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Selected lceCube Collaboration results

- Dark Matter. constraints from lceCube

- Cosmic Neutrino searches: ‘granted neutrinos’ from CR interactions
~ in the Galaxy and outside; diffuse neutrinos and source searches

- Outlook .
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Between 300-600 nm about 3.5 x 10* Cherenkov photons/m of a muon track




The IceCube Observatory

IceCube Lab

50m

|

1450 m |

2450 m
2820 m

/"81 Stations, each with

IceTop

2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

Ethr~ 100 GeV

"8 strings-spacing optimized for lower energies
480 optical sensors

DeepCore

Ethr~ 10 GeV

bl
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Gigaton Detector at the
South Pole

86 strings with 60 Digital
(DOMs) Optical Modules
each = 5160 DOMs in Ice
Began operations in full
configuration (IC86) in May
2011

Livetime > 99% (since
2014)

97-98% of data

97-98% (analysis-ready,
full-detector configuration
data)

>98% sensor modules full
functional




‘Neutrino topologies

time
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: Neutral Gurrent /Electron :
CC Muon Neutrino : CC Tau Neutrino
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track (data) cascade (data) “double-bang” and other signatures
(simulation)
factor of = 2 energy resolution =~ +15% deposited energy resolution
< 1° angular resolution =~ 10° angular resolution (not observed yet)
(at energies > 100 TeV)
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Signal and Backgrounds
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Indirect Dark Matter searches

Direct
Detection

OEVQVELI 26.8%

Dark Energy 68.3% r

QAx =mxnx

After Planck

(Oannv) = M2

E3 o [GeV2 cm?s? sr'1]

—
<
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102 }

nx = constant o

Indirect

Detection

DM

Qpwm ~ 0.27

< 0oV >

(g2 /4m)°

~3.107%6 cm3

WIMP Miracle

/s

AMS-02 e*4e"
Fermi Pass 8 —— SNR G15
HESS ——— TOT e*+e”

Secondary ——

" PWN -

T T T

E [GeV]
Di Mauro et al, arxiv:1703.00460

DM KSM

SM

: SM DM
Particle
Colliders

SM DM

ICECUBE

TH POLE NEUTRINDO OBSERVATOR

Indirect searches have the potential to
locate DM in the Universe but hints
have a hard time to survive among

secondary CR backgrounds

Fermi-LAT GeV gamma excess:

arXiv:1704.03910

1072 ‘ r—r—rrerry . —
—— 6 year dSph 95% UL

— gNFW GC 95% UL
—— NFW GC 95% UL

Daylan+ (2014)

[hermal R

10 27 Calore+ (2014)
- Abazajian+ (2015)
28 ) piid A . |
10 10! 10 10%
my [GeV]



Dark matter se'arches in lceCube

Ro & v? + V2
&L b ai/ dr 4nr? fn; (T)/ dv 4mv? fe(v) = =~
v % 0 0

velocity effect of
distribution solar gravity

(in solar frame,
without Sun’s gravity)

DM

number osp < J(J + 1)
density o5 o A2

Annihilation rate =
2 capture rate at equilibrium

i

Upgoing thoroughgoing
neutring induced muons
fingered by the Earth or
‘starting events’
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mmm |ceCube (2011-2014)
Super-K (1996-2012)
= = Antares (2007-2012)

Mostly sensitive to spin dependent since the Sun is an H reservoir
3 years of data: 532 days of livetime

EPJC 77 146 (2017) 9
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Multi-messenger horizons

radio/microwave infrared/optical X-rays gamma-rays neutrinos cosmic-rays

@«

cosmological max of star formation opaque to photons;
transparent to neutrinos

N

nearest blazar

nearest galaxy

Distance [Mpc]

—
Q

-
Q
~N

galactic center

102  10° 102 104 10° 10® 10™ 10" 10% 10" 10" 10%®
Energy [eV]

