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IceCube Laboratory

Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

Digital Optical
Module (DOM)

5,160 DOMs
deployed in the ice

|BE|3LIBE

Soum+ PoLE NELTRING DESERVATORY

86 strings of DOMs,
set 125 meters apart

2450 m

Antarctic bedrock

DOMs
are 17
meters
apart
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Cosmic ray surface
detector and veto
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The IceCube Digital Optical Module

IC86-2018 Cumulative IceCube Detector Time Usage

LED flasher
board

HE 98.5% Clean uptime
0.97% Good uptime
0.32% Excluded uptime

E 0.22% Downtime

DAQ raw data output for normal operation
~1 TB per day.

Filtered data archive, after data
compression ~90 GB/day.
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Neutrino events

Tracks Detected charge - size

Standard reconstruction; events from IceCube
about x2 energy resolution
Angular resolution < 1°

Charged current DIS 10° . . . .
10° |
X1
Ve eutral current DIS 2 '}
Ve X, X

10! |
F

l()() ! -
1012 1013

I/ 1 1 'l
L’ 101° 1016 1017 1018

1
104

E [eV] double bang channel} Loamed and Palasa, part Phys 3. 1995

ri
(

Charged current DIS
X

X Cascades
i |5% energy resolution
Angular resolution O(10°)

simulated double bang event with ~10 PeV neutrino energy

late

early mm



Detection principle

cosmic

ray \

Atmosphere

cosmic
neutrino

o

atmospheric

neutrino
cosmic /

ray
- 10,000,000,000 atmospheric muons
+ 100,000 atmospheric neutrinos

» 10 cosmic neutrinos (per year and km?3)

CR air shower

Schonert, Resconi, Schulz, Phys.

101 _

- astrophysical v

Rev. D, 79:043009 (2009)

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

Some neutrinos
are absorbed

100 -
1071 -

10-2 |

Interactions km~3 sr~! yr—1 E, > 100 TeV

103

in the Earth

—1.0

—0.5 0.0 0.5 1.0
sin(d) = — cos(#) at the South Pole



PHYSICAL

The biggest events

Upgoing tracks High energy starting events , W\‘
A O T S T T lceCube, PRL 111 (2013)

Science 342 (2013):

28 neutrino events/662 d : flux > 30 TeV o

incompatible with atm. neutrinos at 4.10 and best fit | '

E-23

PRL 113 (2014): 37 neutrinos/998 d and third PeV

event, 5.70 and E=239 p

82 events/6 yrs E-29

_- ‘.| Science

Deposited 2.6 £ 0.3 PeV (June 11, 2014)

. . - date: August 9, 2011
< 0.01% prob. of being an atmospheric vy, RN onercy: 1.04 POV

topology: shower
nickname: Bert
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Diffuse cosmic neutrino fluxes in lceCube

8 years of muon tracks (2009-2017) E-2.87:03
Ev~ 120 TeV - 5 PeV
1077 5 { IceCube Work In Progress & Dats
mmm Conv. atmospheric v, + v, (best-fit) ] | : Astro. >80
1070 _ Prompt atmospheric v, + 7, (flux limit (2016)) w 10! 4 '-I_t ’{_‘{" EER Atmo. Conv.
‘,f d B Astrophysical v, + 7, (best-fit) .'3 ﬁ l; 2::2 ’;A::::;t 90% U.L.
T 1076 4 ‘ 3
g = N
T s ]
I 10~ @ 100—: HH HH
~ jam b
Y 4 [ T
& 107° 5 i
[5) ,
10 i IceCube Preliminary I 101 LR 1! oo
; — ,|4 — T - ...,..,(‘ ——_ 104 10") 10() 107
10r 10 10” 10” 10 D ited E GeV
£, [GeV eposited Energy [GeV]
Neutrino energy inferred
from visible muon energy
Preliminary: 103 High-Energy Starting Events
&\\u* v in 7.5 yr, 60 with E.is>60 TeV
""""" Background: 0.65+0.2 (atm.pu) , 14.5+10.1 ¢
M. G. Aartsen et al. (IceCube Collaboration), Phys. i
Rev. Lett. 115, 081102 (2015), arXiv:1507.04005 . (atm.v., incl. prompt)
M. G. Aartsen et al. (IceCube Collaboration), Astro- SChne|der,TeVPA201 8

phys. J. 833, 3 (2016), arXiv:1607.08006 .
C. Haack (IceCube Collaboration), PoS ICRC2017,
1005 (2017), arXiv:1710.01191 .



