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Astroparticles in a nutshell...
Asfropar’ricle Physics

Beyond Standard ::
Model
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QUARKS

LEPTONS

-HEP Units:

- o Use c=e=1h.

— e Use E=m In

< GeV,TeV,...MeV/

- c2,GeV/ca, TeV/cz...

~ eRelative strengths:
.- «g(s)~1,9(em)~1/137,
-g(weak)<<g( ),g(em)
~) e gravity not here!
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e g(grav)<< other g's.
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o There-ate —Net
o The neutrinos are leptons (fermions), i.e..matter particles:

* Neutrino spin is ¥%2. Neutrinos are left-handed.WWeak Interaction violates
C,P and T, and the combined symmetries (but conserve CPT).

o Neutrinos only interact undér weak{electroweak) and gravity.

o The original SM prediets MASSLESS neutrinos (Weyl spinors).

o Neutrino o ci NO) phenomenon implies neutrinos are massive (or
at least, one nettrino flavor state is massive in order to explain NO data).
» There are currently strong bounds on possible SM neutrino masses.

o Neutrinos could be described by Dirac/Majorana spinors...ELKOs?

o There could be EXTRA superheavy/supermassive (compared w.r.t. SM
neutrinos) neutrino species, only leaving tracks in neutrino oscillations or
exotic places...These non-active neutrinos are called STERILE NEUTRINOS.
o« SM neutrinos are WARM/HOT dark matter and they can NOT account for
the DM mass alone: wrong structure formation at big scales (simulations),

bad number of satellite galaxies, and other issues. NON SM v's CAN BE COLD
DARK MATTER (CDM) CANDITATES.

» Neutrinos are VERY important in astrophysics and cosmology...(Even in stars, on
Earth,...Many objects do emit neutrinos and or are bombarded by them, even you
right now from solar neutrinos and other sources!!!!). Luckily: G(Fermi)<<1...
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NEUTRINOS ARE MYSTERIOUS...

» What\are the SM neutrinos masses? Nobody knows (butthey are In
between some meV and 1eV). Is the spectrum normal,inverted or Qdeg?

o Are neutrinos = antineutrinos2i not, theyare Dirac particles, if neutrinos
are equal to antineutrinos, theéy are-lajorana particles...

» Related to\the previous one: can we observe NEUTRINOLESS double beta
decay and o -1 ating lepton number processes? (Only possible if SM
neutrinos are*iMajorana particles).

» Are there sterile/superheavy neutrifo species (extra flavors) in Nature?

o Can we detect the neutrinos left by the Big Bang? They form the so-called
Cosmological Neutrino Background or CMB (T~1.945 K).

» Can we detect the cosmogenic neutrinos? Cosmogenic neutrinos are
generated when HECrs interact with CMB photons producing neutrinos...

» Can we detect SN diffuse background (Relic Neutrino Background) left
from current SN / old POP Ill stars?

» Do SM neutrinos have electric/magnetic dipole moment? Do they
experiment Hidden interactions?

» Can we detect the coherent neutral neutrino-nuclei scattering. Important
as irreducible background in current DM searches!




Neutrino masses: Ordering versus Hierarchy

> The (atmospheric) mass
ordering is unknown
(normal or inverted)

solar-Be 107%eV? | 2

> The absolute neutrino mass
scale is unknown (< eV).
Often parameterized by lightest ; Iav
neutrino mass: m, or m,
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ETENE
neutrinos or
* -. new physics

> In theory: three cases

MNormal Inverted

 Normal hierarchy: m, < (Am,,?)"” (ordering: normal)

A2 23
* Inverted hierarchy: m, << |Am,,?|%% (ordering: inverted) Ami; = m; — m;
* (Quasi-)Degenerate: m, ~ m, ~ m, >> |Am,,*|"~ (ordering: normal or inverted)

[plus some recently growing interest in the transition regime: m, (for NO) ~ |Am,?| ]
> Lower bound on neutrino neutrino masses from Am,,2 ~ 0.0024 eV?:

Normal hierarchy: m, ~ 0.05 eV
Inverted hierarchy: m,, m, ~ 0.1 eV

Majorana
neutrnnos

- —osmological neutrinos (or the CvbE) are inherently
connected to the photon microwave background.

However, there are significant differences between the
v O,

- Some characteristics:

* The CvB > is related to the
photon temperature (including reheating).

