017) |
10—12 e M i
— IceCube 90% C.L. (thus work: J.Edsj0 | et al. 2017)
10713 Ittt | !9?9.99?..99%%.9..&...(.‘.'.?.!?.!!9('5...F.JAYY?..?.Q?.?) ...........................................................................
— llllllll | llllllll | llllllll | llllllll I
3 6
10 10* 10° 10 10’

E,/[GeV]

Feldman-Cousins Upper limit at 90% C.L.
- preliminary systematic uncertainties are included by worsening the limit by 13%
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ration

__________Next gene

lceCube has provided an amazing L
sample of events, but is still statistics lceCube Gen2 Facility
limited Bl

ycore/PINGU

Observed astrophysical flux is
consistent with a isotropic flux of |
equal amounts of all neutrino flavors

Where are the point sources!

What is the flavor composition?

—_— 14 km

What is the spectrum? Cutoff?

Transients ?

lceCube DOM mDOM D-Egg WOM
Multi-messenger physics? &
GZK neutrinos!? lwm
i
M M [ — —
New physics or something unexpected Bam o e e
e Directional information  ® Directional information e more sensitive
7 * More sensitive area per ® More sensitive area per  area per $
module maodule e Small diameter
e Smaller geometry e | ower noise rate
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see also:
- PINGU LOI arXiv:1412.5106
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. P e a & &R v, Appearance |
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__Ihe IceCube Upgrade

- Targetv, — v, oscillations

« Detect v, events on a statistical
basis (up-going, shower-like) s

« Case study for IceCube

Upgrade: ~
-
- ~2500 v, events / year °
- Drastically improve =
measurement of &
atmospheric mixing q 2.5
parameters

- Chance to determine
octant of 6, 2.

« Also possible with ORCA

___ Gen2-Phasel (3 yr proj.)
INOvA 2017 assumed])

Gen2-Phasel (3 yr proj.)
[T2K 2017 assumed)

== IceCube 2017
. MINOS w/atm
T2K 2017 —
Super-K 2015
NOvVA 2017

"‘(‘. .-. ............ .‘1...
. N — — -
. ~
’ \
’ '
' '
\~ s’
-
' P o "
. - - ................
90% CL contours [NO) lceCube Preliminary
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™ o J
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lceCube extremely competitive for neutrino oscillation parameter
measurements using atmospheric neutrinos
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® High-energy astrophysical neutrinos have
opened up a new window to the Universe

® What's the origin of thelhigh=CHCEsy
neutrinos ! |

(TXS 0506+056)

® Neutrino astronomyliStalCEn AN
multi messenger astroparticle physics fielc

- ® First hint of a Glashow resona

® Very strong bounds on dark matter scattering
with nucleons and decaying dark matter

® First search for solar atmospheric neutrinos
was able to place a stringent limit on the
neutrino flux from the Sun

® The IceCube Upgrade has just been approved
and we can look forward to many exciting
discoveries in the near future

Image:Stephan Richter, IceCube/NSF



Galactic Neutrino Searcies

e Combined ANTARES and |IceCube search for
difftuse v emission from Galactic plane

T T T ey ooy rrrrrrey ™=
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ANTARES and IpeCube PRELIMINARY 4
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[| = Combined UL
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lceCube starting events
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<
o

RA T T T i1 S i< T/
E [TeV]
3000 Diffuse astrophysical neutrino flux
o cannot be attributed to Galactic
— sources / Galactic plane

lceCube tested HAWC sources ...
no significant excess observed
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Imre Bartos Neutrino 2018

GW170817 Neutrino limits (fluence per flavor: v, +7;)

75° _ xs p— : \\ . -
< - - . .¢8» - . 10° ¢ ANTARES +500 sec time=window |1
9
/ o / \ “ :
7 \ -
0!/ —cwum o &
' + NGO 4993
¥ neutrino candidate (IceCube)
¢ neutrino candidate (ANTARES)
| TceCube hortzon
A — — ANTARES horizon
| B Auger FoV (Eartheskimming)
—<——| ] Auger FoV (downmgoing) & A |
G| Comer .
é 107} . ;:’;fg:’ 1
* Search within 1000 s and 2-week time windows (model motivated). = o=l 30 days
= Fang &
* Complementary sensitivity from the three detectors. 107} Metzger
14 day time-window 3 days
* No significant coincident detection. L T T T o

E/GeV
* On-axis emission could have produced detectable emission in some models.
ANTARES, IceCube, Auger, LIGO, Virgo 2017
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Hioh-Enersy Starting EVents

' 90%. Backgroundi
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0) 3 event #2

event #2

IceCube Preliminary §
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Double Cascade Length [m] Double Cascade Length [m]
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IceCube Preliminary §
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-

