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J he lceCube Neutrino lelescope

® Gigaton Neutrino Detector at the

Geographic South Pole
IceCube Lab

® 5|60 Digital optical modules distributed
over 86 strings 50 m

® Completed in December 2010

® Extremely stable: >99% uptime and 98% of
sensor modules in perfect condition !

® Neutrinos are identified through
Cherenkov light emission from secondary
particles produced in the neutrino Heom
interaction with the ice

2450 m

2820 m
countries

. THEICECUBE COLLABORATION

KX JAPAN =]

/'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
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Neutrino Observatory.Scienee

Scientific Scope Very diverse science

e ASTROPHYSICS & NEUTRINO SOURCES Program, With neutr'inos

® Point sources of V’s (SNR,AGN ... ), extended
courcas oY t from 10GeV to EeV, and
® Transients (GRBs,AGN flares ...) Mev bu rst neutrinos

® Solar Atmospheric Neutrinos

® Diffuse fluxes of V’s (all sky, cosmogenic, galactic plane

) lceCube Science Mzﬁ

e BSM PHYSICS & DARK MATTER Accce?:r:lc:(t:ors Ar:fig::)r::y Flavor Ratio Or\slglligilinois Tau Appearance
® [ndirect DM searches (Earth, Sun, Galactic center/ _-
Multimessenger
halo) Astronomy Sterile Neutrinos
® Magnetic monopoles ’
Supernova
® Violation of Lorentz invariance Explastony ASTROPHYSICS HEUTING Hﬁfﬁﬁﬂk
e PARTICLE PHYSICS Gamma Ray
Astronomy Non-standard
® Vv oscillations, sterile V’s i
. . . Cosmic Ray FUNDAMENTAL
® Charm in CR interactions Physics SYMMETRIES
Neutrino Decay
® Neutrino Cross Sections
Solar Physics
e COSMIC RAY PHYSICS BEYOND
STANDARD Glaciology
® Energy spectrum around "knee”, composition, . S
. Sgace—hme
anisotropy ymmetry Earth
Tomography
e SUPERNOVAE (galactic/LMC)
-
‘ - Indirect i
e EARTH SCIENCE swonglers e onorcle fuf pvons |l cusv |l o) | Alinhere
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cosmic rays

® What is the origin of the (high-energy) astrophysical : b Coe ras
neutrinos !

® What is are the sources of the high-energy cosmic

? Cosmic Ray Sources
rays ¢ — Active Galactic Nuclei (AGN) "\
— Gamma Ray (Bur§ts (GRB)
) . -8 SN
® Are there any hints of physics beyond the standard  Galeoxy Clusters

— Unknown

model associated with the observed astrophysical
neutrino flux ?

Victor Francis Hess |§

Discovery of
cosmic-rays ¢ ;
Y

® Explore energy scales beyond the reach of colliders

® Are there energetic neutrinos coming from the solar
atmosphere !

® Challenge: Neutrino directional pointing uncertainty
® Overcome challenge with new detector calibration system (Korea camera)
® Improved pointing of neutrino telescopes — multi-messenger science

® Better understanding of lceCube detector medium — Reduced systematic
uncertainties

These are the central objectives of the Korean program
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Astrophysical Neutrino Search
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HESE 7.5 years
E ' Paramet Val |
= 200 | i - IceCube Collaboration
= i ;. t Event start time charge threshold 250 PE arXiv:2011.03545
Z i g Maximum veto charge 3.0PE ' '
07 Maximum DOMs with veto hits 2
E - Minimum total charge 6000 PE
= 900_‘ Trigger time window 3ps
.@ —
L I
i Category E < 60TeV E > 60TeV Total
—400 " ﬁat Total Events 42 60 102
i Up 19 21 40
— 600 - Down 23 39 62
500 -250 0 250 500 Cascade 30 a7
. e Track 10 17 27
Horizontal Position [m] Double Cascade 5 5 p
i : HH  Data S\ 1 HH Data
7 ! Astro. D 2 _ Astro.
) '-}I % Bl Atmo. Conv. = 10 § B Atmo. Conv.
%, 10 e r} Bl Atmo. Muons 3 ] E Atmo. Muons
2 : T T . w 1073 —F—=F+Tt+F+ 7 T
= . HH A u‘; _
= T " 2107
=z 1074 L[ HH = E
g ' :
S | : 2 10-!
3 o
£2
10_1 T T T T T T T 1T 10—2
10 10° 10° 107 —1.0 —0.5 0.0 0.5 1.0
Deposited Energy [GeV] cos (6:)
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Astrophysical NeuttinosEltX

1073 (Ahlers & Halzen 2018) - High-energy starting
s neutrino fluxes | events (HESE)
— 10~4 'Qié: (per flavor) Interaction vertex in the
3 ‘ B amou o, detector, All flavor, all sky
n 10> "1 (before HESE veto) i
(TIUJ
£ 1070 Up-going tracks
E C atmo. v 4 7, Muon-dominated
— 10—75_ (before HESE veto) Northern Sky
L
e
11078 Ve TV
®&m 1 e« Astrophysical flux in the
-9
10 20 TeV - 9PeV range