* The CvB is inherently a gas of spin |/2 particles:

obey Fermi-Dirac statistics rather than
Bose-Einstein).

* The CvB density is predicted directy from the
photon density.

New
physics?

Temperature

Impact of direct mass ordering (MO) measurement

Dirac
neutrings or
strong
hierarchy

Majorana
neutnnos or
new physics

Lirac
neutrings

Majorana
neutrinos

Dirac
neutrinogs

MNew
physics?

Hierarchical
cdse

Strong
nierarchy

Bose-Einstein
(¥'s)

Fermi-Dirac

(Now) 2.725 K

MNumber
density

¢

Energy
Densicy

From CMB, the neutrino density is
~1 10 v's/fcm? per flavor.

(meutrine and anti-neutring)




Neutrinos are everywhere, and related to everything

W. Rodejohann

'F.la,?ur physic

- guark mixing
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Neutrino mass spectrum and flavor content
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Neutrino ‘transformation’

Electron
neutrino

Transformation \ Transformation

IVTe], R PPR—— -
neutrino neutrino

Traﬂﬁfﬂfmatlﬂﬂ The periodic __-::hange of neutrino 'Ha':rﬂ_r fr'nrjn one type

inte another is referred to as neutrino oscillations.

neutrinos gquarks
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Using the oscillation framework for neutrino flavor change:

If neutrinos have mass: V, > —

For three neutrinos:

(Double p decay only)
111 () ()
; G E—I'Etiz."lz 0

—1ﬂ3f2+1£

SnlarReactnr Atmus JAccel. CF' leatlng FPhase Reactnr Accel Majnrana Fhases
5 Range defined for Am,;, Am;,

i

Forjtwo neutrinofoscillation in a vacuum: (valid approximation ipA/nany cases)

P(v, —>v,)=sin>26sin* (127 i L)
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Comparison between Cosmic EM and Neutrino Spectrum
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Direct Determination of Neutrino Mass

+ Beta Decay + The mass is needed for
: + Particle physics

- Tritium + Interpretation of supernova signal T ,3.““ "
- ¥1Re + Cosmology ELECTROMAGNETIC SPECTRUM< —
_ . Radia pwive IR/Visible/ UV X-ra YHE i
- Other ideas? — i T
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Various and complementary ways
to measure neutrino mass

| Cosmology

Oscillation ‘

‘Z =m, +m, +m,

v 3 2 2
on, = n; —n;

Beta decay
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Evidence for High-Energy EFvernts
Extraterrestrial Neutrinos at the T =
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Neutrino Mass Measurements

Strategies
cosmology & Ovpp decay: e NEMO3
structure formation o
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astrophysics: B decay kinematics:
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¢:§/ MAC-E spectrometers
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potential for~1eV sensitivity?
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WIMP—nucleon cross section [cm?]
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Oy neutral current (Z-exchange
ess), DM detectors will be able to dete

ore touching the neutrino “neutral cohere

Some ideas do exist...

whole DM stuff...We need other/s particle/s
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Direct detection - big picture Matter/Energy in the Universe
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Desperately seeking sterile

The three known types of neutrino might be The A M S M minimal renorma
"balanced out” by a bashful fourth type extension of ﬂ'le m I:y
right-handed neutrinos
ELECTRON MUON TAU STERILE | . o
NEUTRINO NEUTRINO NEUTRINO NEUTRINO e [Fesmions) sn of Mt (Fermoors) 5o i

o 0
95

V,
MASS < 1electronvolt »1 electronvolt -
FORCES THEY Weak force Gravity if e
RESPOND TO Gravity i
DIRECTION OF SPIN All three “left handed"” "Right handed" Standard Model vMSM

The spectrum of the vMSM
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Dirac masses Majorana
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The expected mass spectrum of the ¢ASA. For quarks and charged leptons the experi-
mental data is used.




Neutrino astrophysics

essentially

:_-q. 1.!:'.?4
> [ undetectable
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Neutrino astrophysics
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d neutrinos (reac

0 “sea’/’bath”.
xtragalactic origins,...from AGNSs,




Meutrinos from reactors.

Detected (1950s)

Meutrinos from the sun.

Detected (1960s)

Neutrinos from the atmosphere.

y Detected (1960s)

Meutrinos from accelerators.

