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TeV-PeV Neutrino Detector

Cosmic accelerator

Catch the cosmic messengers
— only interact weakly during “propagation”

star-light

Penetration power
Pointing capability

Neutrino

Cosmic
ray




Enerqy reqmn of astrophysmal neutrlnos
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p+y interactions
or
p+p interaction with matter

=, . Atmospheric to astrophysical

o transition ~10TeV-100TeV
Atmospheric -

neutrinos

Astrophysical
neutrinos

~10TeV to PeV or EeV ??
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lceCube found the
cosmic neutrino flux
close to WB |imit:
https://journals.aps.org
/prd/pdf/10.1103/Phys
RevD.59.023002




Connection among v, y and CR

E,~_ Ep~:E, Hadronic “v creation” only need simple ingredients

« Cosmic-ray and target spectra in source
— Via pp or py interaction

p+p—:>p+p+r0+r.+—i—:r_+...

,D—!—-"}-’—)*p—l—ﬂ—!—'.TD-FW + ...
« Directly accompanying partners

— gamma-ray from neutral pions (r° —» yy but >TeV y will cascade
down to <TeV via yycyp = 7€~ = ¥ic, Vsync Process)

— parent cosmic-rays (p, nuclei)

* Indirectly accompanying partners
— radiations, radio, optical, x-ray...
— Gravitational waves
Multi-messenger !




Neutrino source candidates: p¥ interactions

e Need “target photon” in the energy range which matches ,,,,'
to beam energies — neutrino spectral shape

o1 : neutrino energy range: 10-100 TeV
E, ~ o5 Ep |

100 — 1000 eV (I'~1) | ool ,

. 2 . hon-relativistic {8 D=\ N

Ey~ OZEG€V (1:Z) ~ 10 _ 100 keV (F~10) : e.g. AGN : " I, . _x\ -_ T S 3
P 1— 10 MeV (T~100) - e.g. GRB N =

® Need to satisfy Hillas condition E,<ZeBRp

Typical p¥ candidate sources such as AGN and GRB exhibit rapid time variation!

J — Multimessenger observation 4
o — Their temporal and spatial coincidence /

/ ,
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Neutrino source candidates: pp interactions

e Cosmic-ray reservoirs such as starburst
galaxy and galaxy clusters

e CRs could be created in AGN, supernova,
hypernova, galaxy mergers

e Moderate increase with /s =®Neutrino and

gamma-ray spectra copy CR spectra = continues
down to TeV

e Induces too much <TeV Background gamma
e Need to satisfy Hillas condition E,<ZeBRp
e starburst galaxy R ~ kpc B~0.1-1 mG
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- from Murase, Ahlers & Lacki (2013'}
e galaxy cluster R ~ Mpc B~0.1-1 uG IceCube (HESIEZ:] 3yr) —+—
Fermi (IGRB) +——+—

how to distinguish pp and p¥
Spectral shape? Association with candidate object?
Detection of anti nu e from pi (mu) minus decay could be the key!




Neutrino Telescopes

Northern hemisphere

BAIKAL-GVD

Lake Bikal 218 s e N

ANTARES

IceCube o N k/ = -y BAIKAL-GVD Phase1 (864 PMTs by 2018) 1/100km?
B = GVD Phase 1(2304 PMTs in 2021) == BAIKAL GVD full scale
o & | | 12 : ANTARES (12lines 882PMTs) 1/100km?

= KM3NET Phase 1= KM3NET 2.0
IceCube (86lines 5160PMTs) 1km?

5~ lceCube-Gen2 Phase 1= IceCube-Gen2

Southern hemisphere
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Detection Principle

Array of photomultiplier tubes in a dark transparent material
o ©_ Ve
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!6:. ;
The IceCube Detector IDEBUBE

IceTo
81 Stations
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

neutrino energy: 1TeV-100EeV

e Spacing: Strings 125 m, DOMs 17 m

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

neutrino energy: 5GeV-100GeV

| Eiffel Tower
& 324 m
' e Spacing: Strings ~70 m, DOMs 7 m

12



lceCube Flavor Identifications

Up-going muon track event
VM:CConIy

—>

) T :s .
Y |

Sl
hadronic R L $§§=
shower A

~100TeV-

Cascade events

118545 Event 63733662 -

All'except v, CC

Tau flavor signatures: | .
(not covered in thisalidii 2,

i H
§ B B 3
: k‘, gT

Eeep~130TeV = "1 1}V —

PRL 111 (2013) 02

|

1103

Phys. Rev. D 84, 072001 {2011)

Run 109682 Event 6298338 [Cns, 40000ns]




Energy Range for IceCube/DeepCore

Icecube can measure 10GeV — 101'GeV neutrinos !