10 102 10° 10* 10° 106 107 108

e Various channels and
E [GeV]

analysis methods
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IceCube Collaboration arXiv:2001.09520v1

IceCube Collaboration arXiv:2011.03 Neut_rin@ - @m @1@)@@[“” an

'—l
c
-

wmm  [ceCube HESE 7.5yt (This Work)

mm  [ceCube Inelasticity Syr

F
b
e

e [ceCube Cascades 6yr
- IeeCube Northern Sky Tracks 9.5yr

A. Schneider for IceCube (arXiv/1907.11266) ~m

FH e—
L -
(/)] —
C}l -
& -
° ]_ O . 0 = J.Stettner for IceCube (arXiv/1908.09551)
“Tn ™ Cascades 6yr (IceCube) arXiv/2001.09520 \
- = Inelasticity (IceCube) arXiv/1808.07629 \
> i \
(TR
© (.07 I
@ . !
S . /
-—
— -
O K ()—-
o 5.0
+ -
! -
4 -
K 2.5
0'0 T | T T T T | T T
Yastro

Flux modeled with a simple power-law
spectrum.

E ) —Yastro

(I)EV :(I)as ro( g
(Ev) "o\ 100 TeV

Different event samples (covering
different energy ranges, topologies, or
sky hemispheres) favor slightly different
indices, normalizations.

® Several independent analyses (on completely different samples and
signatures) confirm diffuse astrophysical neutrino flux
® Single power law (“simplest” astrophysical source assumption) is not a

good fit! = Much more to learn !
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https://arxiv.org/abs/1907.11266
https://arxiv.org/abs/1908.09551
https://arxiv.org/abs/2001.09520
https://arxiv.org/abs/1808.07629

. HESE conclusions

® Based on the /7.5yrs HESE data sample and it’s
sensitive energy range, the astrophysical neutrino flux
is well described by a single power law

® No evidence for additional spectral structure

® Many models remain compatible with the data, and
larger samples will be required to differentiate
between the different proposed spectra
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lau Neutrinos

Event #1 Event #2

= 0" Year 2012 2014
£% Energy of 1st cascade (1.2 PeV 9 TeV
< |3 Energy of 2nd cascade|0.6 PeV 80 TeV
<1 . Energy Asymmetry |0.29 -0.80
; % Length 16 m 17 m
5 6 & “Big Bird” “Double double”
S 2 76% 98%
TE _1 ——% [-- Single, no brights == Double, no brights === Double, with brights =} Exp. I)nm]
s o bright DJOM
g % -] b ‘
E o TS N 3 e w2 1
oaé 10 0 bright DOM
10 20 50 100 200 ° N
True Double Cascade Length Li"¢ [m] e e PR
@ ARTN
i g % ;}\ﬁ /‘fﬁ ;%J:ﬁaﬁ“u“;
. . 2% 3 8 | bright DjoM
2 candidate events detected in &° o 3 :
. @ ¢ o 9
HESE 7.5yr sample with E>60TeV S 8 o o o
O
|PeV tau travel about ~50m ’ o ¢ e
v Time
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Astrophysical Neutrino Sources
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__Point source seakck

’ Search for point sources in 10 years of IceCube data

IcECUBE 60 75 _

IceCube Collab. (2019)

S e e R arXiv/1910.08488
1.70° bt 0
= r/% -
9 4.5 S
& -0.30° %
- . |
15
NGC 1068, 2.90 excess).. Equatonal .
Seyfarl 2 galaxy 42 87° 40.87° 38.87° |
Star formation, AGN . “" Right Ascension Equatorial
-7 (l) 1 2 3 4 5 6
* Hottest spot in the North near Seyfert galaxy NGC 1068 (p-value ~ 0.1) = 10830 Plocat |

* Excess at NGC 1068 location: 2.9c

 3.30 from a source catalog search
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Astropart. Phys. 92 (2017) 30
A&A 607 (2017) A115

¥ SN/GRB/...

PTF (optical) Swift (X-Ray)

“The North”

% Ir|d|'um'

Veritas/H.E.S.S./ >

: 4 4
MAGIC/Fermi/... ;

IC-170922A

Real-time alerts

, South Pole
® Good angular resolution

(0.5° - 2° 90% of events)
O IE

T m Eaien Ice(?ube lceCube e
Live Live :

. Filtering reconstruction
Signalness >50% >30% S, South North

Expected signal/yr 6.6 2.8

S
Expected bkgd/yr 6.1 14.7 Median alert latency: 33seconds
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Astropart. Phys. 92 (2017) 30
A&A 607 (2017) A115

v. 134577/31638233 : gfu-gold (202C-10-07 22:01:49.286503),
682.751TeV

it sl o

Signalness >50% >30%

Expected signal/yr 6.6 2.8
Expected bkgd/yr 6.1 14.7

___lceCube-170922%

IceCuBeAR https //|cecube WISC edu/news/V|ew/776

g quﬂld

PTF (optuca Swift (X-Ray)

Veritas/H.E.S.S./
MAGIC/Fermi/...

