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Multimessenger Astronomy
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e PeV photons interact with microwave photons
(411/cm?3) before reaching telescopes

e Need new cosmic messenger: neutrinos




e Neutrinos and Electromagnetic Signals
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ot | e Complementary
' e Neutrinos indicate a
S hadronic (or exotic) source

Astrophysical
beam dump




Neutrino (y-ray) Production _
Cosmic accelerator powered

\ by gravitational energy
I:J\ Black hole or

neutron star

\\ ¥ Radiation and dust
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Atmospheric Neutrinos B ICECUBE
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- e Cosmic rays up to knee
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FLUX [(GeV cm? sec sr)1]

Astrophysical Neutrinos
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Cosmogemc (GZK) neutrmos

Greisen-Zatsepin-Kuzmin

(GZK) mechanism

e (Off-source (<50Mpc)
interactions of cosmic ray
and CMB photons

ENERGY [eV]

FLUX [(GeV cm? sec sr)1]



Detecting Neutrinos

hadronic
shower



Optical Detection

Array of photomultiplier tubes in a dark transparent material
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Top View

- . ® IceCube Strings
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date: August 9, 2011

energy: 1.04 PeV
topology: shower
nickname: Bert




Sighals and Backgrounds

Cosmic ray
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IceCube Signals

time
. Neutral Current / .
CC Muon Neutrino . CC Tau Neutrino
Electron Neutrino
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vy + N — v+ X
track (data) cascade (data) “double-bang” (210PeV) and other
factor of = 2 energy resolution = +15% deposited energy resolution pU%ﬁmgdres ElILARE
< 1° angular resolution at high = 10° angular resolution (in IceCube) (not observed yet: T decay length is

energies (at energies 2 100TeV) 50 m/PeV)




Neutrinos as Cosmic Messengers
-,

Cosmic accelerator

e Challenge: Identify astrophysical v’s

e [ceCube yearly events
e ~10 cosmic ray muons
e ~10° atmospheric v’s
e ~10’s astrophysical v’s

e Discriminators

star-light

* Energy Yes
Neutrino e Multimessenger  Yes

 Flavor (tau) Yes

e Hotspots Maybe
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Isolating Neutrino Events <&F  CECUBE
cosmic Active veto
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/ Veto detects penetrating muons
* atmospheric Effective volume smaller than detector
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lceCube Diffuse v Flux

electron and tau neutrinos and neutral current

1

m:lm;spleric Fluxes

e A.Schneider
PoS(ICRC2019) 1004

e H. Niederhausen
PoS(ICRC2017) 968

e | Stettner
PoS(ICRC2019) 1017

e Fig. From F. Halzen
(ICRC2019)
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lceCube Diffuse v Flux

15.0
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dE 100TeV
Name Approx. Direction  Dominant = Unbroken
Neutrino Flavor Spectral
Energy Index

HESE

Cascades

NuMu

Differences in single power-law parameters not in

4 tension with each other but may hint at an

additional spectral structure

A. Kappes, D. Williams (ICRC2019)
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lceCube Diffuse v Flux: Flavor
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e 7.5 year HESE all-flavor v sample o i
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lceCube Diffuse v Flux: Flavor

— HESE with ternary topology ID 5
# Bestfit: 0.29:0.50:0.21 1.0

— Sensitivity, E %Y spectrum o
# 1:1:1 flavor composition

WORK IN PROGRESS

e Consistent with previous
lceCube result and predicted
1:1:1 for astrophysical vs

* Zero v, cannot be excluded

e Systematic errors not included

J. Stachurska (ICRC2019) Fraction of v, 24



Glashow Resonance

e Creates real W-boson

e \W decays hadronically
producing muons

e Muons travel ahead of
Cherenkov light

e Early light signature

Glashow Resonance

e Muons
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Glashow Resonance Candidate

IceCube Preliminary
* 6.3 PeV neutrino energy -150-
:  —200-
L ~250-
o ~300-
/ N —— Predicted
=350+ ® 5tr. 67
e Str.59
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| i Str. 66
Str. 74
A 5tr. 50
Str. 49
=300+ Str. 73
%E"e”t"em 13.50 13.75 14.00 14.25 14.50 14.75 15.00 15.25

thesty [us]

