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Periodic System of Elementary Particles

Leptons
Charge -1/3] Charge +2/3] Charge - 1] Charge 0

Down di|| Up u || Electron e || e-Neutrino N,
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Periodic System of Elementary Particles

Neutron

Leptons

Charge -1/3fCharge +2/3 ]} Charge -1] Charge

1st Family u §| Electron e il e-Neutrino N,
2nd Family Strange mf| mNeutrino Ny,
3d Family Bottom t-Neutrino N

Stronginteraction (8 Gluons)

Electromagnetidénteraction (Photon)

Weaklinteraction (W and Z Bosons)

Gravitation (Gravitons?)

Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholm, 24 April 20



Where do Neutrinos Appear in Nature?

Nuclear Reactor Sun
' Supernovae
. s (Stellar Collapge
Particle Accelerators S SR
Earth Atmospher Astrophysica|
(Cosmic Rays Accelerators

Earth Crust

(Natural Radioactivily

Cosmic Big Bang
(Today 330/cm3)



Neutrinos from the Sun

Solar radiation: 98 %ight (photons)
2 % neutrinos
At Earth 66 billion neutrinos/cmsec

Hans Bethe (1906- 2005, Nobel prize 1967)
Thermonuclear reaction chains ( 19398)

Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholm, 24 April 20:




Sun Glasses for Neutrinos?

8.3 light minutes

Several light years of lead

needed to shield solar
neutrinos

Bethe & Pelerlsl934

X this evidently means
that one will never be able
to observe a neutrino

Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholr4 April 2014



First Detection {954¢ 1956

Clyde Cowan* " Fred Reines

(1949¢ 1974) " (1918¢ 1998
(@ y Nobel prizel 995

Anti -Electron

Neutrinos ﬁ 3 Gammas
o @@ Aers
o ﬁ In coincidence
Nuclear Reactor e af 9 —> e

Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholm, 24 April 20:




First Measurement of Solar Neutrinos

—_—

Inverse beta decay -
of chlorine

600tons of
Perchloroethylene

Homestake solar neutrino
observatory (19672002

Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholr4 April 2014



2002Physics Nobel Prize for Neutrino Astronom

Ray Davis Jr. Masatoshi Koshiba

£ (1914:2006 (1926
V aT2N) LIA2YSSNAY 3 O2yiNR 6 «

4 Pa Vd Pa e Vd

[_.;W particularF 2 NJ 0 KS RSUOUSOuUA2Yy 2

Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholm, 24 April 20



Cherenkov Effect

Electron or Muon
(Charged Patrticle)

Light

Water



SuperKamiokande Neutrindetector (Sincel996

;{’? 4
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1
1
1,
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Results of Chlorin&xperiment (Homestake)

1.4

0.8

0.4

0.2

37Ar production rate (Atoms/day)
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1975
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1990 1995

18 | Theoretical

Expectation

I ﬂ} Average
| * Rate
11

10

Average 19701994 2.56° 0.16;° O. 1@ SNU
(SNU = Solar Neutrino Unitl-Absorption / sec /1036Atom9

Theoretical PredictioB- 9 SNU
G{2tF N bSdziNA B8 t N2of SYE &A
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Neutrino Flavor Oscillations

Two-flavor mixing ( ) (A', - EE ( )

Each mass eigenstapgopagatesas Q
with 1 VO a O & jcOo

Phase difference— & implies flavor oscillations

Probability’ ©

Bruno ‘Pontecorvo
419131993
Invenited nu oscillations

— C®

Oscillation T¢ O . O (A6
Length 9 & - A B\

Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholm, 24 April 20



Oscillation of Reactor Neutrinos at KamLAND (Jap

Oscillation pattern for antielectron neutrinos from
Japanese power reactors as a function bfe

| e Data-BG-GeoV,
- — Expectation based on osci. parameters
Ir + determined by KamLAND
- L
‘s 0.8
o] ——
= F
A 0.6 + =
= N [ ?
R T
C% 0.4 s
0.2F
Oll—llllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

20 30 40 50 60 70 80 90 100
Ly/E_ (km/MeV)