South Pole lceCube Data Center, North

Online lceCube lceCube

Event ; ; Followup

Live Live
South North

reconstruction

Filtering
System

————————————————————————————
Median alert latency: 33seconds
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Astropart. Phys. 92 (201
A&A 607 (2017) A115

7) 30

lceCube-170922A & I XS 050605

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

e 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

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

® \Very active

multi-messenger follow-up from

radio to y-rays

A

Z0|LX] SE0|xte| X At 2| =E &0

At =S50l s SE0IAH AEFXIQ Ofo|AFEIM Z10jL{X| SHE0[AHE
HAERUCE USAS2 0| SY0IA7} 37 B BO{ZE MA| TXS 0506+056 01| Af
AARICHE AldE NZCZ BS{RICL HS0AM A&t SJ0IA] HES FX st
211 AIA ZIX|2] MAHYAHE L 230] U= BHESO0| Z=et Huts ZR|eH 22
R0|M SE0[A7HHIRRSS &OIRC

X+ dgoz
 SS0|Xtet

X7 | Tkl

#HOM &S

i fgar AT el
- HORAE ZX|
H=0|

wT oy
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-

SYORP} U3
& 2L

Rt FRLQ

MM 607HE —

OHEH =

86707t AS UM
2450m 51607

ﬁfiA . ' X7
. e N
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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/17B403 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!

o TXS 0506+056 redshift
determined to be z=0.3365 (S.
Paiano et al. ApJL 854.L32(2018))

® Time-average luminosity about an order
of magnitude higher than Mkn 421, Mkn
501, or IES 1959+605

> ,‘ -I’ S ~T
"NGC 2194~

0 LBN 865

NGC 21127

Barhardv‘,l_oo Aln”tak/ .

* . . :Barnard 33

e .
LBN 999 = -

V‘Canis,l'\/la»j.o'r— :

Carsten Rott CS

L. "~~1IBN866 .

‘1@@@715@_ | 709222

; /NGC1817
W5 L NGC 1807 Taurus

AN
NGC 1662

'

e ’fBelatr_ix' o

S B '*—Ic 2118

g Erldanus

L LGS Guusard & R Gendler
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____lceCube-I| 709224

IC40 IC59 IC79 IC86a

smus |ceCube-170922A
+ Gaussian Analysis
== Box-shaped Analysis

2009 2010 2011 2012

® 9.5 years of archival data was evaluated
in direction of TXS 0506+056

® An excess of 135 events above

background was observed during Sep
2014 - March 2016

® |nconsistent with background only
hypothesis at 3.50 level

(independently of the 30 associated
with IceCube-170922A alert)

2013

log o Event Weight

IC86b

IC86¢

2014 2015 2016 2017

20125 2013.0 2013.5 2014,0 2014 5 2015.0
B a2 2 2 . L 2 2 2 3 L 2 2 3 3 . ----- 1 a2 2 0 4 . . 3 20 ;
4« === Best Fit: Box [—'—I'\ 10 @
= = Best Fit: Gaussian ;) N 5 o
e | S
3+ \ &
LI
2= ! 0.5 QE)‘
' c
w
1 0.1 §
56200 56400 56600 56800 57000 §

MJD

Time-independent weight of individual events during the 1C86b period.

However

Maximum contribution of the 2LAC

:blazars to the observed astrophysical neutrino flux
to be 27% or less between around |0 TeV and 2
PeV [lceCube Astrophys.]. 835 (2017) no.l, 45]
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scales.

TXS0506 +056
z=0.33
1.8Gpc

..gW170817 Il Closest Blazar
GRB 170817 [
z=0.01 -

; : _40Mpc

Milky Way

)

Blazar TXS 0506+056

Galactic Center _ Highest redshift GRB

~10kpc. ‘ |  SaGRB090423
Diameter ~50kpc _ '\j .
." '(

Distance
. GZK cut-off (E~5-101%V)
Cosmic Rays d~50 Mpc
Gamma-rays (@1TeV) Gamma-rays interact with
« Gamma-rays (@1PeV) EBL and CMB

Gravitational waves

Note: Distant sources also allow to test rare interactions K.Choi, J.Kim, C.Rott PRD 2019 ‘ 1pc=3.261ly
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LIGO
Sensitivity
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SM DM Decay searches ® Extragalactic DM Lifetime T,
e Galactic Halo

e Galaxy clusters
A== ’ V from SM particle decay or ° ... > DM Mass m,
\SM directly produced (Branching fractions)

Dark Matter Decay

Carsten Rott 6 22 KPS DPF Meeting Dec 2-4, 2020
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Dark matter lifetime / sec

. — IceCube (this work) 1028
1025 ! —— HAWC (dSph, 2018)

—— HAWC (GC, 2018)

- —— Fermi/LAT (2012)
1024 _

AL BN B BN LA B LLL L LLL) SRR 1077

103 10* 10° 109 107 108 10?
Dark matter mass / GeV
) Current status:

® |ceCube provides leading bounds (~1028s) on heavy decaying dark matter /
Neutrinos extremely competitive above ~10TeV

® Dark matter alone cannot explain the observed astrophysical neutrino flux
) Future prospects and priorities

® Opportunities for combined searches in TeV range (broader coverage of
models), extremely competitive at high energies

® Highest priority - understand astrophysical neutrino spectrum

® [s |ceCube’s data already showing any hints of dark matter (TeV excess ?)
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Evidence for dark matter in in the diffuse high-energy

astrophysical neutrino flux ?

