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Plan of Talk

O Motivation to build IceCube
O IceCube Neutrino Telescope : Concept & Design
O Astrophysical Neutrinos ..

O IceCube Gen2 : Future Extensions
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« Gamma-rays: Absorbed at highest
energies, multiple emission mechanisms

Scrambled by magnetic fields,
only point at extremely high energies

Neutral charge and low cross-
section mean they point back to source
and are not absorbed

Astrophysical
beam dump
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Cosmic Ray Spectra of Various Experiments Gamma'rayS: AbSO rbed at hlgheSt
| energies, multiple emission mechanisms

: (, - | Scrambled by magnetic fields,

g s | only point at extremely high energies

AGASA - ground array

Fly's Eye - air lucrescence

ot | Neutral charge and low cross-

HiRes2 mono « air fluorescence

T section mean they point back to source
and are not absorbed

Knee ‘
_ (1 particig z-year) |

{1 particle/km*-century}——> ‘fx I{—
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« Gamma-rays: Absorbed at highest
energies, multiple emission mechanisms

Scrambled by magnetic fields,
only point at extremely high energies

Neutral charge and low cross-
section mean they point back to source
and are not absorbed

Astrophysical
beam dump
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IceCube Neutrino Telescope

IceCube Lab

50 meters ;:\{.—.{.{:-

1,450 meters ——

Radiocactive con&ammo\:ﬁ&s,

thermionic noise very s all

2,450 meters
2,820 meters
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K Absorp&c»h Length

EQF waker 2m

= '.: ;: distilled waker 10m

ulkra pure LCe 200m

IceCube Array
86 strings, 60 sensors each
5,160 optical sensors

i DeepCore
6 strings optimized
for low energies

+
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3

3

: /
=

Eiffel Tower
324 meters

5160 Op&wai Modules
lieva® = Grlon Volume
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IceCube Neutrino Telescope

The kkaTop ae-shower The IceCube Arcund 80 steel cables in the ice hokl
detectors filter out some Lhboratory collects o : (DO
particle ‘noise” from and analyses S'Iw dlgtal ophcal mwmes MS)'
cosmic-riry interactions n the data. which are senstive to light
atmosphere. and aliow researchers 10 track

the paths of neutrinos.

e
surface

How IceCube works

€ 0 rare occasions. a neutrino will S0m
coliide with another particle, such as a
profon or neutron, in icaCube’s ios.

e The collision creates a shower of
particles that radiate blue light. Most
fizzie out after a fow metres, creating a
bloom of Mght. But one particie — a
muon — continues through the ice on
the neultring’s original path.

o Optical sensors send data about ght
intensty to the surface. The pattern
(indicated by the colour, sze and
distribution) of the activated modules
allows scientists o determine the
neutring’s energy and rough direction

lceCube can also spot the trails of light
left a3 the muons, produced by
NeUtrind COllSions cutsicie the detecior,
pass through it But these tracks are
also produced by muons from other

sources, including cosmic rays. To
COf 2 this, IceCube uses a5 2
e | g only ns that
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GENERATION GENERATION GENERATION

eV/c 105.7 MeV/c 1.777 GeVic
& | - G
112 l'l 112

électron muon

<2.2eVict <0.17 MeVic? <15.5 MeVi/c*
. & . & . &
112 € 112 112

. neutrino neutrino neutrino
électronique. = muonique tauique

CC Muon Neutrino

il

o
iy ‘v
I

e Ne = A

track (data)

factor of = 2 energy resolution
< 1° angular resolution
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NC all types
CC Electron & Tau

Vs« + N — v +X

cascade (data)

~ £15% energy resolution
~ 10° angular resolution
at energles £ 100 TeV

CC Tau Neutrino

Only @ v. v.-high energy

.5 ’ ![ ,..l‘. . 3

A R TAVE S ), €

“double-bang” and other
signatures (sitmulation)

(not observed yet)
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Neutrino Spectrum

Atmospheric Astrophysical GZK vs

Produced in cosmic-ray ailr showers galactic & extragalactic sources

&
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IceCube Events

Muon Trigger Rate 3 kHz

CANDARK 2017,
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neutrinos 10° / yr

cosmic ray

air shower

muons 10 /yr

astrophysical neutrinos
10-12/yr - @
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IceCube Events