DeepCore atmospheric
TletSep N/ -035 22406 2010
muon event

O(0.1-1)TeV muon
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Run 116511 Event 797119 [Ons ,\ 400000ns]

Thu—Aug— 131154 5:31-2009

IceCube neutrino event

O(10-100)TeV muon

114305 Event 10091078 [Ons. 40000ns]



Astrophysical Diffuse Neutrino Flux

Upward going muon* neutrino sample (8 years/2009-2016)

*Select muon induced by muon neutrino CC interactions

~880TeV upward through-
going muon track event

Phys. Rev. Lett. 115, 081102 (2015)

1C2011 . 1C2012-2016

High energy starting event** neutrino sample (7.5 years/2010-2017)

**Select neutrino events with outer layer detector as muon veto

Astro. 118545 . Event 63733662
Atmo. Conv.

Atmc uons [ceCube Preliminary
Atmo. Prompt 90% U.L.

,00

Cascade + Q\K 8

°
o
s

wmpt 90% UL

3 °

=10

Events per 2635 days (> 60TeV)

) () 0.0 .
Deposited Energy [GeV] cos (6.) PRL 111 (2013) 021103 PRL 113, 101101 (2014) 15




Best Fit Estimate with Independent Samples

Best single power-law fit results

« Good agreements of independent astrophysical neutrino samples above 200TeV
» Detailed consistency studies on <200TeV still on going

. Astrophysical Flux
work in progress (on top of atmospheric)

s Differential
Astrophysical v, + 1, (best-fit) Best-fit (E~287=0-3)

1 : —2.19+0.1
+++ HESE unfolding: PoS(ICRC2015)1081 No Systematics Vu Best Fit (E )

mmm Conv. atmospheric v, + 7, (best-fit)
B Prompt atmospheric v, + 7, (flux limit)

s~1isr71]

-®, 4.5 [GeVem™
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=
o
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10°
Neutrino Energy [GeV]




Our Energy Front: PeV energies

i %oyt § 1-2 PeV cascade events i
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6.0x0.3 PeV cascade event - well compatible with Glashow resonance!
= EXistence of anti-electron neutrino
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Simulated GR event
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NuEBar -> Hadrons
Primary
Type : NuEBar

e .- ‘.-...J-‘"-“c,-.v.“.
o ast el SSAe it 5
XX --:#‘

Energy: 8.15e+06GeV
Muon

Type : MuPlus

Energy: 8.33e+01GeV
Cascade

Type : Hadrons

Energy: 8.15e+06GeV

/««((«%-‘
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CRECKCLE

Highest energy event to date,
an upward-going track.

» Deposited energy 2.6+0.3 PeV
« Median neutrino energy 8.7 PeV
* Observed photoelectrons 130,000 pe




No clustering observed in starting events
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Equatorial

E < 300TeV




Neither in upward-muon sample

IceCube Preliminary

>200 TeV

]':I:|'.li|.[1 wrial

04 05 06 07 08 09 1.0
Muon Energy Proxy [/ PeV




Neutrino Online Alert System

IceCube: s
on-site event analysis and alert Iridium satellites  BeTore 2016 April, private

system has been in operation

alert system existed. BUT
background dominant

April 2016: Activated public
online channel with signal

efficiency of >30-50%
(EHE and HESE channels)

&
% f? Photon and Gw Latency time: a few tens of seconds

“The IceCube realtime
alert system”, Astroparticle
Physics, 92, 30-41,( 2017)

. Telescopes over the world!
(Good opportunities for telescopes of all sizes everywhere) *



Science 361 (2018)

IceCube-170922A event

- 2017/9/22 20:54:30.43 UTC
* 5th and the most cosmic neutrino signal like EHE alert
* automated alert was distributed to observers just 43 seconds later

Fermi Telescope

amma-rays
‘.\g ay

\ : y observatio
. neutrinos .