B. Feldstein, A. Kusenko, S. Matsumoto, and T.T. Yanagida, PRD 88 no. I, (2013) 015004,
arXiv:1303.7320

A.Esmaili and P. D. Serpico, JCAPI 1(2013) 054, arXiv:1308.1105

Y.Ema, R. Jinno,and T. Moroi, PLB 733 (2014) 120-125,arXiv:1312.3501

A. Bhattacharya, M. H. Reno, and I. Sarcevic, JHEP06 (2014) 110, arXiv:1403.1862
C.Rott, K. Kohri,and S. C. Park, PRD 92 no. 2, (2015) 023529, arXiv:1408.4575
K.Murase, R. Laha, S.Ando, and M. Ahlers, PRL |15 no.7,(2015) 071301, arXiv:1503.04663
L.A.Anchordoqui,V. Barger, H. Goldberg, X. Huang, D. Marfatia, L. H. M. da Silva,and T.
J.-Weiler, PRD 92 no. 6, (2015) 061301, arXiv:1506.08788. [Erratum: PRD 94, 069901
(2016)].

M. Chianese, G. Miele, and S. Morisi, PLB 773 (2017) 591-595, arXiv:1707.05241
M.Ahlers,Y. Bai,V. Barger, and R. Lu, PRD 93no. I, (2016) 013009, arXiv:1505.03156

SKKU student Minjin Jeong search

for neutrinos from Galaxy clusters

KPS DPF Meeting Dec 2-4, 2020




Energetic Neutrinos from the Sun
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® Current status

10-41

'““““ﬁ”‘“lllllll‘““‘l“
0 e,
%?\ * Illlll“‘ W
\)O\ l'lllu..,.,.’ ‘Q \‘\“‘\ll“
- 6\ "m:.'nhﬁl.mln“
""'lu ~~ ..-
i T TR e
— éCube (2011-2014)
= ) per-K (1996-2012) |
17— pMSSM region from tares (2007-2012) |
— W Bagnaschi et al. Eur.Phys.). san (1978-2009) -5
_ 7'+7'_ C78 (2018) no.3,256 ikal (1998-2003) 1 10
10° 107 10° 10*

Dark Matter Mass (log(mpm/GeV))

1107
11072
1107

110

Large'ly'halo model
independent

see for example: Choi, Rott,
Itow (2014), Danninger & Rott
(2014), Nuhez-Castineyra,
Nezri, Bertin (2019)

Combination with direct 0.
detection formal model
independent results

following: Ferrer

Ibarra & Wild
(2015)

® Very strong bounds on spin-dependent DM nucleon scattering. Leading bounds from
|lceCube and Super-K

® Velocity independent framework in combination with direct detection

® Future prospects

® Extremely competitive to explore DM model space from GeV -TeV range
® Complementarity to direct detection & minimal halo model dependence

® Marching towards the solar atmospheric neutrino floor (~x10 below current

o }2 E === Ling etal.
‘:’_.’-’ 1'3 e == Vogelsberger et al.
w " : |
8 1.2 ;_ o et al.
211 F
o 1 F
S -
et 09 -
g0.8 F
Co7 F

06 F

ST BRI EEEETTT EEwerT N

2 3 4
i0 10 10 10
WIMP mass(GeV)

—h

—_— b lceCube+PICO Collaborations
1077 e WHW- arXiv:1907.12509
b e Shaded regions show systematic uncertainties
5
ni? 10738 4
£
)
> ,
6 100\
m \
o '\.
I \
S o] \.
r:il1 \\
ax
S PICO 2017 SHM
10-41

10! 10? 10

Solar dark matter searches on-
going by SKKU group members
Koun Choi, Lilly Peters, and
Christoph Toennis

wphysics-|
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Seongjin In (SKKU)

Conducted first search for solar atmospheric neutrinos

® The analysis utilizes data collected over a 7 year period (May
31,2010 - May 18,2017)

e Up-going muon neutrino candidate events are selected
using the well established lceCube point source analysis
selection procedure

® We only consider events from the winter season when
the Sun is below the horizon (6=[-5°23°]).This results
in a total analysis livetime of 1420.73 days.