Searching for the origin of the lceCube
diffuse cosmic neutrino flux

Coincident events: 32, 55 .
Dropped events: 5, 6, 42, 53, 61, 63, 69, 73 Equatorlal

0.0 6.5 13.0
TS = —2AIn(L)

E < 300 TeV 1PeV < E

No significant cluster or correlation with the galactic plane
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DIFFUSE NEUTRINO FLUXES FROM
COSMIC RAY INTERACTIONS ON CMB

10°
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[GeV cmi? sec™ sr]

E0(

Cosmogenic neutrinos

9 yr limit for neutrino energy between 5 x 106- 2 x1010 GeV

—
<
N

— -8 &
10

1079==

m— 90% C.L. UL (this work)

90% C.L. UL (lceCube PRL 2016)

ANITA (2018)

lllllll)>

T

Auger(2015)

uger(ICRC2017)

Ahlers best-fit 3 EeV
Murase s=2.3% =100
CR

Kotera SFR

| Il lllllll

| | T

10’ 10°

10°
E, [GeV]

10"

https://doi.org/10.1103/PhysRevD.98.062003

Evolution function of
UHECR sources
parameterized as
P(z)=(1+z)mfor z < Zmax

2 observed events
4.8-6.3 expected for
star formation models
m=3.5 and zmax > 2
disfavored =>

proton dominated
UHECR sources
evolve more slowly
than star formation
rate.

2 events are not of
atmospheric origin at
0.024% (8.50) and
not of cosmogenic
origin with 2.5%
probability.



Cosmic ray Sources

AGN, SNRs, GRB:s...
@ GAMMA-RAYS
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@NEUTRINOS
Neutral and weak: point to th

source carrying information from v
the deepest parts. Track matterand

nuclear processes in sources

@COSMIC RAYS
Deflected by magnetic fields (E < 1019 eV)

e 1 PeV neutrinos correspond to

20 PeV CR nucleons and
— 2 PeV ~-rays air shower
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Multi-messenger diffuse fluxes

107° 1sotropi high ltra-higl
— 1sotropic 7y-ra 1igh-energy a-hig ry
- pic y-ray g 'e 2y - ultr 1bxener5'\
. . background neutrinos g2 = COSMCrays
) . - roton (E7°) -
- , (Fermi) (IceCube) pro% "= (Auger)
IU) 10— -
N S calorimetric
| -
= T -a
o
—8 - -
> 10 -
<
& T
-9 y-rays from < cosmogenic .,
10 ] ¥ decay v+ 0
M. Ahlers (2017) _ -

10

100 100 104

10° 10 107 105 10° 100 10U

energy E [GeV] Ahlers and Halzen 2017

A. Diffuse flux
B. Modern version of Waxman & Bahcall, 1998 upper bound
C. GZK mechanism

lceCube upgoing diffuse muons: Astrophys.J. 833 (2016); update ICRC 2017
HESE 7.5 yrs (Neutrino 2018)



The non-thermal universe

Kifune’s plot https://github.com/sfegan/kifune-plot

Number of sources

104 - —e— X rays Data|from HEASARC and TeVCat
{| 7>~ REyrays Einstein & EXOSAT Fermi/LAT
1 —— VHE y rays (3FGL)
103 4 Fermi/LAT
] HEAO ALl (1FGL) LAT 8 yr catalogue (4FGL)
Uhuru (4U) Macomb & Gehrels 5098 sources (50 MeV'1 TeV)
FGRET (3EC) 58% AGN, 5% pulsars, 30% UNID
102 - Uhuru (2U) EGRET (2EG) + Fermi bubbles
. Rockets and .
0 balloons https://fermi.gsfc.nasa.gov/
COS-B (2CG
3 ==l ssc/data/access/lat/
10t 4= | COS-B(CG)
T e 8yr_catalog/
2 rockets SAS-2 —
-g Whipple (+Mrk 501)
2 Whipple (+Mrk 421)
10°4 - © Source Type:
] McBreen et al. (Crab) Whipple (Crab) @ Etorded ToV o
1960 1970 1980 1990 2000 e
Year ] HBL IBL GRB FRI FE

tevcat.uchicago.edu
223 sources from ground (> 300 GeV)

up to z ~1

Blazar LBL AGN
(unknown type)