L. Lu (ICRC2019) 26



Neutrino Online Alert System

lceCube on-site event
analysis and alert system in
operation

Iridium satellites

Before 2016 April,
private alert system
existed. BUT
background dominant

A4

April 2016: Activated
public online channel
with signal efficiency
of >30-50%
(EHE and HESE
channels)

lceCube, 1309.6979 (ICRC)
lceCube, Astropart. Phys. 92 (2017) 30-41 =

High energy v




lceCube-170922A event

Kanata

Science 361, eaat1378 (2018)
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lceCube-170922A Follow up

o original GCN Notice Fri 22 Sep 17 20:55:13 UT 10
- HE y observations ol g e e 0
. = |C170922A 90% - area: 0.97 square degrees
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= 58 . 2
- i ‘ég | i 300 GeV) reported < '
3 . © e =
°%. o 5 gamma-ray flaring 4 s 8
b o i I 5 e 2
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L] 3 0
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o b Right Ascension
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e 200 (90%, lower limit: 200 TeV, peak: 311 TeV) 5 5 7
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v—y Correlation Analysis

le-8 TXS0506

4 Fermi-LAT: >1GeV light curve H; ‘
3| 4-week bin (9.2 years) %

flux(=1 GeV) [ph/cm2/s]
P

) .
lgﬁ”““ﬁﬁgﬁw @W@ﬁ iﬁi?ﬁ%&; gﬁgW\ IceCube 17022A

0 100 200 300 400 500
mission week: 2008.08.04-:='0"

Corrections 10 previous alerts

no correlation vs correlation > 4.10 > .
and 41 archival events

- =30
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Independent Point Source Analysis

(N Ms np IceCube Collaboration
* L=]I; G Ps+— Ps) Science 361, 147-151 (2018)

* Ps = Pgpatial (x) - Wenergy(Ereco' sin @) - Wtemporal(t)

2D Gausslan 6-dependent acceptance x power-law signal flux square and Gaussian

parameters: spectral index and normalization parameters: center time and time window
* Signal+BG hypothesis vs BG only
* Bestfit (ny = 13.3,y = 2.1, Ty, = 2014 Dec 13, T, = 110days) * p-values from scrambled data

e p=2.0x10~* corresponds to 3.50 e Corrected look-elsewhere effect

IC40 IC59 ICT9 IC8Ga ICEG6h ICE6e

[kt |

me e JeeCube-1709224

. - -
Gaussian Analysis
mmmm Box-shaped Analysis
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Walter Winter’s ICRC 2019 Talk

Summary (long)

Interpretation in terms of one-zone models

< Simplest possible geometry, few parameters

< Describe SED and time response reasonably well
(modulo some discussion of UV data)

) Have to accept that either L.q4q is significantly
exceeded or that neutrino energies does not match

&) 2014-15 neutrino flare: more than two neurino
events difficult to accommodate
Interpretation in terms of multi-zone models:

< External radiation fields (e.g. disk, sheath) or
compact core models promising

< Can produce substantially larger neutrino event
numbers with reasonable energetics

< Some models (compact core, jet-cloud) can produce
a spectral hardening in gamma-rays (2014-15 flare)

&2 Too early for solid conclusions, mostly because of
sparseness of data

DESY. | ICRC 2018 | Winter Walter, July 25, 2019, Madison, USA

B ICECuUBE

SouTH POLE NEUTRINO OBSERVATORY

+ Time-response of SN
leptonically dominalctre

- X-ray/gamma-ray data need to be rnc;nnu. ;"..
(indicative for hadronic contribution)

« More such associations are needed for solid
conclusions on predicted neutrino event rates

What did we learn qualitatively from 2014-15 flare?

« Description of 13 events requires high radiation
density with imprints in the SED which seem to be
in contradiction to observations

« Up to five events plausible in external radiation field
model

« Expected (neutrino) spectral shape very different
from IceCube analysis (power law). Consequences?

