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Periodic System of Elementary Particles
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Periodic System of Elementary Particles

Charge -1/3 ] Charge

15t Family
2" Family Strange u-Neutrino v,
3d Family Bottom 1 i T-Neutrino v,

Strong Interaction (8 Gluons)

Electromagnetic Interaction : (Photon)

Weak Interaction (W and Z Bosons)

Gravitation (Gravitons?)
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Where do Neutrinos Appear in Nature?

Earth Atmosphere
(Cosmic Rays

Earth Crust

(Natural Radioactivity

N

Sun

B | Supernovae
57 (Stellar Collapse)

Astrophysical
Accelerators

Cosmic Big Bang
(Today 33G/cm?)
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Neutrinos from the Sun

Helium

Solar radiation: 98 % light
2 % neutrinos
At Earth 66 billion neutrinos/cmsec

Hans Bethe (1906-2005, Nobel prize 1967)
Thermonuclear reaction chains (1938)
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Sun Glasses for Neutrinos?

Several light years of lead

needed to shield solar
neutrinos

Bethe & Peierls 1934:

X this evidently means
that one will never be able
to observe a neutrino
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Clyde Cowan* ‘ Fred Reines

(1949¢c 1974) " (1918¢ 1998) |
@) y Nobel prize 1995 | Detector p

Anti -Electron @ ok @ —
Neutrinos o ﬁ 3 Gammas
= @@ 0
o ﬁ In coincidence
Nuclear Reactor e af e —> a
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First Measurement of Solar Neutrinos

Inverse beta decay
of chlorine

600 tons of
Perchloroethylene

Homestake solar neutrino
observatory (19672002
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Cherenkov Effect

Electron or Muon
(Charged Patrticle)

Light

Water



SuperKamiokande Neutrino Detector
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Neutrino Flavor Oscillations

. v @ sin @\ M1
Two-flavor mixin ( e) — ( €OS
J Vu (—sin @ cos 9) (Vz)

Each mass eigenstate propagates as e'P?
with p =VE?Z —m? ~ E —m?/2E

. Sm? . . I
Phase difference 5 2 implies flavor oscillations

Probability v, = v,

Bruno ‘Pontecorvo
419131993
Invented nu oscillations

Oscillation 47E _ . = E eV ?
Length Sm2 MeV
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KamLAND LonrBaseline ReacteNeutrino Experiment
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e Japanese Nuclear Reactors
80 GW (20% world capacity)

e Average distance 180 km
e Flux 6 x10° cm 2571

e Without oscillations
~ 2 captures per day

Crane

Rock lining

\ i Outer water tank

Inner tank

Lig.-scinti.
Container

A8 Aluminum sheets

Fhototubes
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Oscillation of Reactor Neutrinos at KamLAND (Jap

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

Primary Cosmic Rays

‘Air Nucleus

1/
Yoy,

2 Muon-
Neutrinos

<
. Super-Kamiokande
Detector
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Atmospheric Neutrino Anomaly

Primary Cosmic Rays Zenithrangle distribution of atmospheric neutrinc
in SuperKamiokande [he@x/0210019]
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LongBaseline Experiment K2K

78 (2180m)

Lo

Neutrino

250km

Eamioka

Karunizava

K2K Experiment
(KEK to
Kamiokande)
has confirmed
neutrino
oscillations,

to be followed
by T2KZ010)
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Current LongBaseline Experiments

FermiLalgSoudan (MINOS) CERN Gran Sasso
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ThreeFlavor Neutrino Parameters

Three mixing angles 61,, 613, 0,3 (Euler angles for 3D rotation), ¢;; = cos8;;,
a CP-violating “Dirac phase” §, and two “Majorana phases” a, and a5

Ve 1 0 0 C13 0 e_i5313 C12 S12 0 1 2{2 0 V1
Vu =10 C23 S23 0 1 0 —S12 €12 0 0 BIT 0 V>
Ve 0 —Sp3 €3/ \—e¥s;3 0 C13 0 0 1 i% V3