Created & detected (1960s)

' Neutrinos from supernovae.

Detected (1980s)

Neutrinos from the Earth.

Detected (2000s)

Neutrinos from the Big Bang.

8 Mot even close...




UNDERS TANDING ACCELERATION
PROCESSES IN THE UNIVERSE
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Neutrinos: The only useful messengers
for astrophysu:s at >PeV energies

- o\ e 4« Photons lost above 30 TeV:
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Observable distance (Mpc) requires PeV-ZeV neutrino

detectors

Astronomical Messengers
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Search for neutralinos via
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the Earth, Sun and Galaxy

Search for UHE
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other possible
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Observation of high-energy
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sources such as AGN, SNR,

GRB, etc.
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Neutrinos from the sky: potential astrophysical sources

Gamma-ray Bursts
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OBSERVABLE UNIVERSE

Reference values:
1Mpec = 3.26 Mily = 3.1 10* cm

Galactic Centre 8 kpc
Local group ( Andromeda WV31) 0.725 Mpec
Mrk 421 ~ 136 Mpc
Universe ¢/Hy = 13.7 billion yrs

(for a reference scale: eg 2z=1 ~ 6.6 Gpc)

i

neutrons decay: Yct=E/mct - 10 kpc forkE - 10'% eV

s
:
é
g

Interactions on threshold mean free path
cosmic backgrounds

y-rays: Y 4+ Y5 = 104 eV 10 MpcC

phnobon: P+ Yy, m° : = 5. 10 %y S0 MipsC

NEULnINDS: v + v g — £ XK "
Eyrey = 04 o 4 % 107 t""]cv

2T, T,
1 P onm 2
10— 2Fcm? x400cm — & 10 Mpc LoglE / eV)

The neutrino horizon is comparable to the universe!

I I - T. 1. Weiller, Phvs. Rev. Lett. 49, 234 (1982)
f, = = == O 44
g xn Sx10"em” x112cm™ Beacom’s Lectures
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The Detection of Neutrinos from SN 1987A

AAVED DATA FOR SN 1987A - WWWW . AAVSOLORG

Burst of Neutrinos detected at
several neutrino detectors on Feb 23

1987

Time span of about 12.5 seconds
about 3 hours before the arrival of

photons

!

Confirmation of core collapse model
of supernovael!lll
Upper limit on neutrino mass of 16eV

Still searching for other signs of
compact object

Sad Fiod

2447368
Julian Date

Visual Validated  +

447642




multi-messenger astronomy

neutrinos

MASA 8 Farm| ielescops reveals Degl-aver va ol the Qamma-Iy 1u




A multipole expansion of the neutrino skymap

Angular scale
0.2"

200
Multipole moment, £

|ceCube - 3yrs data sample




High energy
ﬁhﬂTﬂ ns

EGRET All-Sky Map Above 100 MeV
Photons
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correlation with Galactic plane: TS of 2.8% for a width of 7.5

where do they come from (3 year data)?

HI column density [cm 2]

[ y :
o TS=2log{L/LO) 11.29017
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eGalactic or extragalacti
oL OW statistics: we need m
data!!!!

Galactuc

we are close to detecting neutrinos from known high
energy gamma ray emitters




{

i
/

Galactic coordinates boundary with no gamma ray
arxXiv 1300 4077 S observations in Southern sky

TS=2Zlog(L/LD) 11.2917

_ B = ) = = ; = 3 = i
hottest spot 7.2%: consistent with diffuse flux with fllavor 1:1:17 e T hgtetﬁsésﬁ;nrgeﬁgze



Multimessenger astronomy

Search for the sources of cosmic
__ Mh:u?:’ . rays with charged particle, neutrino
Galaxies... and y-ray detectors

Charged particles:
Deflection in
magnetic fields
- |ose pointing

Fluorescence  /-gys:
Absorption in
dust, CMB

Neutrinos:
Low interaction
cross section,
neutral
- ideal messenger
particles,
detection
challenging

= ol

Air shower

Protons / charged particles




> T - : Under- | Optical: - radio " -
300 | Big bang neutrinos RO : Energy spectrum of all neutrinos
= " | ground | - deep water. - acoustics ,
% 10" T ' -deep ice | - air-showers [ally D
!Il'l]Dl.?— i“:.i!ﬁ . m' w: "'"-... ~
~ s C logical | I .
E : : h i OsMOIOgICal v -ﬂl'ﬂll.ll'ﬂ ¥ _ I'.d "
‘E"‘lﬂ L '._ 10" Solar v -Him = S0L stice
= 10* F i Supernova burst [1987A)
u L - . EW' /,r\‘
1 [ im! & \ I -Reactor anti-v
107 r 1 - _E-m:hgmun:lfrmnnld SUPETrMova
10 b Atmospheric neutrinos 104 | -
r From cosmic-ray showers i SR

1074} b b | .

