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Expanding Universe and the Big Bang

Hubble’s law
Vexpansion = Hg X distance

Hubble’s constant
Ho = h 100 km s*1 Mpc™

Measured value
h=0.72+0.04

1 Mpc = 3.26 x 10%lyr
= 3.08 x 1024cm

Expansion age of the universe
to~ Hy'l~ 14 x 10° years
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Expanding Universe and the Big Bang

Hubble’s law
Vexpansion = Ho x distance

Hubble’s constant
Ho = h 100 km s*1 Mpc™

Measured value
h=0.72+0.04

3.26 x 108 lyr

Edwin e 1 Mpc
= 3.08 x 1024 ¢m

Hubble

Expansion age of the universe
to~ Hy'l~ 14 x 10° years
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Expanding Universe and the Big Bang

* Photons Hubble’s law
* Neutrinos Vexpansion = Hp x distance

» Charged Leptons
- Quarks Hubble’s constant

* Gluons Ho = h 100 km s*! Mpc™?
» W- and Z-Bosons
- Higgs Particles Measured value
* Gravitons h=0.7210.04
» Dark-Matter Particles

- Topological defects 1 Mpc = 3.26 x 10°lyr
= 3.08 x 10%4cm

Expansion age of the universe
to~ Hy'l~ 14 x 10° years
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History of the Universe




Friedmann-Lemaitre-Robertson-Walker Cosmology

» On scales = 100 Mpc, space is maximally symmetric

(homogeneous & isotropic)
* The corresponding Robertson-Walker metric is

2
ds? = dt? + az(t)[ dr . r2(do? + sin? 6d¢2)

T N

Clock time Cosmic Curvature || 7 0, ¢, co-moving

of co-moving || scale spherical coordinates
k = 0’ i1 * * *

observer factor r is dimensionless

.
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Einstein’s “Greatest Blunder”

Density of gravitating mass & energy Curvature term
is very small or zero
Newton’s constant (Euclidean spatial geometry)

Friedmann equation for 1\2  8n GN
, : H =
Hubble’s expansion rate 3

a’ 3

Yakov | I Cosmological constant A
Borisovich ~ ¥4 | (new constant of nature)
Zeldovich b 1 allows for a static universe
1914-1987 | by “global anti-gravitation”

I » Quantum field theory of elementary particles
inevitably implies vacuum fluctuations because
of Heisenberg’s uncertainty relation,
e.g. E and B fields can not simultaneously vanish
e Ground state (vacuum) provides gravitating energy
» Vacuum energy p, .. is equivalent to A
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Casimir Effect (1948)

A measurable manifestation of the zero-point energy

of the electromagnetic field

A~ A A AAAAAAnn || LONg-wavelength field
“ : modes between the
plates are “displaced,”
causing a reduction of

. f———|| the vacuum energy
I:\l:rv compared with free space

Hendrik Bugt Casimir
(1909 - 2000)

Casimir force between parallel

240 4* d 1cm? plates (distance d, area A)

2 , 4
F—“MAm1.3x107N[m]£ = }

Bordag et al., New Developments in the Casimir Effect, Phys. Rept. 353 (2001)
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Supersymmetric Extension of Particle Physics

In supersymmetric extensions of the particle-physics standard model,
every boson has a fermionic partner and vice versa

m Standard particle Superpartner m

Leptons (e, v, ... Sleptons (e, vg, ...) n
Quarks (u, d, ... Squarks (u, d, ...)

Gluinos

Wino

Zino
Photon (y Photino (y

T r—
— Jowin forie—on

Fermionic degree of freedom p . =—®

Bosonic degree of freedom Puac =+ ®©
Supersymmetry broken at a scale A ., ~ 1 TeV (?)
(Masses of particles and superpartners different)

4
Pvac = ASUSY
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Critical Density and Q-Parameter

Evolution of cosmic scale factor a(t)
governed by Friedmann equation

2
2 (a 8= k
H =—GNp——5
(a) 3 NP a’

In a flat universe (k = 0), there is a
unique relationship between H and p,
defining the “critical density”

3H2 ?
Pcrit = 876y (HmPl

Cosmic density always expressed
in terms of

Q = p/pcrit

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy

With the present-day Hubble parameter
Hy, = h 100 km s~ Mpc™’
the critical density is
it =h%1.88x10"¥gem™>
Pcrit = +00 X gcm
With the measured value

h=0.72 £ 0.04
the critical density is

Perit =(0.97 £0.12)x10"%%g cm 3

= [(2.55+ 0.07)meV] 4
21 0_1 SASUSY

Beyond the 5tandard Model, §-11 March 2004, Bad Honner, Germany



Generic Solutions of Friedmann Equation

Equation) Behavior of energy-density under | Evolution of
of state | cosmic expansion cosmic scale factor

e Dilution of radiation
_ -4
p=p/3 and redshift of energy

Vacuum energy not a(t) o« exp(,/A/3 t)