0O 0 e
39° < §,, < 53° 6,5 < 11° 33° < §,, <37° Relevant for
Atmospheric/LBIBeams Reactor Solar/KamLAND Ov2[3 decay
Normal Inverted .
Tasks and Open Questions
2 ..
3 2 RUE wPrecision fob;,and6,
Sun 72-80 meV? .
1 wHow large 19,57
1 wCRviolating phase ?
ATOSLIEE wMass orderin@
Atmosphere 21802640 meV (normal vs inverted)
5 wADbsolute masse3
Sun (hierarchical vs degenerate)

1 3 wDirac or Majoran&
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Antineutrino Oscillations Different from Neutrinos”
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Dirac phase causes differendflavor oscillations
for neutrinos and antineutrinos
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Distance [1000 km] for E=1 GeV
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Tritium B-decay
3H53He+e™ + Ve

wSensitive tacommon mass scale m
for all flavors because of small mass

A Electron spectrum 3Heq differences from oscillations
wBest limit from Mainz und Troitsk
Endpoint m<2.2eV (95% CL)
energy wWKATRIN can rea€h2 eV
18.6 keV wUnder construction
> E wData taking foreseen to begin in 2012
l m| http://www -ik.fzk.de/katrin/
fe Main Spectrometer
g # § Pre-
%7 12 & Spectrometer

Detector
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Cosmological Limit on Neutrino Masses
3

Cosmic neutrino “sea” ~112 cm > neutrinos + anti-neutrinos per flavor

For all

m
2 V
O, h* = E 93 oV < 0.23 >my S 20eV b flavors

REST MASS OF MUONIC NEUTRINO AND COSMOLOGY JETRett. 4 (1966) 12(

S. S. Gershtein and Ya. B. Zel'dovich
Submitted 4 June 1966
ZhETF Pis'ma 4, No. 5, 174-177, 1 September 1966

A4

Low=-accuracy experimental estimates of the rest mass of the neutrino [1] yield m(ve)
< 200 eV/e® for the electronic neutrino and m(vp) < 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~ plon®,

Georg Raffelt, MPI Physics, Munich 1st Schodinger Lecture University Vienna, 5 May 201



Weakly Interacting Particles as Dark Matter

THE ASTROPHYSICAL JOURNAL, 180: 7-10, 1973 February 15
© 1973. The American A ical Society. All rights reserved. Printed in U.S.A.

GRAVITY OF NEUTRINOS OF NONZERO MASS IN ASTROPHYSICS

R. Cowsik* AND J. MCCLELLAND
Department of Physics, University of California, Berkeley
Received 1972 July 24

ABSTRACT
If neutrinos have a rest mass of a few eV/c? then they would dominate the gravitational
dynamics of the large clusters of galaxies and of the Universe. A simple model to understand the
virial mass discrepancy in the Coma cluster on this basis is outlined.
Subject headings: cosmology — galaxies, clusters of — neutrinos

The possibility of a finite rest mass for the neutrinos has fascinated astrophysicists
(Kuchowicz 1969). A recent discussion of such a possibility has been in the context of
the solar-neutrino experiments (Bahcall, Cabibbo, and Yahil 1972). Here we wish to
point out some interesting consequences of the gravitational interactions of such
neutrinos. These considerations become particularly relevant in the framework of
big-bang cosmologies which we assume to be valid in our discussion here.

In the early phase of such a Universe when the temperature was ~ 1 MeV, several
processes of neutrino production (Ruderman 1969) would have led to copious pro-
duction of neutrinos and antineutrinos (Steigman 1972; Cowsik and McClelland
1972). Conditions of thermal equilibrium allow an easy estimate of their number
densities (Landau and Lifshitz 1969):

W N
My = 2h3 fo exp [E/kT(z.q)] + 1 i

Here n,, = number density of neutrinos of the ith kind (notice that in writing this
expression we have assumed that both the helicity states are allowed for the neutrinos
because of finite rest mass); E = c¢(p? + m%c?)'?; k = Boltzmann’s constant;
T(Zeq) = TH(Zeq) = T\(Zeq) = Te(Zeq) - - = the common temperature of radiation,
neutrinos, electrons, etc., at the latest epoch characterized by redshift z,, when they
may be assumed to have been in thermal equilibrium; k7'(z,,) ~ 1 MeV.