= A e

L\

foSe

Optical telescopes

& Kanata telescope

...and many more telescope

Follow-up Observations of IceCube Alert 1IC170922

Maa 4
NuSTAR .

e, === -
e ot
r e ’

Magic telescope

4 @ Observations with detection 21



lceCube-170922A Follow up

original GCN Notice Fri 22 Sep 17 20:55:13 UT

: HE gamma-ray observations [ e
23.71+2.8 TeV muon energy loss in the detector I Lty S
' ¢ Fermi-LAT(20MeV - 300 GeV)
reported gamma-ray flaring
blazer TXS 0506+056
(ATel#10791)

Declination
Fermi Counts > 1 GeV

000Uy G¢ O

78.4° 78.0° 77.6° 77.2°
Right Ascension

a most probable neutrino energy of 290 TeV

VHE gamma-ray observations

* Furthermore TXS 0506+056
was observed VHE gamma-ray
Magic telescope (E > 100GeV)
with >6.20 (ATel#10817)

— 200 ower limit: 200 TeV, peak: 311 TeV)
E—2-13 (g ower limit: 183 TeV, peak: 290 TeV)

% lower limit: 152 TeV, peak: 259 TeV)

Neutrino energy PDF

Declination
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flux(>1 GeV) [ph/cm2/s]

5

le—8

Light Curve

9 years

Fermi-LAT: >1GeV light curve

4-week bin (9.2 years)

4_'
1 aFCLqu( 5%5%5 &_ B ?5

6 times brighter than the baseline

St e S s

200 300

mission week: 2008.08.04-:="'9"
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f— lceCube 170922A
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A successful
Multiwavelength
Campaign with v!

Double-bump feature — typical to
AGN

Neutrino flux upper limits to produce
1 detection

& 1.8x10-1° erg cm s-1 over 0.5yr
o 1.2x101" erg cm2 s-1 over 7.5yr

(Paiano et al. 2018) the 10.4m Gran
Telescopio Canarias, an optical
spectroscopy = z = 0.3365 +/- 0.0010

v-luminosity between 100MeV and
100GeV

o ~1.7x10%4 erg s at high state

® ~3.7x10%6 erg s at all time
average

radio optical

TXS 0506+056 BL Lac

B

Gray: Archival

Archival
LA

COVRO

X-ray y-ray

&

T
I
|
e
l
v

—— INTEGRAL (UL) VERITAS (UL)
HH  Fermi-LAT —— HAWC (UL
ASAS-SN +  AGILE — IC17

Kanata/HONIR Swift XRT 4 MAGIC ——— 170922 - 7. :.-'

Kiso/KWFC

H.ESS. (UL)

10°

Energy [eV]



v-y Correlation Analysis
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Pspatial =
L= [ (e - 2 S TS = 1) cclog—
i (N N B) Pp @ flux variability

L,(t)
T - . 14
O iy = Pspatial(x) : Wacceptance( sin @) - Wtemporal(t) Weemporar & T
2D Gaussian from v ang resol.  9-dependent acceptance from light curve @ energy flux 1006V g1 (¢)
Fermi sky Wtempm"al ocj Ey - dEy
=95.5% seen no gamma-ray 1GeV dE,

=~4.4% seen one gamma-ray source
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flux(>1 GeV) [ph/ca /5]

Equatorial

|
3000 fermi light curves
from M. Hayashida

Equatorial
EHE randomly sampled even

: : Corrections for all 10 alerts issued
Both cases: no correlation vs correlation —» 4.10 —

previously and the 41 archival events




Neutrino only analysis around TXS 0506+56

L= (B4 2)

& P S — P spatial (75) : wacceptance( sin 9) . Wtemporal(t)