° @ Shell SNR/Molec. Clc

Composite SNR
Superbubble

® Starburst
@ DARKUNID Other

® uQuasar Star Formin
Region Globular Clus
Cat. Var. Massive Ste
Cluster BIN BL Lac
(class unclear) WR



Cosmic ray sources

accelerators (steady or variable) of protons, nuclei, electrons and positrons to extreme
energies

The presence of neutrino is the smoking gun to trace matter in sources

Distance sensitivity is limited not by messenger but by sensitivity of detectors (like for GWSs)

Neutrinos are connected to gamma-rays but the opacity of sources degrades the gamma-ray
energy and intensity.

Hadronuclear (e.g. star burst galaxies and galaxy clusters)

m->vyy
pp >+ T > Py, > e'vev, Vv, p&
TPV, 2eV.V,y,
CR<«> Y

Photohadronic (e.g. gamma- ray bursts, active galactic nuclei)

p Y cosmic ray + gamma Arvu
+
py 2 A
o n us —) npv, —) n Vu
B P/ D Ve
U Py \, / cosmlc ray + neutrinos
o /Y )
(= \ d T. De Young
8 proton Bethe-Heitler photopion photopion photopion
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] . + 0\ - 7\ 0 s \
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electron Inverse Compton photon-photon electron-positron
synchrotron scattering pair production annihilation




H ES E al I ﬂ aVO r Neutrino flavour ratio at source:

pion-muon decay

— HESE with ternary topology ID <, Ve iVy:vp~1:2:0
# Best fit: 0.29:0.50: 0.21 1.0
— Sensitivity, E 2? spectrum o

# 1:1:1 flavor composition

Oscillations average

out over cosmic

WORK IN PROGRESS

baselines

Ve:Vy:Vr~1:1:1

Fraction of v,

Previous result in ApJ 809 (2015)
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Probable cosmic tau neutrinos

— single cascade —— double cascade -+ - exp. data I I — reco with bright DOMs === reco without bright DOMs I | = single cascade = doubke cascade = 4 op, data J [ — 1eco with bght DOMs === reco without boght DOMSI
@ bright DOM* bright DOM" § I =, bright DOM" ... bright DOM'
o ! | v * ‘.' <
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The multi-messenger network

IceCube Alert system 6-8 / yr (>50% signalness, ANTARES Alert system: median latncy 5 s
median latency 30 s) Astrop. Phys 92 (2017) 30 ~0.04 v doublets, ~4 events/yr > 30 TeV
Follow ups: A&A 607 (2017) A115 JCAP 02 (2016) 062

Real time GW searches (FRBs) MNRAS 475, 1427 (2018)

ApJ 850 (2017) L35, Astrophys.J. 870 (2019) no.2, 134 (GRBs) MNRAS 469, 906 (2017)




lceCube alert IC170922A A)

Signalness: 56.5%

23.7+2.8 TeV muon energy loss in the detector, 15 arcmin error (50% containment)

Alert sent after 43 s
side view

O

coted & BIEE

NIEIJTRINOS
FROMABLAZAR

Multime observations
ofan astrophys cal neutr no
source pp. 115,146, & 147

©cC

' 0 500 1000 1500 2000 2500 3000
tOp view nanoseconds 1 25m

=200 (90% lower limit: 200 TeV, peak: 311 TeV)
= E=2:13 (90% lower limit: 183 TeV, peak: 290 TeV)

MOSt prOba‘ble nGUtrIno energy — 250 (90% lower limit: 152 TeV, peak: 259 TeV)

~290 TeV. Upper limit at 90% 15 coCube. FormiL AT
. = . ceCube, Fermi-LAT,
CLis 4.5 PeV (7.5) PeV) for a E I\ MAGIC, AGILE, ASAS-SN,
spectral index of -2.13 (-2). £ 10- X HAWC, HES.S,
- INTEGRAL, Kapteyn,
= Kanata, Kiso, Liverpool,
= 0.5 1 Subaru, Swift, VERITAS,
S VLA, Science 2018
A,
https://gcn.gsfc.nasa.gov/notices_amon/ o o e . v e