« Need multi-wavelength monitoring to exclude that
signal shows up elsewhere

32
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Evolution of Point Source Search

2year HESEMap ——7

Galactic

0 -2log(L/LO) 12.3923
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Current Astrophysical Neutrlnos

d?{;?z

i g Galactic
lceCube Preliminary i
B l
10 10 10°

Deposited Energy or Muon Energy Proxy [TeV]

@ N New Starting Tracks @ [V Earlier Starting Tracks

i . . (=] * H
@ N New Starting Cascades @ [/ Earlier Starting Cascades N* Throughgoing Tracks
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10 year lceCube Sky map

e Evidence for nonuniform distribution in Northern Sky ~ 3o

4 main contributors in directions of
e Seyfert Il galaxy

e NGC 1068, 5
* Blazars B A e

e TXS0506+056, o foaian e o

* PKS 1424+240 POt gt L R R

e GB6 J1542+6129 24hiiig ) iy JoR

= e e T L

_15 6.69

4.69

Equatorial

0.0+

18.36° 77.36" 76.36
Right Ascension




10 years of muon neutrinos
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—

10 years of muon neutrinos CUBE
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HAWC Photons/IceCube Neutrinos B2 ICECUBE
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e L ook for galacticv v
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Neutrino Absorption Pattern
Eventrate = VAT Q Npo Q ¢ & exp(— )

Aperture:Detector + Geometry f(E,,0) ® Interaction f(E,) ® Astro v flux f(E)) ®

High ener
5 . 8Y Vertical
neutrinos disappear | 180
INO- 170 0.90
because of neutrino Core-mantle
nucleon interaction L PGy, N 0.752
: | ' 2150 2
in Earth  d— % 0605
, .?140 2.
3130 0.45 2
§120 5
110 "LE
100
..... 90
10 40

Horizontal

Neutrino Enerav [GeV]



v, — Vv, Disappearance

TeV Scale

Nature 551 596 (2017)

: ANL, PRO 19, 2521 (1979) ¥ HEP-TEP, SUNP 30, 527 (1079)
1.6 ArgoNeuT, PRL 108, 161802 (2012) v IHEP-JINR, ZP C70, 39 (1908)
] O BEBC, ZP C2, 187 (1879) ®  MINOS, PRD 81, ar'zmz {2010)
14 E A BNL, PRD 25,617 (1082) 4 NOMAD, PLB 660, 19 (2008)
. : P DG O  CCFR (1897 Seligman Thesis) € NuTeV, PRD 74, 012008 (2006)
i O CDHS, zP C35, 443 (1987) X  SciBooNE, PRD 83, 012005 (2011)
1.2 e B  GGM-SPS, PL 1048, 235 (1981) X SKAT, PL 818, 255 (1979)
: B GGM-PS, PL 848 (1979) % T2K, PRD 87, 092003 (2013)

e | E, (10°% cm?/ GeV)

0.8} A=
1 'q.? ........
0.6} L e S 4—-+°—
0.4} e
: l]lllllllll lLLL
' 200 250 300 350
E\.(GeV)
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0.9 -® Neutrino
0.8 & Antineutrino
— Weighted combination

T 07 Rtk Thi It

i T — This resu

:C:I’J ] m' | =

(_r) 0.6 5 i ]

5 057

% : ,.

S:—J 04 E ';'l _ L]

X W ..... e

W 03 S ]

0.2 Accelerator
0.1 data

0 T T T T T T T
1.5 2.5

T T T T T T T T T T 1

'35 45 5.5 6.5
log[E, (GeV)]
SM nu-N cross section scales by k factor

130703 (stat.) *0:33 (syst.)