", _ \ Atmosphericv 1 N@ Spectrum covers
! Neutrinos from astrophysica 10° SApIgyDver 24 and
10F " ey | | v from AGN . ..

L particle accelerators? GZK cut-off 10 fluy over 48 arci'ers of
10-} Neutrinos? | magnitude!

| 10 GJlK v
10-28} Adapted from Christian Spierin _— .

10 10°° 1 10° 10° 107 10" 10" 10" 10 10° 1 10 10* 10" 10 10" 10"
eV meV eV keV MeV  GeV TeV PeV EeV eV mey eV ke MeV  GeV Tew PaV Eav
Neutrino enerc Neutrino eneray
Neutrinos probe a new energy domain
Aur Showers | a _ :
T —— Radio. Acoustic unexplored by conventional optical, X-Ray
- - and Gamma Ray astronomy
Underwater
= - - -— - — - =

—
GeV TeV PeV EeV

Energy

| Energy range of the various detection
techniques (see below). Optical Cherenkov detec-
tors, although optimized to the TeV-PeV range,
are sensitive also at lower and higher energies, as
indicated by the dashed lines.

| | i 1 L K o i i ] L | i 1 L

Astronomical Messengers
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o o ~Protons
NOTO N
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Detector regimes: optical vs. radio

cal

roadic vs. opti

Detected caoscade photons at 100m,

5
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| ||J__|=_

E radior 0.1—1 GHz, T =300K & L
= oy :::.E} =
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o Ly = 200m .
= -3
. |
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; rf noise floor ;
E E
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coscade energy (eV)

Progenitor
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Precowusor frrrterrral SMhoc ks
r TiPPF = ; T8 = r=vs FT00 =5

TFeV rnedutrrrmo S Pe VW newurtframos

and in the jet external shocks (afterglow).

— The standard scenario for (GRBs. Neutrino fluxes are emitted in different stages of
the jet propagation: inside the progenitor shell (precursor),

~ Detection techniques for high-energy astrophysical neutrinos as a function of the v
energy range

EF xtermal SHhocks
> T00 =
EeV mewutimrmre s

in the jet internal shocks (fireball)




Principles of high energy v detection

o\Water Cherenkowv

e v-induced charged particles emit a detectable pattern
of Cherenkov rad ation

® pbackgrounds from cosmic ray 4 and atmospherc v Sim“m?d
Ao e Aara-

reduced via event iming, direction, energy and vetoing  ,qing
technigues COSMIC-ray
MUon in

*Hadio Askaryan lceCube

e radio A's are comparable to size of v-induced shower of
charged particles; resulting coherent radiation can be
very powertu

* demonstrated at SLAC with 28 GeV shower x 107
particles/shower directed into a block of ice Askaryan Effect Observed at SLAC

*Penetrating or upward-going air shower

* air Cherenkov (Auger)

e Acoustic

* |[ocalized v-induced heating: sharp sonic pulse . _
ANITA Coll PRL (2007

e tests in polar icecap yielded too small Aat

e ywater could be better, but need water without noisy
gea creatures & pboats (the Dead sea’)
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Neutrino event signatures

Muon neutrning, CC
vt N = 1+ X

Electron neutring, CC

v +N—=e+ X

All flavors, NC

UH+F~J—:vux+J{

il i

* = 1 DOM

track
~ 30 eV u”

[simulatn)

Very good angular resolution:
- 'l"-"

Energy reconstruction difficult:

AlogiE ) ~ 022
(MIM A 703, 190-108 [2013))

shower
~ 150 TeV v_

[simulation)

Angular resolution challenging:
~ 10°

Very good energy reconstruction:

Alog(E ) ~ 022

Tau neutring, CC

VA N=T+ X

"double bang”
~ 1 Pey v

[simulat ion)

Interesting signature:

&

L 3

E 5

Low atmospheric background
Good energy resolution
Good angular resolution




Z-bursts Gelmini, Varieschi & Weller, hep-ph/0404272
B PR O T O SRR

Hypothesis: the extreme-energy 10"
o CRspectrumis producea by
o ﬂmﬁmﬁ»ﬁﬁﬁmﬁiu: neutrinos frﬂm distant sources.
S| The neutrinos can anninilate at the
[, Z pole on relic neutrinos to
produce the observable EE CR.

