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Neutrinos in the Standard Model (10 years ago)

e NO electric charge or colour charge
feel only weak interactions

They are called weak for a reason!

O'Vp ~Y 10_36cm2

trinos
For 100 GeV neutrin { opp ~ 10—25¢m?

(&

e part of left-handed doublet: <V8>
L

e three flavours: ve, vy, vr
® NO vp

e Massless



Neutrinos Beyond the Standard Model (1998-future)

e LOTS of DATA over last 10 years

e Mmassless — massive: very tiny masses

e Oscillations: the flavors are mixed: large mixing

e \What does it mean?

— NO vp — add vp
Standard Model symmetries alow Majorana mass for vp!
Neutrinos are Majorana fermions

vr at high scale — see-saw— small v mass

— no vp BUT Neutrinos are Majorana fermions
Majorana mass violates lepton number

need other Higgs; higher dimension operators



Neutrinos

Neutrino masses and oscillations

e confirmed evidence of physics beyond the Standard Model
e key importance for physics beyond the Standard Model
Unique probe of extreme environments

Can probe scales from 10733 to 1028 cm

Play major role in particle physics, astrophysics and cosmology



Neutrino Facilities Assessment Committee, 2002

<: > Crab Nebula
< > Stars & Galaxies

Big Bang Planats < >Ga|axy Clusters

<: >< :> <: > Black Holes
< > MNautron Stars

Cistant
Galaxies ﬁ>< :> Gamma Ray Bursts

133 1 LR I{F‘ 1{#3' 1012
A A Limited
R
|ELECTFIOMAGNETIC SPEC'_I_'_BUM<,—|
Radio up-wave IR /Visible! UV X-rays Frays VHE -rays Vision
Reactors Accelerators

Nudlear Docays e (—

NE UTR RINDO S P ECT RUWM
v v Y [ Y v v v Y

103 | L3 [P 109 1012 | (113 ()18 [(R21eV

j [ Sun < :>-< :> Crab Nebula Pioducaany

' , Atmospheric
Blg Bﬂﬂg Slarb< :>< MNeutrinos Mew Particles
Dark Matter </ = Produced by
MNewutran Stars< > Supermassive Black Holss
Pl > Ultra-High-Energy
T

Cosmic Rays

Supernovae< ><

Gamma Ray Bursts



High Energy Neutrino Sources

Guaranteed _
- “"GZK" neutrinos:

p—l—fy—>...—>7r+—> pt +vu
|
€+ ‘I"j,uJ‘I'VG

- Gamma Ray Bursts
- Active Galactic Nuclei
- Topological Defects

- Decay of Super-Massive Particles

\

Highly speculative



Experiments

AMANDA /ICECUBE : Cerenkov light in ice (South Pole)
ANTARES, NESTOR: Cerenkov light in water (Mediterranean)
RICE: radio Cerenkov in ice (South Pole)

ANITA: radio Cerenkov from ice (balloon at South Pole)

PIERRE AUGER: air showers (Argentina,...)



Detectors

e

Snow Layer
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balloon at ~37km altitude

cascade produces
UHF-microwave EMP

antenna array
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What to look for?

e Point sources

e Diffuse fluxes

e from sources

e from cosmic ray interactions

e from dark matter annihilation

e Correllations with other observations (cosmic rays, gamma rays...)



Lessons for Particle Astrophysics

Weak interactions

access to dense, violent envirenoments

test mechanism powering astrophysical sources

COSMicC ray acceleration processes

cosmic ray propagation and intergalactic photon backgrounds

complementary to electromagnetic, cosmic ray data!



Lessons for Particle Physics
high energies, beyond those accessible in colliders, etc.
weak interactions
- neutrino interaction cross-sections (in Standard Modell!)
- neutrino properties
- new interactions/particles

dark matter



High Energy Neutrinos

e seeing very high energy neutrinos: ESSENTIAL — soon!
e counting very high energy neutrinos: first step

e nheed more! — more work!

- angular distributions

energy distributions

flavour composition

better detector techniques

smart tricks, unique signatures, etc.

very good simulations

correlations with other observables: photons, protons, etc.
e find right observable and combination of observables
e can distinguish particle physics from astrophysics effects

e learn about both!



Atmospheric Neutinos
e background to many IceCube searches

e Lots of them!

e IceCube Low Energy Core

e Mmuch denser phototube coverage region

e in the middle deep region of IceCube

e Motivation: galactic sources, dark matter annihilation

e Can all this be put to a good use?



Neutrino Oscillations in IceCube

~ 30km
Ve
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e Expect: (utvu) o ~ isotropic

N (ve+re)



Summary of Oscillation Results

e Solar Neutrinos: ve — vz, T = u, T
-+ reactor antineutrinos

Am2, ~ 8x 10 °eV?
tan?6,, ~ 0.45

e Atmospheric Neutrinos: vy — vz, x =T
-+ accelerator neutrinos

Am2,. ~ 2.5 x 10 3eV?

12

e Reactor antineutrinos: ve /4 e
SiN2 20, cqctor S 0.1 for Am?2 ~ 107 3eV?2



Three flavors

c12€13 $12C13 si3e "
5 5
—S512€23 — €12523513¢€" c12€23 — $12523513€" $23C13
5 5
$125823 — €12¢23513€" —C10523 — $§12¢23513€"°  ¢23C13

> > > >
Am5; = Amg,, Am3y; = Amg,

010 = 980l7 913 = Oreactor; 923 = Oatm,, 0

We want to measure:

e 013
e hierarchy (sign of Am?2, )
e CP violation (6)

use matter effetcs



Neutrino Oscillations in IceCube
Angular distribution:
e cosf € (0,1) atmosperic flux normalization
e cosd € (—0.9,0) + main oscillation signal (Am3,, 053)
e cosf € (—1,—-0.9) + matter effects (613, hierarchy, CP)
Energy distribution:
o /1 < 40GeV: neutrino oscillations
e 50 GeV < FEF <5 TeV atmospheric neutrino flux

e /> 10 TeV: Earth density profile



Normal versus inverted hierarchy
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Hierarchy

e 2 fit to discriminate between normal and inverted hierarchy

e Mmany configurations

u like fully contained events

different energy threshold, energy and angular resolution
- different detector configurations

- add cascades

Possible to distinguish hierarchy for sin? 2013 ~ .04



Lots to learn from:

- astrophysical neutrinos

- long baseline experiments

In the meantime:

use atmospheric neutrinos in IceCube to determine

neutrino oscillation parameters!