Hiika

167

10° Muon Bkg
10°

1%

1

103k Neutrino Bkg

-----

zm -
N el
5 | [ B T F

107

llnltlnnn"l‘lllll

-1 08 -06-04-02 O

s g e s s by g s e el gy
02 04 06 08 1
cos(0)
southern sky
(directly above

detector)

northern sky
(filtered through
Earth)
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cosmic ray

air shower

muons 10 /yr

neutrinos 10° / yr

astrophysical neutrinos
10-12/yr - @
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Scienc ith IceCub
Multimessenger Neutrino : Neutrino ; ;
Cosmic

Accelerators

Non-standard
Interactions

Supernova PMNS Unitarity
ASTROPHYSICS NEUTRINO
| PHYSICS
Cogmic Ray : Neutrino Decay

Physics
Gamma Ray EARTH _
== SCIENCES Glaciology
DARK { FUNDAMENTAL

Tomography
Space MATTER SYMMETRIES
Weather

Atmospheric
Sciences
Lorentz
Symmetry
| ; I Neutrino DM Quantum
sirangalets Axions Monopole DM Interactions Annihilation Space-time
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AUSTRALIA
University of Adelaide

[ IE BELGIUM

Université libre de Bruxelles
Universiteit Gent

Vrije Universiteit Brussel

Bl CANADA
SNOLAB
University of Alberta—Edmonton

H= DENMARK
University of Copenhagen

== GERMANY
Deutsches Elektronen-Synchrotron
Friedrich-Alexander-Universitat
Erlangen-Nurnberg

Humboldt-Universitat zu Berlin
Ruhr-Universitat Bochum

RWTH Aachen

Technische Universitat Dortmund
Technische Universitdat Miinchen
Universitat Munster

Universitat Mainz

Universitat Wuppertal

FUNDING AGENCIES

THE ICECUBE COLLABORATION

| o BN

Chiba University

[~ | NEW,ZEALAND
University of Canterbury

I REPUBLIC OF KOREA
Sungkyunkwan University

H—= SWEDEN
Stockholms Universitet
Uppsala Universitet

SWITZERLAND
Université de Genéve

B< UNITED KINGDOM
University of Oxford

= UNITED STATES

Clark Atlanta University

Drexel University

Georgia Institute of Technology

Lawrence Berkeley National Lab

Marquette University

Massachusetts Institute of Technology

Michigan State University

Ohio State University

Pennsylvania State University

South Dakota School of Mines and
Technology

Southern University

and A&M College
Stony Brook University
University of Alabama
University of Alaska Anchorage
University of California, Berkeley
University of California, Irvine
University of Delaware
University of Kansas
University of Maryland
University of Rochester
University of Texas at Arlington

Fonds de la Recherche Scientifique (FRS-FNRS)
Fonds Wetenschappelijk Onderzoek-Vlaanderen
(FWO-Vlaanderen)

CANDARK 2017,
ICTS, Bangalore

Federal Ministry of Education and Research (BMBF) Japan Society for the Promotion of Science (JSPS)
Knut and Alice Wallenberg Foundation
Swedish Polar Research Secretariat

German Research Foundation (DFG)

Deutsches Elektronen-Synchrotron (DESY)

The Swedish Research Council (VR)
University of Wisconsin Alumni Research Foundation (WARF)
US National Science Foundation (NSF)

University of Wisconsin—-Madison
University of Wisconsin—River Falls
Yale University

% SO0TH HOE NFOTRINA TIRSFRVATARY

Debanjan Bose




W R
.....’G' o0

0.‘!’0 soole

0.. ‘.... ol

- ..‘.Jmis...bﬁbh
-

e . () IR

S 00080 e

R e UK T

EET 11 L 1
00 S0 NRREY-

. o ODDRRRRRNEE L e
FEY Y 11 |

+ o +woottt IS epmrece

PHYSICAL

REVIEW
LETTERS.