CSMS: A. Cooper-Sarkar, P. Mertsch & S. Sarkar, JHEP 1108, 042 (2011)
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Atmospheric v Oscillations

e DeepCore has a multi-megaton effective mass

 Probes alarge span of baselines and energy (L/E)

v, oscillation probability through Earth (from nadir)

Cosmlc Ray . Electron Neutrino 1 '0

@ 1on Neutin 0.9
. Tau Neutrino 0.8

0.7
0.6H |
0.5}
0.3k

Earth
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v, Appearance with DeepCore

e Challenging measurement

: ( Cascade-like Track-like b
e CC cross section suppressed by T mass 1.0 30
* Produced t decays ~instantly making £ e 25
PID difficult % | Cannot ID|individual v, r
L2 Mostly lappear as cascades |
* 3 measurements to date £ 00 Pa
= 1.0
e Beam: OPERA £.05
) 2 05
e Atmospheric: SuperK, DeepCore = »
. . “6 10 17 31 56 10 17 31 56
V¢ CC cross section su ppression q Reconstructed Energy (GeV) Reconstructed Energy (GeV) )
1 ! 1 I T rTrry I I L L L I L rFrrrra L] — —
: Deep:Core oscillations] e i ) .
o8 PhysRevD.66.113007 ]
C : i |
0.6 - E @ : —| Approx spherical -l
[ 25 I i -
L %o 1 u
04 |85 Pec(Ve N)IGCC(Vu N) __ z: (c:g
L 23 i . i v NC
02 F 3‘; ------ i:scc(w,E N)/G(V, N) -
L. = ] -
0 -------- L L 11 ll]]l L 1 Ll IJ_-
1 10 102 10° E, [GeV]
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DeepCore v_Appearance Results

e 2 analyses with 3 years of data
[1901.05366]

e Fit energy, cos(zenith), and PID | 4o v b Daa

NC
- VY

3000 T

e Look for 3D distortions in shape
from MC predictions

2500
600 T 600
500 500 2000
g 400 Tt 400 1500
® 3001 300
= 1000
200 t 200 E 1254 MC Uncertainty | Data .
100 100 500 E 1.00 |lll i . fagtaangnnnl gug Pogag! . l o el T e L T T i lll
© i b
x 0.75 : ; - i
0 0 0 0 1 2 3
56 10 18 32 56 -10 -05 00 05 10 CascadesTracks 30 1 T —_ s 10
Reconstructed Energy [GeV] Reconstructed Cos(Zenith) Particle ID
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DeepCore v Appearance Results

Modest increase in precision w.r.t Superk
35% precision (10) P P

' . nalysis .4, NC+CC
' 1 Best-Fit 68%, 90%

: Analysis B, NC+CC
! Best-Fit 68%, 90%

i .

DeepCore results
(Consistent)

Analysis 4, CC
Best-Fit 68%, 90%

-
T e e o o e e e -

I A N

Consistent with unitgrity arfeinog
nalysis B
1 Best-Fit 68%/00%
PHPEES 017, 1 GUsh S =
arXiv:1711.09436 .
OPERA 2018, CC 68%
arXiv:1804.04912 I
0.0 0.5 1.0 1.5 2.0

v; Normalization



Other IceCu
Model Oscil

Sterile Neutrinos

Brazil Bands 90% C.L.
==+ Median Sensitivity
I GRY (trials)
C— 95% (trials)
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Take Away Message

* DeepCore has world-leading v_appearance

scattering

measurement precision ~ Ak
e Result consistent with unitary 3x3 PMNS
matrix

1 extra
“\ veto cap

e Coming soon: New measurement with 5x

statistics v
. <= AMANDA
e Success motivates lceCube Upgrade 1 H
e 7 more densely instrumented strings if £ Dcep
_ _ _ 0 ore
e Large increase in photocathode density | it

e Lower energy thresholds and improved " oo
calibrations extends capabilities IceCube Upgrade
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lceCube Upgrade
Fully funded first step to IceCube Gen2 underway

» Seven new strings of multi-PMT mDOMs in the DeepCore region

D-Egg _ _ 1000m
* Inter-string spacing of ~22 m T
* New calibration devices, e
iIncorporating lessons / ’
: o .0
learned from a decade of L. © o o,
. . “\ L .
lceCube calibration efforts * 9 |
- Enhance IceCube’s scientific I T
of capabilities at both high ‘|
.’ .o .@
and low energy ceCube  DeepCore  Upgrade t4som  2100m  2150m
1 nstrumented Depth
36 cm Relf: Stuttard 201D81p1 07
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New, Better Calibration Devices

Enhance IceCube high-energy science current cascade resolution incl. sys.