50579430_130033.amon Neutrino Energy (TeV)



The gamma-ray partner observations

Science 361, 147-151 (2018) DOI:10.1126/science.aat2890

A original GCN Notice Fri 22 Sep 17 20:55:13 UT 10 B
6.6° m refined bestfit direction |C170922A 6.6°
' === |C170922A 50% - area: 0.15 square degrees 9 '
=== |C170922A 90% - area: 0,97 square degrees 8
6,2° @ 6.2° —
17 R <
& [0}
7] [}
'E 5.8° ° 5 ‘5 5.8° §
-~ . o — . ;‘:
g . 5 O £ ‘c
S TXS 0506+056 - ° o
3 < ® ®
o) 4 - =] o
5.4° E 54° G
3 3 <
w =
2
8 PKS 0502+o4§ ] >0 -
{ .
0 MAGIC PSF
4,6° 4.6°
78.4° 78.0° 77.6° 77.2° 76.8° 76.4° 78.4° 78.0° 77.6° 77.2° 76.8° 76.4°
Right Ascension Right Ascension

Shortly after, Fermi-LAT (20 MeV-300 GeV) detected the TXS 0506+056 blazar in a high state at 0.06°
from lceCube event (ATel#10791). MAGIC followed up and the blazar was observed at > 100 GeV
energies with >6.20 (ATel#10817, Ahnen, M. L., et al., ApJL 2018), later confirmed by VERITAS
(Abeysekara et al, ApJL, 2018). The probability that this coincidence happens by chance is

excluded at 30 level.
\%

Fermi




Spectral energy distribution of TXS 0506+056

log(Frequency [Hz])
8 10 12 14 16 18 20

22

24 26 28
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Fy ~ 1012 erg/(cm?s)

10~ .
L]
i
. Archival * SARAJUA
- 0 VLA . Swift UVOT
" e OVRO ® ASASSN
10-14k . e Kanata/HONIR ¢  Swift XRT
v Kiso /KWFC ° NuSTAR

L]

L) L L]

+.+—+++ !

INTEGRAL (UL) —

4 Fermi-LAT —

¢  AGILE _

4+  MAGIC -——
HESS. (UL)

014.15

\ < CRAB level flux @ TeV

bl TSIl

VERITAS (UL)
HAWC (UL)
Neutrino - 0.5yr
Neutrino - 7.5yr |

_IC170922A

// limits

Fermi-LAT detection of increased gamma-ray activity of
TXS 0506+056, located inside the IceCube-170922A
error region.

ATel #10791; Yarwynki T Tanata (Hiroshime Usiversity), Sars Buson (NASA/GSFC),
Daziet Kocevski (NASAIMSFC) on behalf of the Fermi-LAT collabovation

i an 28 Sre 201 7.' 10:10 UT
Further Swift-XRT observations of IceCube 170922A
ATel 010792 P. A. Evans (U. Leicester) A. Keivani (PSU), 1. A. Kennca (PSU), D. B.

Fox (PSU), D, F, Cowen (PSU), J. P. Orborne (U, Leicesier), and F. E. Marshall
(GSFC) report on behalf of the Swift-IceCabe collaboration

ox 28 Sep 2017; 11:57 UT
Credentiaf Cernificanion. PAT Evans (poe98 siarle ac s}

ASAS-SN optical light-curve of blazar TXS 0506+056,
located inside the IceCube-170922A error region, shows
increased optical activity
ATel #1079 A. Franckowiak (DESY), K. Z. Stanek, C. §. Kochanek, T. A. Thompron

(OSU), T. W.-§. Holoien, B. J. Shappee (Carnegie Obzervatoriez), J, L. Prieto
(Diego Poviales; MAS), Subo Dong (KIAA-PXU)

AGILE confirmation of gamma-ray activity from the
IceCube-170922A error region

10-° 10-° laJ 1(1)1 l(l.Y’
Energy [eV]

107 10%¢

1615

Use observed neutrino luminosity and limits on observed UV/X-ray flux of
Fx ~ 1012 erg cm2 s-1 for TXS 0506+056 to constrain the target photon

luminosity

ATol #10801; F. Lucarelli (SSDCIASI and INAFIOAR), G. Piano (INAFIIAPS), C.