88 oo 4o

" o.’......o..o

26 &b to@nne

e g.o ve
R T T T

R e

. et L LI T

o> 000888" heprs
LR L AL L L W NS

o o0 s0BBRRRRRRRRRRIRS
o 289 -

Faadige eee

soepsss  aen o

o1103 (2013)

Sclence 342, 1242%56 (R013)

PRL 111,

T G20, 08001 - 020

PRL 113, 101101 (2014)

AVAAAS

@
\I;’f Volume 111,
phys

American Physical Society

Debanjan Bose

http://icecube.wisc.edu/pubs

CANDARK 2017,

14

ICTS, Bangalore


http://icecube.wisc.edu/pubs

|68, Canteen

CANDARK 2017,

ICTS, Bangalore Debanjan Bose




High Energy Starting Event Search

u , Veto . 80 F  r44 '~ 39 Showers —e—i -

N

Declination (degrees)
5 8 o
2
=
H—

102 10°
Deposited EM-Equivalent Energy in Detector (TeV)

O Veto layer excludes atmospheric muons © 24 events in 1347 days (2010 to 2014)

and some atmospheric neutrinos O Expected Background : 21
O Sensitive to all flavors, all directions o Significance : 7o

PoS (ICRC2015) 1081
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Skymap - High Energy Starting Event

ICECUBE PRELIMINARY ___—————"m

-------------------------------------------

S g B e e 8 T o el S i o o ) e e el S W e e T

_*'-. Galactic
Rl cren I o
0 TS=2log(L/LO) 10.9

No Significant Clustering Found Including Around CGralactic Plane
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Through Going Muons

‘BQFOS LEQd EMQT’Q& Assuming best-fit power law:
+++ Unfolding B Conv. atmospheric v, +v,
2- @ ?e\; (_WMQ 2014’) -+ Astrophysical v, +v,

e A

ACtual Ene’r’gy 4 5 =TT 1 2 103 _L_._._m_l ....... ........... ......... |ceCubePreliTinary
) 11 ) P Ao —— ........... S SR SO ,l .
RA 110 63 | R A
| =0 11 o RS S T oo TR (VTN S A
ll 42 dusty ic 2 ) : : - ) 2
__.,:;: / e 100 T, | X S, re— oS 0.6 =
?ﬁi 2, ' i 20
b 880 @ 10 F- L — SR ' i
ST SR VU SN VOO vves (00, WO B SO0 [~
£ 107 F o
€2 N neutrino energy pdf ' ;
10 #_ ......... (‘hlghest-el’TEfgy even,t) ..................... ........... 02
: L SR 5 ........... '__ .......... —_—_—
o i i 0.0
L 2vgen & 40 45 50 55 60 65 70 7.5
X S A log,o(median neutrino energy / GeV)

: _ : Up going or Horizontal track =
Atmospheric origin rejected at 5.60 Earth_filtered (99.7% pure

Dominant above 200 TeV muon neutrino sample)
Spectral Index E-41
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Point Source Search All Sky

Full Sky scan of local significance : Likelihood method
7 yrs through-going tracks (2008-2015)

Northern sky (a = 249.7°, 6 = 63.6°)

1 1
IceCube Preliminary

[
5 yrs starting tracks (2010-2015) Jo meri o " s
L | s IC40 « 1C86-2011 v 1C86-2014
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S R ¥ . ot ) Bros e Uediod
g R S T ONGN AT _ X TPRER E.N Southern sky (o = 174.6°, § = —39.3%)
‘&‘\~ s oAk S Sl t E < T o 03 ~T N T —— D
3 =N . ~ A3 Y- : =37 | [ceCube Preliminary
X e s N - BN N CERR Rt e v o Best Fit o ICT79 « 10862013
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R

§/1°

0.0 0.6 1:2 1.8 24 3.0 3.6 4.2 4.8 0.4 6.0

- 10g10 p 1717 1.716 171.5
a/1°

No significant point source found p-value : 39%

)
4 173 172

«
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at — ut + y,

l ~ Flavour Ratio

et + v, + 7,
»\ S OIS ettt S
volv, RV AN vV LV
Pion Decay 1 2 0 1 1 1
0 1 0 0,2 0,39 0,39
Neutron decay 1 0 0 0,56 0,22 0,22

Vet V, : vV, at source

pion daf:&v &. allowed = 0:10
neutron decay excluded (3.70) 0.