» Better control of systematics (in particular ice properties) 60 (arﬁf‘v’11907-06714)
e Applicable to archival and future IceCube data "x\ 80%
« Improved 501 —50%
] : — 20%
angular/energy reconstruction —
- flavor ID for v. — 407
+« Borehole __ % 30
=
Z 20
10 I S S e - oo
0
10° ' 10° 107
Still frame from Eirve [GeV] no systematics
Bubble Sweden camera
column @2: 25: 48




Lower Energy Threshold

MCinicePrimary: . \ H
-1 « T /Stat NuMu . NotSet
3.8 GeV muon neutrino L ey~
Vertex: (18.1, -71.1, -274.2) m
Time: 9925.778 ns.

Energy: 3.8 GeV
Speed: 1.000c

Would not trigger
DeepCore but is both
triggered and
reconstructable with
Upgrade

ICELCUBE

SouTH POLE NEUTRINO OBSERVATORY




Precision v, to v, measu rement

e Atmospheric mixing
parameters

e Significantly improvement
compared to DeepCore

* Comparable with results
from other neutrino
oscillation experiments

* Probes different L/E and has
different systematics

e Also sensitivity to mass
ordering via combined fit
with JUNO data.

SouTH POLE NEUTRINO OBSERVATORY
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Precision v, appearance

Testing unitarity of PMNS matrix

— can achieve 10% v, appearance precision afder

1 year of data taking *N,.=11Is unitary

prediction
KamLAND SNO Reactors SBL
Reactor LBL = g)ar CC /NC Ratio 7 .Disappear:
- JUJNU /e I1Sappearance
U Disappearance ‘ . beeptore 3 yr(10)
E I / MINOS/T2K o IceCube Upgrade
U-l JU 2_| U ~ ¥ v. Appearance IceCube Work in Progress 1 yr sensitivity (10)
pt 2 W et R~ *
[/ 1 2 : Y MINOS/T2K
M - H e A
?2? U 1 9 ‘ U"3 v, Disappearance OFERR M)
T/_T. ..... L4 —— SuperK (10)
OPERA and SK 0.0 0.5 1.0 1.5
SNO - v Appearance Ny,

Solar NC fluxes

Parke et al. 2016

least constrained element
targeted directly with |IC Upgrade
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nstrumentation Research and
Development

mDOM D-Egg PDOM
(403 modules) (277 modules) (14 modules) 1600

15004

1700~

1800+

1900+

dusty ice

£ 2000~
! : 1 . E%EIUU—
36 cm 30 cm 33 cm °
2200~
New sensor designs feature one or more G'E;‘élfom clear ice
Of th'e fOIIOWing qualities : EEgg vertical separation 23001
e Upgraded electronics 2400-
. e pDOM
e Smaller diameter POCAM 25004
e Increased UV sensitivity _
Pencil beam 2600-

e Larger and/or pixelated effective area o Acoustic emitter 3

2700+
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Future: lceCube-Gen2 Facility

- Surface array
* muon veto
« CR physics

- Main array

e =100 strings

e =100 sensors/string
e =240m distance

Dense array
* 26 strings

e 125-192
sensors/string

e =25m distance

- Radio array
» cosmogenic neutrino
- neutrino >10 PeV
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Upgrade/lceCube-Gen2 Timeline

2019 2020 2021 2022 2023 2024 2025 2026 o 2033

IceCube Upgrade
Design  Production  Deployment

/iceCu be-Gen2

Design &

Approval Production

R&D
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Conclusions and Outlook

e [ceCube sees neutrinos created in the atmosphere and the
far Universe

* These neutrinos enable a wide range of particle physics and
astrophysics studies

* IceCube has discovered high energy cosmic neutrinos, and
evidence of the first cosmic neutrino source and thus
evidence of an extragalactic cosmic-ray source

* The ongoing IceCube Upgrade followed by IceCube-Gen?2
construction will deliver unprecedented exploration of the
high energy Universe and probing of fundamental physics

e —
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Photo: Johannes Werthebach IceCube/NSF August, 2018
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