KamLAND Scintillatg
detector (1000 t
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Atmospheric NeutrinoOscillations (sincd 998

zvit Y

2 )
I A
o
! F
y v
Vi N
g
) |
: -
.
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Data/Prediction (null
o
D

10

10° 10 10
L/E (km/GeV)

Atmospheric neutrino oscillations showharacteristic L/E variation

Georg Raffelt, MPI Physics, Munich
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LongBaseling(LBL) Experiments

7 (3180m) K2 KEXperiment
’ | (KEK td&kamiokandé
T2l measures precise
T mem..  ©4 g  Neutrino oscillation
*Z"T"@P. parameters.
250mm " |0

Eamioka Earunizava

Since then other
LBL Experiments:
A Minos (US)
A Opera (Europe)
| A T2K (Japan)
A Nova (US)

- construction
i A LBNE/LBNO
- future projects

. v’ 2 *“k o
T - Super Kamiokande
! i » Komioka cho)

$
?
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Q.3 from Reactor Experiments2012)

14F
Near Site
12 * l Far Site 4Mev ne
ol [
oy
zo 03 4 mo
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04F o Goesgen
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B Chooz ® KamLAND
004 1 I 1 1
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Distance to Reactor (m)

sinZ2‘ ;,=0.089z
0.113%
0.0862

[Farr il

0.010(stat) £ 0.005(sys) Daya Bay (China)
0.013(stat)£ 0.019(sys) Reno (Korea)
0.041(stat)x 0.030(sys?) Double Chooz (Europe
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ThreeFlavor Neutrino Parameters

Three mixing angles— , — ,— (Euler angles fa8D rotation), ® A -0,
aCPOA2t | OAY I 1E5ANROUGKIEI &8¢ 28dNI VI LIKI &
’ p T m ® m Qi ® i L V4
() m oo i T p (i (b;-T'>T['Q_T[<’>
’ mn i w Qi m ® mn n o/\; 1 o/
ol — L6 X* — pp 06 — oX Relevant for
Atmospheric/LBIBeams Reactor Solar/KamLAND 0OnZ2b decay
Normal Inverted —_— d Ope@uesti
, asks and OpeQuestions
SHEUENEN 2 S ;g —_— wPrecision for all angles
1 . wCRviolating phasel?
wMass orderin@
AT PR (normal vs inverted)
Atmosphere 2180;2640me\A ooAl.osqute.masséé |
5 (hierarchical vs degenerate)
Sun | wDirac or Majoran&@
1 3 I

S1J
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Antineutrino Osclillations Different from Neutrinos”

Dirac phase causes differed#flavor oscillations
for neutrinos and antineutrinos
1.0 ,

.Qommum “‘
ZjL m‘ .. f.?f. W - .

Distance LOOOkm] for E 2 GeV

Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholr4 April 2014
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G2 SAIKAYITE bSdzi NAYy 2

wSensitive tacommon mass scala

. for all flavors because of small mas
\q differences fronoscillations

3He

wBest limit from Mainz und Troitsk
m <2.2eV 05% C)L

Tritium B-decay
3H>3He+e + Ve

A Electron spectrum

Endpoint
energy wKATRIN can rea€h2eV
18.6 keV wUnderconstruction

wDatataking tobegin201516

3 . .
— whttp:// www.katrin.kit.edu
m
QT,RQ Main Spectrometer
g # Pre-
%7 Iz 4 Spectrometer
Vg et

Detector

I

Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholr4 April 2014



KATRIN Ante Portg25 Nov 2006)

England Deutschiand
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Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholr4 April 2014



\v




Cosmological Limit on Neutrino Masses
| 2AYAO v S dzilRBEMLP heutridod + antneutrinos per flavor

1 4

. a : For all
m 2 WA 6 T, U B4 Mc¢ A 6 stable flavors

REST MASS OF MUONIC NEUTRINO AND COSMOLOGY JETRett. 4 (1966) 120

S. S. Gershtein and Ya. B. Zel'dovich
Submitted 4 June 1966
ZhETF Pis'ma 4, No. 5, 174-1T7, 1 September 1966

Low=accuracy experimental estimates of the rest mass of the neutrino [1] yield m(ve)
< 200 eV/e® for the electronic neutrino and m(v“) < 2.5 x 10® eV/c® for the muonic neutrino.
Cosmological considerations connected with the hot model of the Universe [2] make it
possible to strengthen greatly the second inequality. Just as in the paper by Ya. B. Zel'=
dovich and Ya. A. Smorodinskii [3], let us consider the gravitational effect of the neutrinos
on the dynamics of the expanding Universe. The age of the known astronomical objects is not
smaller than 5 x 10° years, and Hubble's constant H is not smaller than 75 km/sec-Mparsec
= (13 x 10° years)™. It follows therefore that the density of all types of matter in the