Two double cascades have been identified

Double cascades arise from v: or mis-identified backgrounds (astrophysical
neutrinos / atmospheric backgrounds)

Separate study of taunts of the double cascade events on-going
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Nature 2018 Neutrino Absorption

Neutrino-Nucleus Cross Section

-= Neutrino

-4 Antineutrino

— Weighted combination
— lceCube

0,JE, (x107%8 cm? GeV-)

0.2 Accelerator
data

VVVVVVVVVVVVVVVVVVVVVVVV

1.5 2.5 3.5 4.5 5.5 6.5
log[E, (GeV)]

IceCube, Nature 2018

o Absorption of neutrinos in the earth a powerful tool to measure neutrino-
nucleus cross section

© > 10000 high-energy muon neutrinos used in this analysis

© measuring the cross section between 6.3-980 TeV

© More than an order of magnitude higher than previous measurements
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Published in Nature

Tests of LorentzSy

Physics 2018 | "=/ AL AR R o o A
Neutrino Interferometry for High-Precision Tests of Lorentz Symmetry with lceCube
L6-§ § Data —_— 8] = 1038 GeV-2 |-
‘ - NolLV — |Cl(-g’)| — 1037 QeV—2
cosmic rays L S}rstcma'tic Uncertainties o |C;(3-)| _ 100 Gf:V‘2 ---------- |
atmospheric muon neutrinos ;
12
&
g 1.0
R
IceCube . 0.8 |
® =
[ horizontal [ — i i B  C |-
tau neutrino
vertical L . L
10° 104
E,(GeV)

® Most precise test of space-time symmetry in the neutrino sector to date

® Search for anomalous neutrino oscillations in lceCube’s high energy neutrino
sample

® no evidence for such phenomena
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® 3 years of lceCube Deep Core data
® Measurements of muon neutrino

Neutrino Oscillations

. Flectron Neutrino ICeCUbe, PRL 2018

. Muon Neutrino ; :
[au Neutrino 4
]

FC 68%

0 . . .
— 1C2017 [NO] (this work) = SKIV 2015 [NO]
3.4 (== MINOS w/atm [NO] @ =:- NOvA 2017 [NO]] @ |
3.2 == T2K2017.[NOY .. .. et b
> 3.0} ' ; ,

| FCi68%

2.4} -
2.2 '
20I90%CLcontours
IceCube / DeepCore 04 . 02.5 06 ° 12 2
sin® (6,3) Ax

. | Normal ordering best fits
disappearance, over a range of baselines up

to the diameter of the Earth Am32, = 2031J_r8:g % 10~ 3eV2
Neutrinos from the full sky with o +0.07
reconstructed energies from 5.6 to 56 sin® 023 = 0.517(59
GeV
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FJAWSs (C. Arguelles et al. [astro-ph/1703.07798))

1 4 | Primary Models —  HillasGalsser w/Hda
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Figure 3. Effects of different models on our flux prediction, for impact parameter b=0. The top
row shows various primary models; the second row, hadronic and composition models; the third row,
extremal solar density and composition models. See text for more information and references.
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olar Atm. Neutrino flux predictions
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® Flux predictions vary by <30%, based on

® primary models
® hadronic models

® extremal solar density and
composition models

Recent works on the Solar Atmospheric Neutrinos /

Atmospheric Neutrino Floor

* C. Arguelles, G. de Wasseige, A. Fedynitch, B. Jones JCAP
1707 (2017) no.07, 024 [arXiv:1703.07798]

* K. Ng, J. Beacom, A. Peter, C. Rott Phys.Rev. D96 (2017) no.
10, 103006 [arXiv:1703.10280]

* J. Edsjo, J. Elevant, R. Enberg, and C. Niblaeus, JCAP 2017 .
06 (2017), p. 033, arXiv: 1704.02892 [astro-ph.HE]

* M. Masip Astropart.Phys. 97 (2018) 63-68 [arXiv: 1706.01290]
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_velocity distribution

Sun :,, %\ N V Interactions

\ S oscillations
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— ooy == crnaena——> - §earch for Dark Matter in

10° mc-total
10° the Sun
1]
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©
% interaction
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Sianal b cos(zenith) Observed events
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Monovariate Fisher Bingham 56558 * . o -
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o 40 1 |
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e Search for an excess in direction of the Sun
e Off source region used to reliable predict backgrounds from data
» Observed events consistent with background only expectations
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Expanded region of instrumented ice: 1270 m Icecube CO”. Gen2 LOI arXiv:1412.5106
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required that each event have fewer than three of its first 250 observed photoelectrons detected in the
veto region. In addition, we required that the event produce at least 6000 photoelectrons overall
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