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SCIENTIFIC CONTEXT



Neutrinos: a synoptic spectrum
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K. Greisen F. Reines M. Markov
(with I. Zheleznykh)

... discuss ways to detect cosmic high-energy neutrinos
deep underground or underwater.
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I\/I.Markov,196o:

,We propose to install detectors deep in a lake or in the sea and
to determine the direction of charged particles with the help |
of Cherenkov radiation” Proc. 1960 ICHEP, Rochester, p. 578. R



Physics with neutrino telescopes

Search for the sources of high-energy cosmic rays
with neutrinos

Dark Matter and Exotic Physics
= WIMPs

= Magnetic Monopoles and other superheavies

= Violation of Lorentz invariance

Neutrino and Particle Physics

= I Neutrino oscillation studies

= Charm physics, cross sections at highest energies, ...

Supernova Collapse Physics

= MeV neutrinos in bursts — early SN phase, neutrino hierarchy, ...

Cosmic Ray Physics

= Spectrum, composition and anisotropies



Physics with neutrino telescopes

Search for the sources of high-energy cosmic rays
with neutrinos
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at source: V, . VM: V.= 1:2:0
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Charged particles
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Gamma Rays: hadronic or electromagnetic origin?

Hadronic: | |
T + P
—+ — AT —
p ™ +n
T — Y

Electromagnetic (Inverse Compton Scattering).

e+ Ylow energy — e+ “Yhigh energy



An electron-hadron accelerator

C.Spiering



An electron accelerator

Inverse Compton
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The viewing range
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DETECTION PRINCIPLE



Detection deep under-ground/-water/-ice
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Atmospheric neutrinos
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Astrophysical (,,cosmic“) neutrinos

ASTROPHYSICAL NEUTRINOS

Many ditfferent models. The
key features to discriminate
against background are

directionality and energy:
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The traditional
way: muons from
CC v, Interactions




Neutrino cross sections
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Neutrino cross sections
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The propagator effect:

kink at the point were the maximum
Q? (which grows with E, ) comes close
to the W mass squared.
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Neutrino cross sections
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" W-exchange is pure V-A current
(only left handed coupling)

" 7 has also right handed coupling
" Zslightly heavier than W

" NC/CC~0.31(0.38) forv (anti-v)




Neutrino cross sections

y distribution in Neutrino CC \(
DIS
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Neutrino cross sections
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resonant production of real W™ from
hitting ambient electrons:

neutrino laboratory energy:
6.3 PeV=6.3x10%"eV

resonance width: +130 TeV
peak cross section: 5x 1031cm?

,Glashow resonance”

Only way to distinguish

v and anti-v !




Muon energy loss
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Muon energy loss and range in water
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Number of muon events per detection area A,and observation time T

e Neutrino flux spectrum



Number of muon events per detection area A, and observation time T

e Neutrino flux spectrum

* Probability to produce a detectable (Eu>E ) muon
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Number of muon events per detection area A, and observation time T

e Neutrino flux spectrum

e Probability to produce a detectable (E >E_.. ) muon

e Earth transparency N S
to HE neutrinos S N
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Neutrino effective area for IceCube
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Pointing accuracy

At >TeV energies the muon and the neutrino are co-linear
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Tracks, showers, double bang events
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Two Detection Modes: tracks and cascades

Cherenkov cone spherical Cherenkov front
o o o o o o o o s o o o o o
V,tA> . Ver & TH..
= Angular resolution < 1° VX—) VX + ...
"dE/dx gives E, within factor 2-3 = Angular resolution 2-15° @ 100 TeV

= Energy resolution ~ 15%



Two Detection Modes

—e,T+..

V + A 9 + see
n B

= Angular resolution < 1° VX—) Vy + ...

=dE/dx gives E, within factor 2-3 = Angular resolution 2-15° @ 100 TeV

" Energy resolution ~ 15%



THE DETECTORS



The (first) pioneer

DUMAND
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FIG. 9. The first DUMAND array: DUMAND G, the 1978

model. See text for details (Roberts and Wilkins, 1978).



Operating neutrino telescopes

lceCube |-z

| GMT [N E] 0 100CED00







NT200 in Lake Baikal: the (second) pioneer

8 strings
192 PMTs
Height 72 m

Diameter42 m
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A textbook underwater neutrino event
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- 885 PMTs
e 12 strings

® Operating in final
configuration
since 2008

ANTARES




IceCube Neutrino Observatory

S € |ceTop air shower detector

\ —— 81 pairs of water Cherenkov tanks

lceCube
86 strings including 8 Deep Core strings
60 PMT per string

DeepCore
A 8 closely spaced strings

1450m

Threshold: IceCube ~ 100 GeV
DeepCore ~10 GeV



IceCube Neutrino Observatory

T Events per year:

- Downgoing muons ~ 2x 1011

- Atmospheric neutrinos ~ 100,000

1450m - Cosmic neutrinos ~ 100

Threshold: IceCube ~ 100 GeV
DeepCore ~10 GeV



46 Institutions from 12 countries



...and this is where we come from.