Universe is at the present time 1)

p <2 x 10~ oplon®,

Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholr4 April 2014



What is wrong with neutrino dark matter?

DIt OGAO t KI & SGufinlIh @8

Maximum mass density of a degenerate

|| Fermi gas Spiral galaxies
. & (6 v ) m,, >20c40eV
Qa o = Dwarf galaxies

m,, >100¢200eV

Neutrino Free Streaming (Collisionless Phase Mixing)

wAt T<1MeV neutrinoscatteringin earlyuniverse is ineffective
wStream freely until nomelativistic
wWash out density contrasts on small scales

Overdensity

wNeutrinosk NB a1 20 5
wRuledout by structure formation

Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholm, 24 April 20



Sky Map of Galaxies (XMAISC)

http://spider.ipac.caltech.edu/staff/jarrettmass/XSC/jarrett_allsky.html



Structure Formation with HoDark Matter
Z=3) 33

StandardL CDM Model Neutrinos withsm,=6.9¢eV

Structure fromation simulated with Gadget code
Cube siz56Mpc at zero redshift
Troels Haugbglle, http:lisersphys.au.dk/haugboel



Neutrino Mass Limits Post PlancR(13

CMB alone constrainingm, CMB + BAO constrainirgmp, + Ny

Planck-+WP-+highL ] 4.8 - Planck+WP+highL .y
N — = = Planck+lensing+WP-+highL P/QNC/(+WP+hIghL+BAO

Planck+WP+highL (AL)

Planck—lowL+highL+7prior

Pad
g O 6 \ = = = Planck—lowlL+lensing+highL+prior b
(]
& * = Planck—lowL+prior 2
Q o
0.4r1
0.2 .
0 04 08 _ 12 16 20 0.0 0.2 0.4 0.6 0.8 1.0

1t |V Y m, [eV]

CMB + BAO limitSm,<0.23 eV (95% CL)

Adeet al. (PlanckCollaboration)arXiv1303.5076

Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholm, 24 April 20



Future Cosmological Neutrino Mass Sensitivity

Pin down the neutrino mass in the sk

9{! Qa 9dz0f AR a
launched 12020

Precision measurement of the
universe out to redshift oP

Basse, Bjaelde, Hamann, Hannestad & Wong, a304¢:2321
Dark energy and neutrinconstraints froma future EUCLH)ke survey

Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholr4 April 2014



Neutrinos as Astrophysical Messengers

Nuclear Reactor Sun

S ' | Supernovae
s . (Stellar Collapsge
Particle Accelerators S0y SR

Earth Atmosphere
(Cosmic Rays

Astrophysical
Accelerators

| Cosmic Big Bang
Earth Crust (Today330n/cm?)

(Natural Radioactivily




Geo Neutrinos: What is it all about?

Continental

Crust

We know surprisingly little about : Oreanic
0KS 91 NUIKQ& AYydSNR 2N

wDeepest drill hole 12km

wSamples of crust for chemical | €7
analysis available (e.g. vulcanoes)'* "

Mantle
continues doun
to outer core

wReconstructed density profile
from seismic measurements

wHeat flux from measured
temperature gradien80- 44 TW
(Expectation from canonical BSE
modek 19TW from crust and
mantle, nothing from corg

wNeutrinos escape unscathed

wCarry information about chemical composition, radioactive energy
LINE RdzOUA2Y 2NJ SOSYy | KeLRIOKSIAOFT N

Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholr4 April 2014



Expected Geoneutrino Flux
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Reactor OrOff KamLAND Data

2011Earthquake
Reactors shut down

Period 1 > <

o
W

(a) 0.9-2.6 MeV
!