Solar Position

:iéu [ o
s 20F O_ _
c L 7
S [ _ _ ® Experimental result:
g 10 Austral Winter Sunrise -
3 [ - ® Flux consistent with background only
(| s
~182 , :
° 2(8)73?2 ® First experimental bound on solar atm.
10 y neutrino flux - Accepted for publication at
Livetime ~ 207days / year JCAP arxiv:1912.13135
-20
SRR O

0 50 100 150 200 250 300 350
Day of the Year
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Solar Atmospheric Neutrino, PEoSpEEES

= leCube Sensitivity Event selection improvements (this program)
---lceCube90%CL. | e Neutrino flavors
W —+ Fermi-LAT (2014- 2017)
N\ & Fermi-LAT (Solar Min) * up-going muon neutrinos = all flavors

"-““;;;+WC 95% C.L.(2014- 2017) » Livetime: _
NS | * 3.5years (winter 7yrs) = 15years
N f e Neutrino energies:
* 100GeV - 100TeV = 10GeV - 100TeV

e Latest event reconstruction algorithms
Analysis improvements / techniques
o Differential flux limit (universal useful)
e Time dependent (+ time integrated) analysis
Importance of result

e Neutrino Source Discovery - first steady

! , Energy [ TeV ] high-energy neutrino “point source”
160 F - | e | | | e Cosmic ray transport in the inner solar
140! 1 PI’EVIOUS A aIyS|s | |Past and predicted sunspot number as indicator system . -
2 om -l | |Of solar activity. e Understanding solar magnetic fields
c g okl This m&.‘ | . e Solar atmosphere and cosmic ray interaction
%) g 100} 43'5 | 4 v‘ ] : 1 models
>3 80 85%1 ‘ r y '\\ - " Solar Minimum (2019-2020)
€ @ 60/ a‘é"é I ' - Solar | e Enhanced neutrino flux expected
25 40t-9o.=1 4 \ ) g 1 e Strong time dependence expected and
0 T Uy h*,‘ Minimum : | evidence from gamma-ray observations
<7 a ‘ Cyde 24 A , | CyCI,e 25._ e First observable minimum - previous
2008 2010 2012 2014 2016 2018 2020 2022 2024 2026

Year minimum (2009) during lceCube construction

Solar minimum is now ! Starting improved analysis

SKKU student Gerrit Roellinghoff investigating Solar minimum
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IceCube Upgrade IceCube (2005 - ) (F"f:&l;zeéggsﬂ)

(2022/2023) -

ff \\ \ .
2.2Moga-ton(/. O \\ \ . /
N s
LA J . ./0 , S il
. P T e
‘\. ® / " IceCube’s instrumentation
~_ 0~ /.. volume 1 Giga-ton

inner fiducial volume,

100m

1 Giaa-t » Diffuse astrophysical neutrinos
'ga-ton 1. Optimized for TeV Neutrinos

* GeV neutrinos, PMNS unitarity
* Calibration of the lceCube detector

IceCube
(2005 - ...)

IceCube Upgrade
(2022/2023) ZElL IR

IceCube-Gen2
(planned 2026 - )

eCube Upgrade

_ ; * Astrophysical neutrino sources
8Giga-ton |, GzK neutrinos, PeV Neutrinos

The IceCube Upgrade was approved in 2019 !
Expected deployments in 2022/2023
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fé!

ube Upg

J
@

(>

@D |<Cube Detector
‘( ) DeepCore
@D cCube Upgrade

Science goals and objectives
- Tau neutrino appearance - Test unitarity of the
PMNS matrix
- Recalibration campaign - Retroactively apply
improved ice-model to archival data (since 2010)

ICEBUBE

UPGRADE

lceCube DOM mDOM D-Egg

0.0032 1
DeepCore 3 yr (10)
o IceCube Upgrade 0.00301
lceCube Work in Progress 7 1 yr sensitivity (10) 0.0028
/ OPERA (10) %
7 ’ ¢ = 0.0026
——— SuperK (10) E

0.0 0.5 1.0 1.5 0.0024 1
N,

10% precision after 1 year

(6% after 3 years) Competitive with long 0.0020

=== NOVA 2019 (90%)
=== T2K 2018 (90%)
SuperK 2018 (90%)
-== MINOS 2016 (90%)
DeepCore 3 yr 2018 (90%)
wemm (ceCube Upgrade 3 yr sensitivity (90%)

IceCube Work in Progress

baseline experiments in
disappearance channel

0.30 0.35 0.40 0.45 050 055 0.60 0.65 0.70

sin?(8;3)
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£ y y - D ¥ - et "~ i y = L )
Korea Camera System Production for therlce@Uibe

XG0
-

Sungkyunkwan Uniw

Hlumination

wb.:'q

/ I -
ot

Mayor novelty for the IceCube Upgrade - new camera based
calibration system to precisely measure detector medium
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T N— " SKKU undergrad ~ SKKU undergrad  SKKU undergrad