Algeria
Argentina
Australia
Austria
Belgium
Brazil

Canada
Chile
China
Colombia
Croatia
Denmark

Egypt
France

Germany
Georgia
Greece
India

Iran
Ireland
Israel
Italy
Japan
Lebanon

Mexico
Nepal

New Zealand
Peru

Poland
Romania

Russia
Serbia
South Korea
Spain
Sweden
Switzerland

Syria Ukraine
Taiwan USA
The Netherlands Venezuela
The UK
Trinidad and

Tobago
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U POYE TEC 2, 2000
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Construction 2004 - 2010

|C-86
10-11 Season

IC-79
09-10 Season

IC-59
08-09 Season

o< <P
L4 - IC-40
07-08 Season
IC-1
04-05 Season

IC-9
05-06 Season

|C-22
06-07 Season






The Digital Optical Module (DOM)

Penetrator HV Divider

LED
Flasher
Board

DOM By -
Mainboard \ B | /
X ’ o — 1
L
, i 1 Mu-metal
— 1 1 grid

——

Glass Pressure Housing

Failure rate < 2 DOM/year

(out of > 5000!)
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Performance

P whter ~over scientist eﬁsure high uptime of ~99%
Rates: 3 kHz of muons (trigger); =200 atmospheric neutrinos/day (final sample)
Hardware very stable.

~ 1/year

(L ~ DOM performance

* 99.1% (5435) DOMs hayeSurvived installation.
v =] * Failure rate: 2/year.

» After |5 years operation (2025) we expect 97.2% +/- 0.4% of the detector operational.
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Much stronger scattering than in water !
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CHERENKOV PHOTONS
are quickly diffused by light scattering




ATMOSPHERIC NEUTRINOS



Atmospheric neutrinos

CONVENTIONAL p/

NEUTRINOS N T
b ~E37 ot H COSMIC RAYS
4 cl) ,_..E—E-?
P

PROMPT NEUTRINOS
¢, ~E-27 D+

L
m ™
]
-r-"-
-
_.-
i-

-
-!'-""-I
-
-!'-"-
- -
-l""'-
- = =
*-
-






R s g

cer g T e

L e e e L T

Run 113641 FEvent 33553254 | 6000ns, 9952n5s |



SPECTRUM AT
HIGH ENERGIES (> 100 GEV)



Atmospheric muon neutrinos in IceCube
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IceCube: Spectrum of atmospheric neutrinos

oV, (unfolding)

I proton
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IceCube: Spectrum of atmospheric neutrinos

o Vv, (unfolding)

= v, (forward folding)

A v, (DeepCore 2013)
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Measurement of atmospheric v,

Signature:
cascade events

Subtract NC events
and background

Phys. Rev. Lett. 110 (2013)
151105 and arXiv:1212.4760

Signal Background | MC |N°Ps
Type |[veNC v.CC v, NC|y,CC atm. p|Sum
Bartol 26 290 267 | 403 147 (1134| -
Honda | 19 227 245 | 368 147 |1007] -
Average| 23 259 256 | 385 147 |1070| -
Data - - - - - - 1029

— 400
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& 350 D U R Total Predicted (Bartol)
© — ! Total Predicted (Honda)
— T N R e Atm. v, (Bartol)
ﬁ 300: ________ —— Atm. v, (Honda)
~ R S D R PR Atm. v, (Bartol)
820 } --------- |  ——— Atm.v, (Honda)
5 200:_ ;| s AT, |1
} -
w0 b b

1505— ____________ [

wl |

502— etk

| 3 3.5 4
log. (E[GeV])

4.5



Impact of non-atmospheric (i.e. cosmic) neutrinos at > 100 TeV

1073,
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Impact of non-atmospheric (i.e. cosmic) neutrinos at > 100 TeV
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OSCILLATION PHYSICS



Oscillations of atmospheric neutrinos

Muon neutrino survival probability
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Dee pCO F@. Oscillations for atmospheric neutrinos (E < 30-40 GeV)

— Expectatio::bestfit) L 1 '— 1C2017 [NH] (this work) -+ SKIV 2015 [NH]
600Ll= == Expectation: noosc.| igmya. o oioiiiio ] 3.8

e BHI .« MINOS w/atm [NH] .. NOwA 2016 [NH]

. T - - T2K 2016 [NH] '

- 90% CL contours

| IceCube Preliminary
' 0.3 0.4 0.5 0.6 0.7 C
sin’ (6;)

LIECO/EIGCG (k'{n/GeV)

Consistent and competitive with accelerator-based measurement

Different energy range and baseline than for accelerator studies!



IceCube: search for sterile neutrinos (E > 1 TeV)
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END OF LECTURE 1
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