Since the masses of the neutrinos are expected to be small, k7(z,q) > myc?, in the
extreme-relativistic limit equation (1) reduces to

My(Zea) = 0.183[T(zea)/he]’ . )

As the Universe expands, only the neutrinos (in contrast to all other known particles)
survive annihilation because of extremely low cross-sections (deGraff and Tolhock
1966), and their number density decreases with increasing volume of the Universe,
simply as ~ V(z,o)/V(2) = [(1 + 2)/(1 + zeq)]>. Noting that (1 + z,)/(1 + 2) =
T(zeq)/T,(z), the number density at the present epoch (z = 0) is given by

1,(0) = ny(zeg)/(1 + zeq)* = 0.183[T;(0)/hc]® ~ 300 cm ™2, 3)

* On leave from the Tata Institute of Fundamental Research, Bombay, India.
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A Almost40 years ago,
beginningf the idea of
weaklyinteracting particles
(neutrinos) as dark matter

A Massiveneutrinos are no
longera good candidate
(hot dark matte)

A However, the idea of
weaklyinteracting massive
particles (WIMPs) as
dark matter is now standard
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What is wrong with neutrino dark maftter?

DIt OGAO t KI & SGuiinLIh @&

Maximum mass density of a degenerate

|| Fermi gas Spiral galaxies
3
Pmax M (mvvescape) m, > 20@19 =
Pmax = My 75 = 32 Dwarf galaxies

NMmax

m,, >100g200 eV

l.j

Neutrino Free Streaming (Collisionless Phase Mixing)

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

Overdensity

wNeutrinosl NB al 2

wRuledout bystructure formation

3
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Structure Formation with Hot Dark Matter
73033

Standard ACDM Model Neutrinos wichmV =6.9eV

Structure fromation simulated with Gadget code
Cube size 256 Mpc at zero redshift
Troels Haugbglle, http://useqghys.au.dk/haugboel



Structure Formation with Hot Dark Matter
7= 238

i
¢ -

Standard ACDM Model Neutrinos wichmV =6.9eV

Structure fromation simulated with Gadget code
Cube size 256 Mpc at zero redshift
Troels Haugbglle, http://useqghys.au.dk/haugboel



Structure Formation with Hot Dark Matter
Z=0.00

Standard ACDM Model Neutrinos wichmV =6.9eV

Structure fromation simulated with Gadget code
Cube size 256 Mpc at zero redshift
Troels Haugbglle, http://useqghys.au.dk/haugboel



Power Spectrum of Cosmic Density Fluctuations
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Power Spectrum of CMB Temperature Fluctuatio

Sky map of CMBR temperature
fluctuations
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Latest Angular Power Spectrum (WMAP 7 years
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Komatsu et al. (WMAP Collaboration), arXiv:1001.4538
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Radiation Content at CMB Decoupling

10 F

0.8 |

I —

0.2

0.0 L

0.6 -

0.4

Standard Value

0

Neff
Komatsu et al. (WMAP Collaboration), arXiv:1001.4538

WMAP alone

+ Largescale structure
(LSS) and

wEXistence of cosmic neutrino sea clearly confirmed by precision cosmolog
wAll analyses find mild indication for excess radiation
wPlanck data will fix  to +0.26 (68% CL) or better
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Weak Lensing A Powerful Probe for the Future

-
Y

Unlensed Lensed
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MassEnergylnventory of the Universe
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i
0]

N

7777777 Future Tiitum (KATRIN)

CMB & LSS
Weak lensing tomography

1073 102 101 1 Q
ITTTT] T TTTI] T TTTT] T TTTT] >
Luminous H I Total

Dark Matterl I A
1072 101 1 10 eV m,
T T TTTTI T TTTTm] T TTTT] |)Z?