=‘ Taehee Kim Danim Kim Nayoung Jeon
B . . . .
(ring assembly) (focus test) (visual inspection)
£y »
Image fit
’ . . = 550 4 < x % % N B N B BB u Ny g w i -
4 W x
) . ‘ “ X X % X X OX X X M X x o n
e x g M ENENRREER SN Sy
- x X X x x
- 4864 i EsR BRI S Biese 9 ¥ s ae
; i XX X XX X N X X X X X X X x x x
400
X X N X X X X X X X X X M X X X x x
. (1 = \J =g BEBE & N R BE FENE BNS B
»‘b - \% . 4 | NN W As 8B RRRe e W
L : - ""“ I. | : 01 % x x x x E s m = a8 8 A BRS
l g \ E ™
i feal | | % / 7 . | k — N RN B e meoe el
: ] X % omox om ox % x x % x w % M % x¥X
00 %N oM omoxomoxow o wox mowouwwENE
X %X x x s m xnmuuhn
om N we N
150 ¥ ¥ ¥ L] ¥
400 500 €O 700 800

mage points x Fitted World points

Automated image analysis and
verification - SKKU students Gerrit
Roellinghoff & Woosik Kang

SKKU grad student
Jiwoong Lee
(sending cameras to
integration centers)
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Camera systems for |8

0 modules

delivered to integration sites

South Pole

Operations#ii=e

== mDOM

‘o D-EGG

Novel
calibration

VS
\¥.40

o0Q
1000\

100 @/
b

~650 sensor
modules

~3 camera
systems / module

........
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_Camera system. impact

Angular uncertainty on electron neutrino events

25
- = Expected (stat. only)
- -~ Observed (sys. + stat.) ]
5 20 4o ) Camera system key to comprehensive
- Currently observed understanding of the detector medium
8 15 .i"' @ - Science multiplier Retroactively analyze
§’ \ - - more than 15 years of IceCube data with
® 10 e - | HAESED substantially improved angular and energy
= O angular resolution luti
.'.g \’:\‘_ afgter calibration reso Utlon . . . .
g 5. - = 9 e - Improved neutrino event pointing critical for
T = N multi messenger science
102 103 104
Deposited energy [TeV]
Year 2020 2021 2022 | 2023 | 2024 | 2025 9 ......
IceCube Data (since 2011) IceCube Update Data -.----
Science
Upgrade Jm TN R —
(incl. Camera) Produgtion Dep T
IceCube
Gen2 R&D
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IceCube Upgrade IceCube (2005 - ) (;f:rﬁ‘t;t:‘e;g:snz)

(2022/2023)

——
L . ~

{ a 4 et ) ',.:'E..‘ il

' 4 [ .o
‘22Mega-ton/ @ , @ . N
: : N .

P ° |® . L0 1 vl - .

. 1 o N <2
. .; S e ——r
\ ./ /' IceCube’s instrumentation
- /. volume 1 Giga-ton
inner fiducial volume, i

100m

Diffuse astrophysical neutrinos
Optimized for TeV Neutrinos

GeV neutrinos, PMNS unitarity
* Calibration of the lceCube detector

Astrophysical neutrino sources
GZK neutrinos, PeV Neutrinos

IlceCube

(2006 - ...) 1 Giga-ton

IceCube Upgrade
(2022/2023)

IceCube-Gen2
(planned 2026 - )

lceCube Gen2

2.2 Mega-ton

~ 8 Giga-ton

Icedube-GenZ Design Construction Deployment

|
2018 2020 2022 2024 2026 2028 2030 2032

Figure 29: Time line for the IceCube Upgrade and projected time line for IceCube-GenZ2.
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ceCube Gen2 High Energy Array (HEA)

lceCube-86, IceTop
Deepcore/PINGU

IceCube Gen2 Cosmic Ray Array (CRA)

Astrophysics Uniquely Enabled by Observations of High-
Energy Cosmic Neutrinos arXiv:1903.04334v1

® [ceCube has provided an amazing sample of
events, but is still statistics limited

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

® Gen2 objectives

® High precision flavor composition studies

effective local density peg [Gpc_3]

0.1
® Detailed measurement of features / cut-off — lceCube
in neutrino spectrum 10-2F — 5xIceCube
® Multi-messenger astrophysics astronomy 10-3 ~ 20xIceCube R
o B ...". .\.
® Detection of steady astrophysical neutrino . . . . . . RN
sources 10% 100 104 10%2 108 10* 10% 10% 1047 1048

e GZK neutrinos effective neutrino luminosity Ly |erg/s]

® New physics or something unexpected

Future vision with 10x larger detector
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lceCube Collaboration arXiv:2008.04323

v Gen2-Radio

.