First-time detection of VHE gamma rays by MAGIC from
a direction consistent with the recent EHE neutrino
event lceCube-170922A

ATel 210817, Ragmik Mirgoyan for the MAGIC Collaborarion
on 4 Ocr 2017; 17:17 UT

Joint Swift XRT and NuSTAR Observations of TXS
0506+056

ATel #10645; D. B, Fox (PSU), J. J. DeLawnay (PSU), A. Keiveni (PSU), P. A, Evans
(U. Leicester), C. F. Turley (PSU), J. A. Kennea (PSU), D. F. Cowen (PSU), 1. P.
Osbarne (U. Leicester), M. Samsander (UA) & F. E. Marshall (GSFC)

MAXVGSC observations of iceCube-170922A and TXS
05064056

ATel $10838; 1, Negoro (Nikon U7, 8. Ueno, H. Tomida, M. izhikawa, ¥. Sagawars,
N. izobe, R. Shimomuhai (JAXA), T. Mihara, M. Sagizaki, 5. Nekabira, W. Iwakiri
M. Skidatsw, F. Yelabe, ¥. Takao, M. Matsaoka (RIKEN), N. Kawai, S. Sugita, T
Yoskii, ¥. Tachibana, §. Herita, K. Morite (T Yoshida, 7. Sakamoto,
M. Serino, ¥. Kawakabdo, ¥. Kisaoka, 7. Heshl 1. Tsunewl, T. Yoneyama
(Ossha U.), M. Nakajima, T. Kawaze, A. Sakama U.). Y. Ueda, T. Hori, A

VLA Radio Observations of the blazar TXS 0506+056
associated with the IceCube-170922A neutrino event
ATe) #10861. A_ J. Tetarenko, G. K. Sivaloff (UAlSerta). A. E. KU (NRAD), and

J.C

A Miller-Jones (Curtin-JCRAR)
o 17 Oer 2017: 14:08 UT




lceCube archival data results

Analysis of 9.5 yr in 6 independent periods. An excess of 13 muon neutrino events in a period
of ~5 months (2014-2015) in sample of 3yr is inconsistent with atmospheric neutrino origin at
3.50 CL correcting for lifetime of IC86b: 9.5/3.

6 independent analyses periods

< >
IC40 IC59 IC79 IC86a IC86b IC86¢c
5 1 1 1 1 1
' IceCube-170922A A +F 40
o as Gaussian Analysis \
31— Box-shaped Analysis | |\ at 35
(@]
O 5. .
| - 20
1 . =-" ____,',_J_é‘- 10
0 Y T ¥ T -“"- ¥ T T T T ¥ .
2009 2010 2011 2012 2013 2014 2015 2016 2017
Best fit parameters of two flares:
2012-2015 period | Gaussian PDF Box PDF Science 361, eaat1378 (2018). DOI:10.1126/science.aat1378
ns 13 14
Y 2.1 2.2
Width 110 days 158 days T ——. -
e A. Christov TeVPA 2016
Time 2014-12-26 2014-12-13 :
2015-03-05 SreE T N Location of
e AR e - i \_‘\_\ 1C170922
Significance 3x105 7x105 - T s IO Ry o S and
PO T N BN | X TXS 0506+056
5 hoftest spot. - D R
ns 1.4 +25/-1.0 RN s Sy e o R . Sy
. @‘,/ .4 NN ) |. S
v 1.7 +- 0.6 RN Y | e g
; = ] 3 i o S A .
Width 19 days Rl s 3 LA G e B 4 oy
Time 2017-09-22 2012 2615'un‘t‘r‘.'g‘g'e.‘féd'ﬂér‘é‘é’hél’y’s‘.' CPRRE AR IR L 0




Flux [10~7phcm~2s571]

Neutrino flare 2014/15(N,, y free)
TXS 050 6+056 < Neutrino flare 2014/15
H+ 9.6 years average
10710 HH IC-170922A y —ray flare
2009-06 2010-11 2012-03 2013-07 2014-12 2016-04 2017-09 T.,,
IC-170922A i TE
Neutrino flare 2014/15 ! V]
3 Gamma-ray flare 2017/18 : 2
|- Fermi-LAT 300 MeV - 1 TeV } ‘ o
w
T 10711 {7
2 >
o
~N
w
1
0