The Universe is opaque to EM radiation for 7 of the spectrum,
i.e. above 10-100 TeV where IceCube sees cosmic neutrinos.
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ISM, IBL
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Great new potential in neutrinos and
gravitational waves in unknown regions
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Hadronic shower

Surface detector -
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The atmosphere

(atmo)



Neutrinos from CR interactions in the Galaxy

. e 3 neutrino flavours
o - * = _'_ Measured
= T ‘4 s = . Astrophysical Flux
.20 2 1076 Lo 'l/.';/, . | .
| S | HE S f
50 100 1 [02]00 250 300 350 10° :/: \ T
(a) KRA-vy (50 PeV cutoff) template "i l 1
..*’ -y
~ 10 -
Models from NS ‘l/w,ﬂ » I
0 ~ VAS
Gaggero et al 2015; arXiv:1504.00227
reproducing Fermi-LAT data IceCube Preliminary
UL: 1.2 x KRAy (50PeV) 10-% ' . 1 - -
10° 10* 10 100 107

E, [GeV]
lceCube 7 yr upper limit (90%CL) 1-500 TeV

Diffuse muons 191 TeV and 8.3 PeV E-2.13+0.13
(arXiv:1607.08006)

Possible galactic contribution to the
diffuse neutrino flux less than 14%
above 1 TeV
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Neutrinos from CR+CMB interaction at GZK cut-off

7 yr EHE analysis of > 10 PeV neutrinos (new results at ICRC2017): hypothesis of

atmospheric origin rejected at 3.6 o IceCube results disfavor a large portion of the

parameter space where m = 3.5 for sources distributed
up to zmax =2

% ‘ -1 5 . .
90% CL UL (E " per E decade) - source evolution function
= = 90% CL sensitivity -
-1 B
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10’ 108 10° 10'° 10" =
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E2¢ =6 x 107° GeV cm-2s-1 sr-1 is disfavored
Phys. Rev. Lett. 117 (2016) for neutrino fluxes extending above 10° GeV



| up- going

Northem Hemlsphere

I

E3®, [GeVZem2sr—1s~1)

Schoénert, Resconi, Schulz, Phys.
Rev. D, 79:043009 (2009)

Gaisser, Jero, Karle, van Santen,
Phys. Rev. D, 90:023009 (2014)

Conventlona.l v,
10— 4
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| Southern Hemlsphere
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Neutrino starting high
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High Energy Starting Events (4 yr)

New results will be presented at ICRC for + 2 yrs
54 events observed
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High Energy Starting Events (4 yr)

54 events observed

80 F 44 . 'é" 'Showers —e—i -
o
~. 55 Tracks —>¢
60 \’f g ube Preliminary |
40 \\\SO/.D(" |
~3'0n
20 "

2]
)
()
—
(@)
O
>
-
O
-—
4y
R
O
[0
-

e~ __ "Big Bird"
104PeV N L14Pev L4 2PeV

Aug. 2011 =% Jan. 2012 ¥  Dec. 2012
. | l-f.l 1 1 'IX'gl I T T | 1 ]

10° 10°
Deposited EM-Equivalent Energy in Detector (TeV)




4 yr (2010-14) of HESE

54 events (17+events in PRL 113 (2014) 101101) of which 2 are evident muon background.
The selection is based on an anti-coincidence veto + deposited charge>6000 p.e. (>30 TeV)
Measured atmospheric muon background: 12.6 + 5.1

Atmospheric prompt component estimated using a previously set limit on atmospheric
neutrinos with 59 strings: 9.0.2.2+8-0 events

I Background Atmospheric Muon Flux
[ Bkg. Atmospheric Neutrinos (x/K)
Background Uncertainties
=== Atmospheric Neutrinos (90% CL Charm Limit) - ICRC 2015, POS
—== Bkg.+Signal Best-Fit Astrophysical (best-fit slope £*%) 1081, PRL 113

= Bkg.+Signal Best-Fit Astrophysical (fixed slope E?) 1 (2014) 101101
|e®e Data
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6 yr diffuse muon neutrino flux measurement

59 strings + 79 strings + 86 strings from 2011-2014 (new results + 2 yrs to be presented at
ICRC2017).The atm. only hypothesis is excluded with significance 5.6sigma.