-

Hpol

e | I

___|ceCube-Gen2

References:
Submission to Decadal Survey on Astronomy
IceCube-Gen2 Expansion Surface Station Baseline Design and Astrophysics 2020 White paper:
. ., . IceCube-Gen2: The Window to the Extreme
A scintllators % Universe. (accepted in J. Physics G,
A / i arxiv.org/abs/2008.04323 )
B .. ‘ .. .. e e . :Fgmtenna
* " ‘e ‘ 5
oL : ° ¢ .‘. '''''' . .': ''''''' il scintillators
« e :':..‘..'.a::.:’.' ﬁevated fieldhub
" . .. . o .'..'..‘ ........... éiig antenna
® e e * ....-O°: S:ig
) ~. : : . e IceCube %Eiﬁ
ces " o scintillators %,.:ig scintillators
«* (not to scale) 5”3.
>

Preliminary baseline design (as outlined in arXiv2008.04323):
® Radio Array:
® 500 km? for neutrino detection above |0PeV. 200 stations similar design to RNO-G
® Surface Array
e 32 scintillator stations (upgrade) + ~140stations Gen2

® CR anisotropy, CR mass composition at Galactic/Extra-galactic transition, PeV Photon,
hadronic interactions,Veto for in-ice array

® Optical Modules:

® |20 new strings are added to the existing lceCube strings with an average horizontal
spacing of 240 m. Each string hosts 80 modules (vertically separated by |6m), totaling
9600 new modules, between 1325 m and 2575 m below the surface.

® Instrumented geometric volume of 7.9km3

........
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https://arxiv.org/abs/2008.04323

A -

Korean lceCube Group @ SKKU (Aug 2020)
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High-energy astrophysical neutrinos are a new window to the Universe
(first breakthrough discoveries, but we are just at the very beginning of a
new era)

Neutrino Telescopes are multipurpose experiments
diverse and very high impact science progranmn

Neutrino astronomy is a central part of the m
phyS|cs Feld identify sources of hadronic acc

The IceCube Upg ade has
can look forward to man

L.--'

TUully tTundec daeploymentZ

(] (] . e
2 NC AdISCOVerles

Image:Stephan Richter, IceCube/NSF



Gamma-ray. emissions from: thesSun

Kenny C.Y. Ng, John F. Beacom, Annika H.G. Peter, Carsten Rott
10-4 Phys. Rev D94 (2016) no.2, 023004

i HiH+ Fermi2011 (1.5 yr)
- ’7} i+ H This work (6 yr)

Fermi-LAT Collaboration: The As trophysical Journal 734 (2011) 116 (arxiv:1104.2093)

L LI L LI LI UL UL LI LI L
I | | vl I I | | |

L1 1 1.1

lh : L =

/7] ——+—— Data T % »% % %" + i
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S10% Disk emission 4 7

_8 - - === |C emission B g

& - ———— background + Disk + IC m >

> | : 3 5

: - — a » —_—

g S [— 10 i

3105:_______;..._T .................................... = § i .

£ F . . = ! $SG1991 nominal

T r o ) > - |

- - e, 0 CUEESENSLeee. i

o R > i |

E -

-— 4| — L i

10°% | | | ! LA | l Lo s - “SSG1991:
Ll 1l L 1l L Ll L 1l L 1l 1 l ' Ll 1l LA 1l LA Ll LA 1l D_ Seckel’ T_ Stanev , and T_ K_ Gaisser,
0 0.5 1 1E|5 2t_ 2.5 |3 d3'5 4 4.5 9 % IThe Astrophysical Joulrnal 382 (1991)
onga lonange( eg) 10 -1 1 1 1 L1 111 0 1 1 1 L1 111 1 1 1 1 L1 111l 2

10 10 10 10

Energy [ GeV ]

® Cosmic ray interactions in the Solar atmosphere produce gamma-rays and neutrinos

® First detection of gamma-rays up to 10GeV reported by Fermi-LAT Collaboration (201 1) later shown spectrum
extends beyond 100GeV in public Fermi-LAT data (K.C.Y. Ng, ]. F Beacom,A.H.G. Peter, C. Rott (2016))

® Surprisingly little known about solar gamma-ray and neutrino production

® Evidence that the gamma-ray flux shows a strong dependence on the solar cycle - significantly enhanced high-
energy flux during solar minimum
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Heavy Dark Matter Decay

Decay process might produce mono-

energetic neutrinos

10712

= Line signal ¢ _ YN
L Heavy-loop’ A
,(_; 10—16- r
P
£ 1020 -
5 | o o o N
jo2s LI 1O L | Garny, Ibarra, Tran, -
10¢ 10° 10 Weniger 1011.3786
Neutrino Energy (GeV)
" -
/"/ Gravitino ?A\'\‘v |
> <
Npwm \ .
Rott, Kohri, Park ‘ 3/2
1408.4575 (Phys. Rev. |/
D 92, 023529 (2015)) > . vi
J. Stettner & H. Dujmovic [IceCube] PoS(ICRC2017) 923
_,4/ <

Two flux contributions:
Galactic and Extra galactic
d®pmy, dPgu. dPrgu.

iE, 4B, dE,

® Characteristics of the signal components:

® (|) Dark Matter decay in the Galactic
Halo (Anisotropic flux + decay
spectrum)

SU 1 dN, [
dE,  dmmpm om dEL Jo

p(r(s,l,b))ds

® Dark Matter decay at cosmological
distances (Isotropic flux + red-shifted

spectrum)
30°  60° 90° 120° 150° 180° B 330°
do™ _ o / S L AN B de
dE 47 mpmM T™DM Jo H(z) dE,, v
¢ Galactic Center p .
Galactic Plane equatorlal
" ine ot sight Integral 1) (107 GeVjem? |
4] KPS DPF Meeting Dec 2-4, 2020
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Jau Neutrinos