(A GZK-style cutoff for neutrinos).

N Rt
5 s m_
1oL LR
e B e SR ]

i
——

—

B HiKes-l Monocular

0  HiRes=ll Monocular
46 AGASA Spectrum

E°J(E) (eV:/m*/sr/s)

W7 R 2my \m, Energy (eV)

- FIG. 4. Combined HiRes monocular spectrum. The squares
If cutoffis at 2 x 104° eV, then and circles represent the HiRes-1 and II differential flux J(E),

S | multiplied by E°. The error bars are statistical only, and the
m, 20 EV, d dlSﬂQ reement systematic uncertainties are indicated by the shaded region.

with expt. EE CR thus likely The line is a ft to the data of a model, described in the text, of

| Tk, ' alactic and extragalactic cosmic ray sources. The AGASA
il i e L T not neutrino Z-burst debris. fpectrum [15] is s.l;n'.»; b; :riang:es f?::r comparison
~ - micrays rarely should interact with the Big A i | '

Bang’s relic neutrinos, creating a Z-particle Abbasiet al., PRL 92, 151101
and a pronounced dip in the cosmic-ray

ENengy S PRCtrumm. aen s iy




W MESSENGERS FROM THE UNIVERSE Solar Cosmic Ray Spectrum Gap

ms ———1 GeV particles, the rate of arrival is about
*,_ 10,000 per square meter per second.

I.""-.,.ﬁl'il'[p-:.l'nl'ﬂn.wikipEl[lili org/wiki'Cosmic_rays

10°

, l|. |
—u— Sl mts

=
ul

=
e

F (m?sr s GeV

gammas (z<1)

=
-

o

} cosmic

accelerator 102
| lemn* yr

|
nnannnnn?nnn

Hﬂdlﬂtmn h I-nw ‘Iﬂﬂ keV is classified as X-rays
http:/len.wikiipedia.org/wiki/Gamma ray astronomy

10
Discovery messenagers: Neutrinos and Grawtatmna\ Waves
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Cosmic rays: a century old puzzle

Energies and rates of the cosmic-ray particles

CAPRIGE

| AMS |
protons only BESS598 |

Ryan et al.

JACEE ——

Akeno
all-particle Tien Shan

MSU |
CASA-BLANCA |
=

HEGRA

CasaMia ¢+

Tibel
Fly Eye
Haverah

Il

ki

Discovered by Victor Hess in 14912

What Is the acceleration
mechanism?

What are the sources? 10° 10° 10
_ Enin (GeV / particle)

Spectrum of
chargec
COSMIC rays

Measured by
many
expenments!

Composition:
~ U0%
protons:
followed by
helium and
heavier nuclel

Flectron flux —

1/100 of
nroton flux




Cosmic Ray Spectrum Candidate sources of HE cosmic rays

Luminosity of the CR beam

galactic ~E=/ , Galactic: Extragalactic:
10* S e .decreases steeply with
\ .energy Supernova Remnants Active Galactic Nuclel

* b -
N a
E
- | K !
w Grigorov & e Galaxy containment (B ~ 4 u3)
e 104} JACEE . e
B MU J :
"~ T$.”'ki“,“g ¢ | - Durchmesser; 10
:g — %%. QRPN | Lichjahre
‘ CASA/MIA = | # . LUK . Aktive Gatrw T
o | | 4lé _ . lve Galaxy 3C 218
E H}f‘;i’: : ‘h‘ |4 1 | 1TeV=16 erg SN Remnant RX J1713 Diameter: 300 000 Iy
X Agasa + ; If| 1 EeV =0.16 Joule HE.S.S. & ASCA (xcray) Distance 2,1 Billion Iy
ol HiRes] # B 0
() HiRes2 ® | -‘! fllH

eer SD # | e L :
. .-} "~ extra-galactic
Kascade » LHC pp |t .5

77 What sources for
0 10t 10" 10 107 10 10® 10 59017 eV CRs?
B2 ~2myEpy &
CM ptLab |
For LHC: Egyy =14 TeV, m, ~ 1 GeV — Epg, ~ 101 eV Close, point-ike sources,

relatively soft energy spectrum

Gamma Ray Bursts

HE. transient sources

neutrino astronomy.
y to neutrino astronomy.
neutrino astronomy.