,lAstrophys.J. 8133 (2016) 1, 3

104 4 S E— it
g B Conv. atmospheric v, + 7, (best-fit) :
—';.‘ 10-5 J B Prompt atmospheric v, + 7, (flux limit) i
@ Astrophysical v, + 7, (best-fit) :
@ . +++ HESE unfolding: PoS(ICRC2015)1081
| - - =
O
I
% 1077 4 _ i
O ~e o ;
~ ~ i
(Y -
o 1078 - - i {
N.; i ! i
: (e > -
Best fit of the \ :
astrophysical 103 10 105 106 107
neutrino flux E,/GeV

between

®,.5 = (0.9015:37) - (E, /100 TeV)~(2:13%0-13)
190 TeV — 8PeV +7 = (0.90%57) - (B /100 TeV)

in units of 10~ GeV—lem—2sr— g1
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Cascade dominated and

Postro /10718 GeV 'em2g 1gr!
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- Analysis based primarily
[ on cascades:

' Based on northern sky
V), tracks:




Clustering tests

ICECUBE PRELIMINARY

Galactic

TS=2log(L/LO)

Clustering of events has'been tested and did not yield significant evidence with post trial p-values c
44% and 58% for the shower-only and all-events, respectively. A galactic plane clustering
fixed width of 2.5° around the plane (post trial p-value 7%) and using a variable-width SCan (pos \
p-value 2.5%). UniGE led the search of correlations between lceCube highest energy neutrinos and

UHECRSs from Telescope Array and Pierre Auger.




Neutrino-UHECR correlation

231 Pierre Auger events (E>52 EeV, zenith angle < 80°, ang res ~0.9°)

87 Telescope Array events (E>57 EeV, zenith angle < 55°, ang res -~ 1.5°)

4 yr of diffuse HESE: 39 cascades (ang. res ~ 10°-15°) + 7 muon tracks (ang res ~1°) + 9 muon neutrlno
induced upping tracks E > 100 TeV from 6 yrs of upping muon diffuse search

JCAP 1601 (2016) no.01, 037

HESE 4yr events, 7selected tracks and 9 highest energy tracks from diffuse

Black dot: HESE Cascades
* Energy ~ size of the dot
* Circle ~ Angular uncertainty
* Number ~ HESE event n
Diamonds: High Energ
* Black selected H W W\
* Blue Diffuse a |

Cascades, D=6°:
post-trial p-value = 8 x 104
with respect to an isotropic flux of CRs.
Result update with new TA events (lower significance in the hot spot) at ICRC2017




Cluster search with 7 years of data

"abowning muons and well reconstructed atmospheric neutrinos above 100 GeV

,x-

Hottest spots are

background compatible
Hemisphere North South

| N_Sources 27.22 15.54
2 e ¥ 50n Gamma 1.95 2.84
Test statistic 18.99 20.26

-log10(Pre-Trial P) 5.24 5.33
Post Trial P 44%  39%

0.0 0.6




Upper limits from 7 years of point source searches

For comparison

=== Pre-trial (Disc. Potential) = + ANTARES (Sensitivity) the green lines show the

= + Pre-trial (Sensitivity) # Upper Limits (90%) best fit diffuse muon flux

=== Post-trial Upper Limit (90%) % Hotspots * 4nt divided by the
107177 | number of points

I . !
1 point source: indicated (assumes
: : same experimental

sensitivity for all sources

T . .
S 1071 ke AR NN TR S while it depends on
- : ' 5 source position in the
() B .
> i : sky) |
2 : r ' o |
— 100 point source : -
g 107 R N
el - & T L,y .
(o) I C \ + '.‘ = *’ .
Ld" C w = @ : -
- 1000 point source 3 -
1013 ‘ i

—1.0 —0.5 0.0 0.5 1.0




Extragalactic sources: AGNs

Strong constraints on hadronic emission from GRBs

and AGNs
Multi-messenger searches enabled!