V. .V, : V, at source — on Earth:

—— HESE with ternary topology ID
o Y Best fit: 0.20: 0.39 : 0.42

> m  0:1:0 - 0.17: 045 : 037
1.0 Global Fit (IceCube, APJ 2015) ® 1:20—0.30:0.36: 0.34

< ' Inelasticity (IceCube, PRD 2019) A 1:0:0 - 055:0.17: 028
S N nq e 3v-mixing 30 allowed region ¢ 1:1:0—-036:031:033

d®y, _g 0+22 E —2.87[—0.20,+0.21]
dE 1%\ 100 TeV
2

.107'%. GeV~tem “sTlsrt,

disfavoring a no-astrophysical
tau neutrino flux scenario with
2.80 significance

Fraction of v,
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 Prompt neutrinos

Although the prompt component has a distinct angular

8 . . :
signature in the HESE sample, the component’s
61 normalization is far too small for this analysis to be sensitive
2y without orders of magnitude more data.
21 _ Baseline Model: Atri Bhattacharya, Rikard
6.37fi'éé Enberg, Mary Hall Reno, Ina Sarcevic, and
N\ —T Anna Stasto, “Perturbative charm
. i i production and the prompt atmospheric
o v ] neutrino flux in light of RHIC and LHC,”
MO Lol JHEP 06, 110 (2015), arXiv:1502.01076
| |
2 & - ] [hep-ph].
S |
Cb -
\L/ 0.00%500
o |
|
5l |
- |
s ¥ |
8, - : |
S i
LI LN L
|

%}%?9,;}%_%,39 20 9 HNHL 0 YD PR
Yastro Pastro ®prompt
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Double power law

ddg,

~—Yhard
) + q)soft (

100 TeV

Tsoft

Phard

2 6 o DY Y Y Y 9

¢soft
P & 9 W

W ® PO DA

aHF ¥

Q¥ AT 97 oy

Eu ~—Vsoft
100 TeV )

® Double power law fit finds:

® hard index (Yhard~2.8) close to
single fit (Yastro~2.9)

® soft spectral index poorly
constrained (Ysoft~2.1)

® two components’
normalizations are highly
correlated, with either equal
to zero allowed within the
two-dimensional 68.3% highest
probability density region
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Figure 29: Time line for the IceCube Upgrade and projected time line for IceCube-GenZ2.
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\
(halo) '~ strength g and masses mge m;

‘ Astrophysical Vv scatter off ¢
(astro)

from Galactic halo - resulting
M / \ W in anisotropy

XN i Neutrino DM scattering e Milky Way Halo . Combination of coupling
" 4

eutrino-Dark Matter Scattering
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® Scattering of high energy astrophysical neutrinos on DM

Neutrino Darlk Matter Interactions

® “Isotropic” astrophysical neutrino flux on Galactic dark matter halo
® Opportunities to probe very rare processes by observing neutrinos from distant sources

® Example lceCube-170922A :Scattering of high energy astrophysical neutrinos from Blazar TXS0506+056
(z=0.33 / 5.7 billion light-years)

H H -15 T T T T T T T T T T T T T T T T L
vector medlator 102, Scalar medlato! :Mdm=1 GeV Choi, Kim, Rott PRD 99, 083018 (2019) 7
TceCube Pr eiimina.ry ' “Dominated \ Dominated i PR
by Cosmology by IceCube — -20 -
T 0.5 i
100 " E — 25} *
0 NE SN1987A
9,
0.5 % =30
1072 3 S .§ n= 0 -7
a0 LI P R R R R R R e LR T DY PR R R R R P R R R R R R R N
14 2 b _35F v 7
= - -~
s @ Lyman-a .7
—4 . - ”
1 ‘ = —40r g power-law dependence 1
2 - e E n |
L 7’ J
45 . — v
-6 P " 25 [ ,I’ O-(El/) - 60 (1 Ge ) ]
10-* 106 10~ 102 : e | | :
.. my/GeV my/GeV T -5 0 5 10
[C. A. Arguelles, A. Kheirandish A. C. Vincent Phys.Rev.Lett. 119 (2017)
no.20, 201801 (arXiv:1703.00451)] Log, E,[GeV)

e Current status
¢ First experimental searches have started - competitive with cosmological bounds
e Future prospects and priorities
¢ |dentification of new astrophysical neutrino sources in the future could increase
sensitivities
e High statistics sample of astrophysical neutrinos essential

see also DM-neutrino coupling by looking for neutrino survival from a point source (https://arxiv.org/abs/1808.02889), deviations on the shape of the spectrum (https://
arxiv.org/abs/1401.7019, but at higher energies, like https://arxiv.org/abs/2001.04994), or delays in arrival times (https://arxiv.org/abs/1903.08607).
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