dow and it is related to other important branches of
Nno astronomy Is a cosmic key...

entary as well...
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Neutrinos: The only useful messengers

for astrophysms at >PeV energies

~. (3K bkg)

L highest observed p energy Frd L
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| local group (N

Nearby clusters | 1
AGN & Q50s [

........
u 1

cosmology TN

T IR T AR TTT M RTITT M AT MW AT MWETTT M AWArn
001 0.1 1 10 100 100 104
Observable distance (Mpc)

\ [ o Photons lost above 30 TeV:

pair production on IR &
uwave background

¢/ » Charged particles: scattered

by B-tields or GZK process
at all energies

-  But the sources extend to

10° TeV !

—J Conclusion:

| * Study of the highest energy

processes and particles
throughout the universe
requires PeV-ZeV neutrino

detectors

multimessenc
multiparticle/mult




Origin of Mass

Origin of Universe

Unification of Forces

Mew Physics
Beyond the Standard Model

Meutrino Physics







One may even distinguish neutrino flavors

muon neutrino (track)

electron neutrino (cascade, also from NC)

tau neutrino (double bang)

_ I |yi" e W
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The lceCube high energy starting events analysis

The result of the search... 28 events! (each named after a Muppet; shown in order of appearance)

Images
E20] 3 Sezame Workshop
EThe Wak Deney Compary
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gvents

First hints on an extraterrestrial neutrino signal

Tracks:

A Schukraft BWTH Aachen

rrl'f'l'I11l'|1111]l|1l||'|'llll||'|'|'|"|"|!'|'l'|'|"l'

mﬂ

10°
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IC59 data
conv. aims. v, (HKKM200T) =
— OO, 3IME, v (HEKKM200T - Dest fil nuilsance)

—— asirophysicalv, E* (best it}
...... astrophysical v, E¥ (80%CL upper lmi)
prompt v, (90%CL upper limil}

Preliminary
1.80

lw.r.t conv only|

. ' - -w . . “=
- . | I== .. -y
| i 4 1 1 i | 4 1 ] i1 1 I .. ] i hl - -
-1.5 -1 0.5 0 0.5 1 1.5 2
log10(dE/dx__ [GeV/m])
Best it

Prompt atmosphenc neutrninos: O
Astrophysical flux: 0.24 * 10°® cevemest s

"Apdﬂon"

.1' T

N
]

Showers:

2. /0

(w.rt conv+prompt)
E. Middell, DESY

Extremely HE events:

i h |w.rt conv+prompt]

A Ishihara, K. Mase, Chiba U
Phys. Rew. Lett. 111 (2013021103
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»
o i




These 2 events were at the lower end of the energy sensitivity for the analysis.
They were given names fitting for such giant high energy neutrinos...

"Ernie"

20| 3 Sescame Wworkshop

1.1 4+0.1/ PeV

lceCube's first PeV events o i 1 a4

Fhyvs, Fewv. Lett. 111 (20131021103

11 .+, 02 PeV



o8 888

Declination (degrees)
S & 8

o
-

expect surprises: produced by Galactic dark matter halo?

-

decay of PeV-
mass
dark matter
particle

Showers !
Trar::llcs- W e

2
10
Deposited EM-Equivalent Energy in Detector (TeV)

E=1.0PeV
0 =62°

heutrinos are expected
ging everything we know on
ources

starburst galaxies
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FPeV muon neutrino event

Edep ~2.6 +/- 0.3 PeV
Time: 6/11 /2014

RA: 110.34°

Dec: 11.48°

rsoo < 0.27°

Patm < 0.01%

Alel #7868

L 0 s N Sl PN B 3 S

Detection of a8 multi-PeV neutrino-induced muon event
from the Northern sky with lceCube
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L = 1000 km I 13
., 1.25
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Nentrino Oscillogram, iso-contour plot of the ratio PY (5, = #,)/cjs n the plane of the peatrine energy and the nadir
Mate that wnity for this ratio corresponds to the case where the Earth matter effect is absent,