Neutrino - gamma correlation
Fermi 300 MeV - | TeV TXS 0506+056

—— Neutrino flare 2014/15 (N, free)

10—12

During 2014/15 neutrino flare no significant gamma-ray flaring 01 o 150 160.0 1600.0
activity or spectral change have been observed. A gamma-ray flare Energy [GeV]

is not expected when the source is a highly efficient neutrino

emitter. The absorption and interactions intrinsic to the source, Garrappa et al, TeVPA18
followed by the interaction with the EBL, may result in a gamma-ray IceCube arXiv:1901.10806

flux consistent with the Fermi observations.

-~ MAGIC Coll. ApJdL, 2018

w0

o T

g 1.00F| —= IC-170922A

o 0.75 : + MAGIC v

| I i

S 050 1 * ! 41 hrs 24/9-2/11

> lv + Energy spectrum up to
® 0.25+1 | 400 GeV with spectral
O

2 0.00 - HHL *h{ *1 index between -3.5 +
A L -4. Two flares on Oct
x 58020 58025 58030 58035 58040 58045 58050 58055 58060 3-4 & Oct 31, 2017.
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Time integrated point source searches

8 yr data, 497’072 upgoing muon tracks from diffuse flux analysis (95% of events have
energies > 1 TeV).
Hottest spot post-trial p-value in all sky scan 30% (compatible with atmospheric background)

10— 10 _ 1 ] 1 1 R B TR T 1 1 1 l 1 1 1 | L1
] eme 90% Upper Limit Ref. [16]
. = 50 Discovery Potential = this work
o ] == Sensitivity
§ »* = 50 Discovery Potential (large bandwidth)
R 1071 5 2
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g : MGRO J1908+06
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= 304543 '
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sin(0)

4C 38.41, MGRO J1908+06 and Cyg A, have a local p-value below or close to 1%
TXS 0506+056 has local p-value of 2.93% consistent with Science results 25
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Implications of Point-Source limits

Diffuse flux observed by IceCube is composed of many individual sources. Their
non-observation constrains source populations

2 higher luminos
excluded by non-observation of ll
3l closest source in Northern Hemisphere brighter sourc 10
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al 10
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[MA & Halzen'18]

K. Murase && E. Waxman, PRD 94 (2016) 103006

lower densit

TXS 0506+056 is an outlier in the blazar sequence
=>intrinsically an FSRQ. Gamma-rays > 100 GeV are not
attenuated by EBL since the opacity would be smaller at z
= 0.33 but by BLR

Padovani et al,arXiv:1901.06998
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NEUTRINO CROSS SECTION

— v, disappearance probes high energy (TeV scale) neutrino cross-sectio
- Nature 551 596 (2017)

v
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Hierarchy and nutau appearance

Analysis A, NC+CC
Best-Fit 68%, 90%

!

-~ Normal Ordering
- Inverted Ordering
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Analysis /3, NC+CC
P e
' ! Best-Fit 68%, 90%
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e

Analysis A, CC

log Best-Fit 68%, 90%

linear
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Best-Fit 68%, 90%
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SuperK 2017, CC 68% e
arXiv:1711.09436

| OPERA 2018, CC 68%
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' v, Normalization

Preference for NO at (CLs = 53.3%).This result is in line EXCIu_de ’_[he absen(_:e Of tau neutrino
with recently reported preferences for the NO by Super- oscillations at a significance of >
Kamiokande, T2K, NOvA, MINOS, and recent global best 2.00

fits. arXiv:1902.07771

PRD99, 2019 https://arxiv.org/abs/
1901.05366

hitps://arxiv.org/abs/1707.07081,
PRL120, 071801 (2018)

28



The Future

PINGU Lol: https://arxiv.org/pdf/1401.2046.pdf
update: arXiv:1607.02671

Preliminary timeline

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 .. 2032 KM3NeT: The concept ’
| lceCube Upgzade P'N_GH
R&D Design & Approval Constl - ol
| Surface air shower
Today ————
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MeV- to EeV-scale physics
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NEUTRINO
TELESCOPES ARE FUN!
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