2D Gaussian from n ang resol.  6-dependent accgptance square and Gaussian
1 G X power-law signal flux parameters:
Pspatial = 55 € (206%)  parameters: center time and time window
o

spectral index and normalization

Signal(n,,y, Ty, Ty)+BG vs BG only
Best fit(n; =13.3,y = 2.1,T,,= 2014 Dec 13,T), = 110days)
p =1.0 x 10~% corresponds to 3.70 (3.50 after livetime correction)

men JeeCube-17089224
Gaussian Analvsis

mmmm Box-zshaped Analvsis

2014/15 neutrino flare

2010

26



Objects Shining with Neutrinos (so Far)

supernova

active galactic nuclei

Sun

(blazar)
However, Fermi
blazer contribution
to IceCube diffuse
flux is <10%
 What'’s the other

, f) | sources?
4+ |* What make

-

. ‘ e, TXS050-056
typical geo-neutrino typical neutrino typical neutrino likely neutrino energy special?
energy energy energy >100,000,000MeV
AV, <20MeV <100MeV Natural to have

Distance to the object . s
Distance to the object Distance to the object Distance to the object 4,000,000,000 light observational bias
0 light years 0.00001581 light years 160,000 light years years to find from brighter
(149,600,000km) objects

Distance from the Earth to Galactic center

28,000 light years
27



- Surface arra e

lceCube-Gen2 Facility

* muon veto

. CR physics < Main array

- Radio array
* cosmogenic neutrino
* neutrino >10 PeV

o =100 strings

O e
: H il E | WHIHMIMWW/I" 7199 sensorsistring

i o =240m distance

© Dense array

© 26 strings

o 125-192 sensors/string
o =25m distance

IceCube

28



Know your Penguin

29



lceCube to GenZ2:
Point source sensitivity

& ocsqrt(x): Livetime, Detector size
default factor

x ] 1 0
& ocx: Angular resolution e i

& Signal selection efficiency

¢ BG rejection efficiency

IceCube Preliminary

-2000 -1000 0

—
=
=
—
—
1]
=)
-
=
o

P

slightly downgoing horizontal direction is
important for >100TeV neutrinos




Gen2 Baseline performance with lceCube DOM

Muon energy at detector border
- 10 TeV - 1 PeV
- 100 TeV == 10 PeV

E
V4
=

()]
<
-
o
-
=

LIJmedian [deg rees]

Detector effective muon area — x 4~5 (horizontal) default factor gives a factor of 5

; better sensitivit
angular resolution — x ~ 0.45 (horizontal) 4

Further signal/bg improvements with new optical sensors (cascade and muon reconstruction
qguality and BG reduction, detector/ice systematics) give even better sensitivity



Prospects with Cascade Events

Cascade channel is complementary to upward muon

track channel

e Good energy resolution of ~10%

 Directional resolution is “10° (ice systematic
dominant)

 |Less atmospheric neutrino background

* lower energy threshold (10TeV — 100TeV)
* Sensitive to full sky

fully contained |,
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¢ Cascade event rates proportional to volume = a factor of 8

¢ Improvements on the reconstruction of cascade prior to Gen2 construction give us
significant benefit

¢ Reduce ice induced systematics with 800 densely (3m) instrumented optical modules

5= Calibration with Gen2-Phase1
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lce Systematic Challenge with Phase-1

,-
/
f
s

/ \\\ zenith/azimuth error Iﬂi Case with minimal ice systematics

Quantile _
0.8

Angular error [degreey

Current 1 1 D '. .-”l..””l“ L l. L1 e e e g ey
T T T IDE ln?
Mean deposited energy [GeV]

0 50 -50 0
azimuth azimuth

Chiba IceCube group: Designed new OM
“DEgg” with improved sensitivity (x 2 from
IceCube optical sensor)

Responsible for production/calibration of 300
DEgg to be Shipped to South Pole by Sept
2021 (the other 400 oms are from US and
Germany)




Summary

& lceCube sees neutrinos created in the atmosphere and also
from the far Universe

& lceCube has discovered high energy cosmic neutrinos

® 30 observation of the first cosmic neutrino and flaring blazer
coincidence with multi-messenger techniques

4 neutrino only analysis also see

® The ongoing IceCube-Upgrade followed by IceCube-Gen2
construction will significantly improve the performance

® More events — more sources — less biases !
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