KM3NeT — Next generation neutrino telescope in
the Mediterranean Sea

New Research Infrastructure

* network of cabled observatories

* Innovative sensor design with 31x 3" PMTs
(3= sensitive area 10" PMT)

« instr. vol. 3-6 km? (12,000 sensors)

FPhased implementation
» Phase 1: proof of feasibility
(31 M€, funded)

« Phase 1.5: measure lceCube signal
(80-90 M€, Letter of Intent)

« Phase 2: neutrino astronomy
(220-250 M€, ESFRI roadmap)

KM3Nel phase 2: discovery potential
for Galactic sources
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Neutrinoless double beta decay

> If neutrinos are Majorana neutrinos, they will mediate Ovpp.
> The Ovfifi rate depends on the hierarchy in degenerate regime:

(line corresponds fo solid 0.3 eV bound)
Disfavored by 0w

(] EIII!IE Iﬂ”_. =(.10

LR
11

-~ OvEp rate
Imiee |l [e%]

Future
measurements?

(0.001

 Dmslanvored by Cosmmolopy

00001 —
0.1K01 0.0 001 0l |
i [eV]
earctical DR
Transition

(from: Lindner, Merle, Rodejohann, hep-ph/0512143;
see talk by Martin Hirsch)

Are neutrinos their own anti-particle ?(are they Majorana or Dirac?)

/

Ovpp (next generation)

Because Dirac OR -
because below thresho

COSMOLOGY

I;Jat nine A -‘
./” N\

Nﬂqal IWT ‘D?nerate

Majorana unknown Dirac  unknown

Yes

Fstill unknown)?

Kole of memology in determining the nature of neatrins mass. Foture neatrinoless double Bta decay (eef 2 ) expaers-
ments and future cosmologicnl surveys will be highly complememtary in addressing the guestion of whether noutrinos
pre LDirnc or Majorana partides. Next geperation means near future experiments whose goal & to reach a sensitivity
ey Llse meulrimdess double seta |||.|'J-|:u' eflictive masa ol .01 &V, We can still fisd iwe small windows wlsre this comns-
bination of experiments will not be nble to give o definite answer, but this region s much reduoed by combining (ke 23

HIII:I. '|'I.I||II:II'.I’I'I#;iII':'HI l!llh‘llﬂ'il vnl iIIII:"l

/e or sterile? What do
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Dirac neutrino vs Majorana neutrino

Majorana particles

Dirac particles

Special case: particle is it's own

VL anti-particle 7 =
C Lorentz
VR
P |: Boost, V C
V I
T L :| E, B _ P
v Vi "
R
b ly neutral particl
only neutral particles
?pigqr s ferrr;i_nn)r P (0 ﬂr‘e}’cundida’ris for beeing
in Dirac equation Kol riel
For particles with m=0 reduces to | () o ekl atioe
2 non-zero states s Example of such is ©
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Figure 1. Comparison of classical and minimal length oscillations for the two-
flavour case with Am? = 2.3-107% eV?, sin®(26) = 0.9, baseline L = 5000 km and

=1 =10 GeV.

(Classical oscillations
MI: oscillations

100

Energy [GeV]

! 1 1 L
Fur detectar data ——

=1 o1 aev

=l w5 Qev

=1 n 10 Gev — — —

£=! = 100 Gev - - - -

=l w1l Tav
Claasical Owelllations

- O CE—

wieE, 7, T TTTTTTT 00
I_-.illi'
f
—_
— L
I ,Ir
- A _E PP gk b s koot bt e it gt koot etk e b stk
i 10 ' Fl =10 GeV — — —
ad =1 = 100 Ge¥ - - - -
& f=1=1TeV -
 1n-#
10-1
1 i i i | i i i | i
0 2 d 6 8
Energy [GeV]

Figure 2. Upper part: Expected neutrine flux for the minimal length modd with
different fundamental scales from £71 = 1 GeV to 71 = 1 TeV (from top to bottom)
for & 1y =+ v, transition with baseling L = 734 kin. MINOS data taken from [25].

Lower part: Helative differences in the oscillation probabilities for different

fundamental seales,




We can probe quantum spacetime (minimal lengt
NOSEX! (See P. Nicolini et al.):
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