SuperK gNEily Tritium (Mainz/Troitsk

Georg Raffelt, MPI Physics, Munich 1st Schidinger Lecture University Vienna,

5 May 201



Are Neutrinos their own Antiparticles?

Matter

Charge

15t Family

2nd Family

3'd Family

=
9f SOUNRY I

Weak Interaction

Gravitation
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Are Neutrinos their own Antiparticles?

Much less antmatter in the
universe: Baryon asymmetry
of the Universe (BAU)

Anti-Quarks

~1/3 | +2/3 213 +1/3

Weak Interaction

Gravitation
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Are Neutrinos their own Antiparticles?

Quarks
Charge —1/3 +2/3

Anti-Quarks

-2/3  +1/3

15t Family
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Solar Neutrinos vs. Reactor Antineutrinos

Q Neutron

N Fissionable
ﬁnucleus

Nu_clgeus
splitting ?
energy felease

Incident neutron

= Ray Davis radiochemica _ Huct %
S ISSION proaucts
- = detector (196%1992) irpautlidmiiet

f unstable nuclei effectively decay by

n ) @ @
y /[ k N
~ \
> )

AN eI U [CR O MalIU il p[oer=Yo ] (NIT-M)YARLEI0life]] | Detection by inverse f decay

-0 € 0-00

Does not work for reactor v, flux! Reines and Cowan 1951956
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Role of Neutrino Helicity (Handedness)

Basic production process
In reactors

0-00

Basic production process
in the Sun

00-0

— O
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Role of Neutrino Helicity (Handedness)

Basic production process
In reactors

000 —o

Basic production process
in the Sun

00~ 0
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Role of Neutrino Helicity (Handedness)

Basic production process Anti-neutrinos always
In reactors right-handed helicity
0~-00

Basic production process Neutrinos always

in the Sun left-handed helicity

00~ 0

in fast-moving rocket, e g . .
Helicity flip = anti-neutrino
| overtakes small-masssolar v, —
V. /V, property depends

on Lorentz frame

' | Cowan & Reines vV, detector . .
@ Majorana neutrinos:
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Neutrinolesspp Decay

Some nuclei decay only by
the B mode, e.g. G&6 AAAAA
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Bare enriched Ge-76 array in liquid Ar,
located in Gran Sasso

Phase |l (being commissioned)
18 kg (HAM/IGEX) + 15 kg natural Ge

Ty /2 > 3 x 10%° years
Test claim of Klapdor-Kleingrothaus

Phase Il, O(100 kg years)

Add ~ 20 kg enriched new detectors
Ty/2 > 2 %X 10%° years

Degenerate masses: m,, ~ 75-130 meV

Phase Ill, O(1000 kg years)
with Majorana collaboration?
1-ton scale
Ty/2 > 2 % 10?7 years
Inverted hierarchy: m,, ~ 24-41 meV

Several other large projects worldwide

Georg Raffelt, MPI Physics, Munich
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SeeSaw Model for Neutrino Masses

Cosmological QCDElectroweak GUT Planck

constant scale scale scale mass
\’ \’ \’ \’ \’

1073 1 103 106 10° 1012 10%° 1018 1021 1024 10%7 eV

Mass matrix for one family of ordinary and heavy r.h. neutrinos

V) (7))

Diagonalization

@A) ("M D) ()

One light and one heavy Majorana neutrino
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A mechanism is pointed out to generate cosmological baryon number excess without resorting to grand unified theories. The

lepton number excess originating from Majorana mass terms may transform into the baryon number excess through the
unsuppressed baryon number violation of electroweak processes at high temperatures.

Lepton £ . ¢ CRviolating decays of
K 2B heavy sterile neutrinos by
Heavy sterile / N Interference of treelevel
neutrino N “ p with one-loop diagram
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