Time domain : ey _mogin _sugrss s gl 5T e
Untriggered scans in time, space, energy (Apd 807, 2015) : Formi LAT data !
Triggered by Fermi-LAT data for long term AGN and SGR| : . -

(ApJ 807, 2015, ApJ 744, 2012) monitoring (about 50 L
flares in 3 years) I
No significant flare e “ghtcurvem/

Time independent Stacked search

' ApJ vol. 835 no. 1 p. 45 (2017)

2LAC Blazar Upper Limit 1 == equal welghtmg ]
"‘l‘_' 1079 —— Csi=—-25,E, > 10 TeV |- ..o iqoweighting 1 _ )
b —— Tg=-22E,>10 TeV r r : Stacked neutrino point source
S 10-Th ] search with Fermi-LAT catalog of
-~ 2 862 Blazars: upper limit are about
> 108 B N 30% lower than currently
) 3 ' measured diffuse flux
R : —9%—277
e|ﬁ3 1079 SRR AL PR ‘6—1- ....... _
y Zi’,"‘" : : : 1
e pg-o|[E A i)
10> 10 10* 10° 106 107 108 10°

Neutrino Energy [GeV]



qu)(l(sb) (GeV em 2 g7t Sr_l)

Most significant GRB110207A: Swift- localized long GRB
(T100 = 109.32 s) at dec =-10.8° in coincidence with a muon
neutrino candidate inside 1° with moderate reconstructed
muon energy of Epu=12 TeV and post-trial significance
consistent with background.

- Triggered and untriggered GRB searches
- GCN Alerts and ToO programs
odels assume GRBs are sources of UHECRs

1077 @+ Ahlers et al.
107°

107°

Gamma-ray bursts

low-luminosity

chocked-jet
GRB

—##- Waxman-Bahcall

1172 GRBs from full sky

The internal shock and photospheric fireball

models are shown to be excluded at the 99% CL
arXiv:1702.06868 [P €Scape for benchmark model parameters. Models that  §
yet cannot be severely constrained require small
baryon loading and large Lorentz factors
10710 — i '
PR ..nui— _‘;68.0.70.“1 — .1“.:
10% 10° 109 107

Neutrino break energy ¢, (GeV)




Follow-up programs 1T

lceCube, HAWC, VERITAS, Swift (100 s after), Fermi, MASTER, LCO, ASAN-SN ,
arXiv:1702.06131

IS
o

Declination (deg)

The triplet is consistent with a point source and expected once every
13.7 yrs from a random coincidence of atmospheric backgrounds and 36f
prob. of being background of 32%. § 3

3¢ 32 30 28 26 24 22 20
Right Ascension (deq)

1-0 llll ] | LI | ll| 1 [ ] |l
— 23 v detected —  prompt emission (15-150 keV)
— 2 v detected : 1077 — X-ray afterglow (0.3-10 keV)
9 0.8H — 1 pdetected [« f b i o
S ; f _ 10 upper limits (90%CL),
o o1 .
2o £ 1079 of optical and X-ray
Mol ) 9
5 : follow-up
£ AP S » 10710
£ ; 5
Q0.4 oo / .................................................. ........... _ 9 10~
s the median redshift of a A
= . : 10~
2 0oL triplet sourc
: 10743
0.0 sttt = 4 T T T R 7. B 7o R T €
10 10 10 10

redshift of neutrino source time since trigger [s]

— |
I — T

Simulation of transient neutrino sources with a density of . Would a GRB be detectable in follow up
4 x 10-8 Mpc-3 yr-1 (~few% CCSN rate) distributed in observations? Swift GRB light curves and their X-

redshift according to the star-formation rate assuming that  [EVRUE (e [QVER R RER [N [Tl Ta Nl Mg [RI [V g=Tgle
CSSNe produce the detected astrophysical neutrino flux. the band includes 80% of GRBS)




lceCube in GCN!