0.6
o ¢ 1 n wﬁ\ |
mmw* KT

<
S

Rate (events/day)
o &

o
I

O

Period 2 v »  Period 3

2002 2003 2004 2005 2006 2007
Vear

—&— KamLAND data
== Expected reactor V, + backgrounds + geo V,
ms Expected reactor V, + backgrounds
Expected reactor V,

VOS\ 2010 2011\§
Scintillator KamLANEen
Purification Construction

KamLAND Collaboration, arXiv:1303.4667 (2013)

Georg Raffelt, MPI Physics, Munich
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KamLAND Gebleutrino Flux

E—o—Data-BG-best-fit reactor V, [l Reference geo V, p p (p Geoneutl’inoevents
40 - - - U contribution (U/Th — 3 9 f|Xed)
[ S Th contribution '
20 —
0 F Separately free fitting:
180 F, —o— KamLAND data ==+ Best-fit reactor V, U 116events
- Accidental
160 E Th  8events
> .
Q 140 '
= f W +
N 120 | A\ -
; 100 ;_ ﬁ& E""'."""""'"""""'llluu
§ 80;_ &\\\\\\\ § 13C(oc, n)'°0
m B ..lllllllr
60 - - \ - S
- : N\ Best-fit geo V,
40 TR ;’m-’r--: — Best-fit reactor V, + BG ..
20 :— :—lnnns + best-fit geo Ve Beglnnlng Of
O ;"‘i';b"'F"gl I L1 1 I 1 1 1 | 1 11 | 111 | L1 1 | 111 I 1 1 1 | | neutrlno geophySICS!
1 1.2 14 16 1.8 2 22 24 26
E, (MeV)

KamLAND Collaboration, arXi$03.46612013
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Applied AntkNeutrino Physics (AAP)

Sl et et b Applied AntiNeutrino Physics (AAP)

Annual Conference Series sirk@04

w bSdzZiNAYy 2 3IS2LIKE

wReactor monitoring
OGdbSdziNAYy2a T2NJ

wRelatively small detectors can
measure nuclear activity
without intrusion

wOf interest for monitoring by
International Atomic Energy Agency
kiternational Atomic Energy Agency (Monitors fissile material in civil
Atoms For Peace nuclear cycles)

Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholr4 April 2014



/

Air Shower:

A 10'°eV primaryparticle

A 100 billion secondary
particlesat sea level

Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholr4 April 2014



Cosmic Rays

Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholr4 April 2014
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Neutrino Beams: Heaven and Earth

Target:
Protons or Photons

Approx. equal fluxes of
& H. h.l—l, photons & neutrinos

i directional o th]
y beam R Equal neutrino fluxes

il i in all flavors due to
magnetic . ¢hl hW !Hle
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lceCube Neutrino Telescope at the South Pole

Instrumentation of 1 km? antarctic
ice withx  5000photo multipliers
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Two HighEnergy Events in IceCube

Ernie ~ 1.1 PeV Bert ~ 1.0 PeV

Georg Raffelt, MPI Physics, Munich Physics Colloquium, Stockholrd4 April 2014



Ernie & Bert and26 Additional Events iHceCube

Meanwhile 37 events, including Big BirdA@V}, to be published soon

5 = Background Atmospheric Muon Flux Slgnlflcance of all
T )™ preesmmes s [ Bkg. Atmospheric Neutrinos (7/K) 1 ]
. Background Stat. and Syst. Uncertainties ] 28 events.4. lS ’
— Atmospheric Neutrinos (Benchmark Charm Flux) || 8
—— Atmospheric Neutrinos (90% CL Charm Limit) 1 BaCkground) ﬂ) 8
—— Signal+Bkg. Best-Fit Astrophysical E=? Spectrum |
v eee Data
> 1
o 10 - 5
()] 5
o -
O :
O o 5
5 r— |
o - 5 ~ :
0l | = FEE iy —_—— L} ..T~ Ernie & Bert
g 10 —T 1
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> 1 ;
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7%
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10? 10°
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Supernova Neutrinos
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Stellar Collapse and Supernova Explosion

Main-sequence star Helium-burning star

Hydrogen Burning Helium Hydrogen
Burning Burning
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