From flavour ratio study we
get an idea about the surroundings
of the cosmic sources

ApJ 809, 98 (2015)

1.00

IceCube
Preliminary

PoS(ICRC2015) 1066
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GZK - Neutrinos

2.7K CMB Ir -
. L 11+ - | Upper limits from this analysis
T
proton > R&‘ 10-14 | 90% CL upper limit (E *flux, one energy decade)
_ 20 — — —— — . 0 Ay m
E=10"eV neutre - = null obse_rzv?tlon 90% CL sensitivity
§ Y, [ | "mme=- UL on E ~ integrated flux
\ Auger(2015)
10°15F
" NN
(- |
m [ \Y
< B
O B N ANITA-11(2010)
(b * \
n 16 ¢
e 7 years of IceCube data PeV ."10"°F NN
E ;\ . R S \\\t\\\ < N\ i
to EeV range S FIIN N\ =L
E} *§§\§\§§§§§§\§§\ §\§§ NN \ \\\ ‘& § 5\ ii \\\
* ° AR AR RRIIIIIIIIINTRNNmn
e No cosmogenic candidate =107k RN
: u - F RN
neutrinos found : N\ =
- N \L\\f;\;\\i N
® Placed f'ghf lllT'lI"'S on GZK 10-18 1 Ahlers best-fit 3 EeV \3\§§§\
del I Ahlers 99% CL 3 EeV AN
moaels | Murase s=2.3 £ _,=100 AN
| — Kotera SFR i\i\\\
Ll L] L] ERENYEEE ARV YN

PRL 117, 241101 (2016) 101
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velocity distribution

v Interactions

' v oscillations

Vy,

J ann
Osc att

I capture

i
e Detector
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Indirect Dark Matter Search

1073 —mr\ —— —— 7 10°
- mmm |ceCube (2011-2014) F &£
[ v Super-K (1996-2012)
| == Antares (2007-2012) )
. ss ‘:: ‘10-1
B D L >
0
Lt S L
‘ :
\ )
VO {1072
Y >
. ¥
\4/ We's z
\ n\::"‘,‘ ‘.‘ oo™ . . i \\\ > 4 "
|,,,“”“ “‘\n\\\\‘ . o, :
&' -39 Qlllllll S L] 3 >
1 5 ~ < e~ 41073
c% >|< 0 -— IS, *’ ]
% ,
10-40 i Frp et bRV R gy 5 10-4
| pMSSM [ — D)
1041} scan AL T
T

arxiv.org/1612.05949
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P, ., ~1—sin*20s3sin*[1.27TAm3,L/E]
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0.4

Oscillation probabilities

Earth
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E, [GeV]

35
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PRD 91, 072004 (2015)

Events

Ratio to no osc.

600}

400

200

—— Expectation: best fit
- - - Expectation: no osc.

Lreco/E (km/GeV)

reco

T 1] T 1] 1]
Il | Il | |
| 1 1 1 1

IC2014 [NO] - revised == T2K 2014 [NO]
'» MINOS w/atm [NO] SK IV 2015 [NO]

90% CL contours, ...,

Il

Il
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Sterile Neutrino Search

Existence of sterile neutrino
skake Forodu,r:es resonance Lilke
disappearauae

Preferred range around
leV? leads to resonance
i TeV scale

Skrong constraints on 6z24
for Am? around ©,1-2eV?

PRL 117, 071801 (2016)

CANDARK 2017,
ICTS, Bangalore 25

muouon
neutrinos

IN
ICECUBE

TeV 10TeV 100TeV

| = IceCube 90% CL

1

1
90% CL sensitivity | 1

(68% and 95%) :

mmmm Kopp et al. (2013) "
1

1072
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Supernova Search with IceCube

Core Collapse Supernova

A Giant neutrino factory : o SN1987A, only neutrino source
A superhiova radiates 10 times more detected outside solar system

neutrinos than there are par%idas,
protons, neutrons and  electrons in the sun. @ Detailed features of

gravitational collapse can only

1000 . . . - be studied with neutrinos, they
i Milky Way (center) nolohsiglrllj'tclzgn (O)g : ‘ 0
: innvgrrpe% hierarch¥0:53 j Carry aImOSt 99/0 energy sSoon
i ‘ | after collapse
Q ; . - Milky Way (edge) }
g O T - | @ lceCube can detect large
B |01y false viggerrate SMC number of MeV neutrinos by
t SNEWS ;tngger threshold e : : ] . . .
Ell g o observing rise in all PMT rates
A o over dark noise rates

0 10 20 30 40 50 60 70
Distance [kpc]

Astronomy & Astrophysics 535, A109 (2011)
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Gentoo penguin

* Gen2 high energy array

« PINGU low energy extension % S )
» Surface air shower/veto array S |
» Sub-surface radio Cherenkov array Gen2 Surface Veto

CANDARK 2017, Debanjan Bose
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High Energy Extension

? Rm;’, I T I @ km_{, I I I @ wmg, 1 I I
2L o 1K - L, Al
't 11 A I -

g‘ u e :0.0.:..::0 ® 0 °

= w4 L 2 A ‘T
—1g i 1 T 1 e -
2} . L il L Toan g .