2015

| Previous | Next | ADS| |

Detection of a multi-PeV neutrino-induced muon event
from the Northern sky with IceCube
ATel #7856; Sebastian Schoenen and Leif Raedel (111, Physikalisches Institwt, RWTH Aachen
University) on behalf of the leeCube Collaboration
on 29 Jul 2015; 2047 UT

Credential Certification: Marcos Santander ( santander® nevis colu

ahjects: Neutrinos, Request for Observation:

mbea odu)
ns
ATel #7856

weel

fe observed a muon event with an energy of multiple PeV originating from a neutrino interaction
the vicinity of the leeCube detector, [oeCube is a cubic-kilometer neutrino detector installed in
e ice at the geographic South Pole mostly sensitive to neutrinos in the TeV-PeV encrgy range. The
rent is the highest-energy event in a search for a diffuse flux of astrophysical muon neutrinos using
cCube data recorded between May 2009 and May 2015, It was detected on June 11th 2014
6819 20444852863 MJD) and deposited a total energy of 2.6 +/- 0.3 PeV within the instrumented
dume of lceCube, which is also a lower bound on the muon and neutrino energy. The
constructed direction of the event (J20000) is RA: 11034 deg and Decl: 1148 deg. For
mulated events with the same topology, 99% of them are reconstructed better than | deg and SO%
ter than 0.27 deg. The probability of this event being of atmospheric ongin is less than 001%

he lceCube contact persons for this event are Leif Raedel (RWTH Aachen Usiversity,
edel@physik rwih-anchen.de) and  Sebastian  Schoemen (RWTH  Aachen  University,
hoenen®@ physik rwth-aachen.de)

SCN 19364 — Fermi Gamma-Ray Burst Monitor - No detection
SCN 19360 — Fermi LAT — 5 unrelated blazars

SCN 19361 — HAWC - no detection

SCN 19362 — MASTER - no detection

2CN 19377 — VERITAS - no detection

SCN 19392 — iPalomar Transient Factory — 3 transients, all AGN

GCN 19427 — FACT Cherenkov TeV Telescope — no detection

GCN 19426 - Interplanetary Network — no detection

SCN 19381 - Pan-STARRS - 7 SN candidates, one consistent with type Ic supernova.

2016

more recent ICECUBE-160427A

arXiv:1612.06028



| Outlook
Updates and New Results at ICRC 2017 in Busan

' 2016 ‘ 2017 ‘ 2018 ‘ 2019 ‘ 2020 | 2021 ‘ 2022 | 2023 ‘ 2024 ‘ 2025
lceCube Gen2: |[ o
Phase 1 proposal submitted to NSF :

for 7 dens_e str_lngs. : ' [ R&D Design Production
- new calibration devices

- Neutrino oscillations with . tolay
comparable precision to T2K/NOvVA
Tau flavour identification: 3 sigma discovery in 3 years

. ’ 2031

T T T

1000m

L T T T
= [C2017 [NH] =+ SKIV 2015 [NH]
3.5t == - MINOS w/atm [NH] =+ :NOvA 2017 [NH]
+ T2K 2017 [NH] - Gen2-Phasel

i~ lceCube Preliminary
% 3.0F ".._-“.,_..»"‘-."
=
— '
q 25
I illlR:
2.0 90% CL iminary -9 -8 e
.Of £ °L contours IceCube Preliminary 1450m  2100m  2140m

IceCube DeepCore Phase 1l

2450m 2450m 2440m
Instrumented Depth

0.35 0.40 0.45 0.50 0.55 0.60 0.65
sin® (fyy)