—g =2 =l 0 1 =3 =2 =l 0 1 =3 =2 =l 0 1

x [km] x [km)] x [km)]

o Resolving the sources of as&rophjsitai. neukrinos

* Neutrinos from highest energy cosmic rays

* Are there signature of new physics at »= PeV energies ?
e Number of observed cosmic neutrinos will be ten times

arXiv: 1412.5106

CANDARK 2017,

ICTS, Bangalore 29 Debanjan Bose



PINGU - Low Energy Extension

e [ e IceCube |
600_— = DeepCore
L . + PINGU
400:— *
200:— .
0 __ ..o.. ° ° ¢
E ° ° I.‘- .'.. . . ® Eloo B
—200_— > : o
o . ° - [ ]
_400:— 50:_ //:_—\\} (
600 B /. R + *+ \\
_I | 111 | | | 111 | 111 | | | | | Il O_ / + +
-600 -400 -200 0 200 400 6OOX - : I o + + + \
Emoo : i I + 4+ O + + (]
% g -50~ o \ . + T + vm /
o) 3 ~ m + u /
g B o + * +
T S ~100}- N+ /
s s ¢ B ~N u 7
o . L ~N—
_ Pl : .
-1800 (— E | E | E —150__ [ J e -
i i PRECISION ICECUBE NEXT
- « o . B GENERATION UPGRADE
i : : : Dust Layer _200|||||||||||||||||||||||||||||||
—— 2100 50 0 50 100 150 2[0?
-2000 [— : : : X m
26 Strings
: Journal of Physics,
2400~ 19 2 DOMS /S.I-rl ng G44, 054006, 2017
1.5m DOM-DOM Spacings

Absorption Length
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PINGU - Low Energy Extension

Neutrino Physics with atmospheric neutrinos

Neutrino mass ordering
Tau neutrino appearance
SN neutrinos

Dark matter Searches
Geophysics

10
= Normal
Inverted
8 - == NMH, stat. only
- == IMH, stat. only =2

=== 3sigma

Time [yrs]
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Normal hierarchy

Inverted hierarchy

P (M )* (m )
Am? = Ve
) = \,ll
-V, A
A 4 (m.)?
I (m))? (m)? *
I mz"dﬂm I I mzligmm I
2.75 ~ PINGU 4 year, maximal mixing == NOvA — projected 2020 (95% CL)
2.70 | == PINGU 4 year, Fogli 2012 6,, input =« T2K — projected 2020
— PINGU 4 year, NuFit 2014 inputs
2.65 Normal mass ordering assumed, 90% CL contours
2,60
°:’> 255
o?“’ 2.50 |
3 2.45 .
& o 2.40 “‘ E
‘- a
€ 2.35
2.30 ¢}
2.25 - |
220 | PRELIMINARY |
2.15 . . . . . .
0.30 0.35 040 0.45 050 0.55 0.0 0.65

£
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IceCube Gen 2 Phase 1

______________ 1000m
D ° x
®
o.‘
o - ’
. ® "o o
@
° -
* 17m
\ ' 100m ‘ 7
[l S 24m | .
’ g nDOM - 24 3inch PMTs
.’ .Q .@ ° ° °
IceCube DeepCore Phase 1 ;:g—gm ;l‘slgg ;mx Better dlrQChOnall'l'y
e Dept Double photocathode area

125 sensors per string
22m horizontal / 2.4m vertical DOM spacing
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Summary

O IceCube has begun a new era in astro-particle physics

O Increasing evidence for high energy neutrinos beyond the
atmospheric spectrum, though origins not known

O Other exciting physics being done by IceCube : cosmic ray, supernova,
dark matter, neutrino oscillations ..

O Good prospects for future upgrades

O Exciting time for multi-messenger astronomy

2016 ‘ 2017 l 2018 ‘ 2019 I 2020 ‘ 2021 | 2022 ‘ 2023 | 2024 ‘ 2025 ‘ ‘ 2031
Gen2 Phase 1
IceCube Gen?2 (7 string)
Timeline
{ R&D Design
today

CANDARK 2017,

ICTS, Bangalore 33 Debanjan Bose