P = COMSt | iluted by expansion | A = 8aGy pyac

Vacuum
energy
Energy-momentum tensor of perfect fluid with density p and pressure p
P
Tac = pg"’ = P
-p
-p
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Expansion of Different Cosmological Models

A Cosmic scale factor a 0Oy =0.3
Q, =0.7

Time (billion years)

-14 -9 7 today

adapted from Bruno Leibundgut
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Supernovae: Almost as Bright as Galaxies

SN 1998S in NGC 3877 SN 1994D in NGC 4526
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Light Curve of Supernova 1986G in Centaurus A

This clip was prepared by the Supernova Cosmology Project (P. Nugent: spectral sequence;
A. Conley: image sequence) with the help of Lawrence Berkeley National Laboratory’s
Computer Visualization Laboratory (N. Johnston: animation) at the National Energy Research
Scientific Computing Center. http://www-supernova. lbl.gov/public/figures/snvideo.html
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Universal Supernova la Light Curve

B Band

20, = — Supernova la lightcurves are
: — empirically a 1-parameter family
19—
a
< 8
oL After transformation
T a universal light curve,
= ' . i.e. a de-facto standard candle
n ‘e “:_.
-16:_ 201 I R
- Calan/Tololo SNe Ia - . .
A5E — _ _ - 4 light-curve timescale -
-20 0 20 40 19¢ “stretch-factor” corrected
days “f ]
g _-|E,|i ﬁ‘ —
B | i
':L ATE % . _-
= < . 5
- ﬁﬁﬁ.lo 3:. . . :
=15 -
i i
5L . E
=20 0 20 40 60
days
Kim, et al. (1997)
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Hubble Diagram

[ ; Supernova la
44 o .
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Hubble Diagram

L | T T T L L | 18 Dcember 1958

L Science

! ® High-Z SN Search Team o 0" . P 21412336 47
42F e Supernova Cosmology Project E? . —
ST ; ACCELERATING
(=) : ' UNIVERSE
% 40 - -_ Breakthrough of the Vear
E - T ] '
s 38 ofé ]
é 4...‘{ — QM=G.3, Dﬂ=Dn?
_ O h
361 . - 0,203, 0,200

Accelerated expansion
(9, =0.3, Q, =0.7)

A(m-M) (mag)

Decelerated expansion
(Qu=1)
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Latest Supernova la Data
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209 SNe with fall 1999 data in red

Tonry et al., “Cosmological results from high-z supernovae,” astro-ph/0305008
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Latest Supernova la Data
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209 SNe with binned data in red

Tonry et al., “Cosmological results from high-z supernovae,” astro-ph/0305008
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Fitting Cosmological Parameters

High-z supernova
team

(Tonry et al.)
astro-ph/0305008

R
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Cosmological Supernova Project
(Knop et al. ), astro-ph/0309368
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New Supernova Projects

48 F— -
p— #
EEEB 46 _— -~ -
o B Ad -
= F A
B i SN Factory

P Carnegie SN Project

42

‘o ESSENCE
. L Ly — CFHT Legacy Survey

- Q=0
Fr=—oSa Higher-z SN Search
? | = A (GOODS)
37F
; SNAP
g -1}
| | |

redshift Bruno Leibundgut 2003
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The SNAP Project

=
=7
By )

Simulated Hubble diagram for a 1-year
SNAP mission (2000 SNe per year)

SNAP Satellite
http://snap.lbl.gov/

mag

28

2.0
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The SNAP Project
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No Big Bang
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Scalar Fields and Cosmological Constant

V 4
High-T phase
Vg Low-T phase
Why is zero of all
scalar field potentials
(almost) exactly at —
V=0 Higgs field @
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Beyond the 5tandard Model, §-11 March 2004, Bad Honner, Germany



Quintessence

Absolute zero
determined by
unknown effect

VL

Scalar field still
relaxing to zero
(slowly rolling)

Quintessence field @

Equations of
motion, for
homogeneous
mode (VD=0)

L=.g[le"®a,0+ V(@)

2 _8xm . 2 System of

H® = —Gy[5(0:@)" + V(@ ys

9¢®+ 3Ha @+ V(®)=0 || nonlinear
equations
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Quintessence as a Perfect Fluid

2
Energy-momentum tensor of homogeneous || P = %(atq’) + V(D)
@-mode that of an isotropic perfect fluid p= %(atq,)Z _ V(®)

General equation of state P=Wp

Example: Exponential potential V(®) = Vg e~ hETCH @
p_a

Explicit solution of eqs of motion imply w==,= 3 -1
P

e vacm eeryy [ 220 [w- 1
:
:

Observational
evidence for

equation of state
with “nonstandard”
w-parameter?
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Limits on Quintessence

High-z Supernova Project Supernova Cosmology Project
Tonry et al. astro-ph/0305008 Knop et al. astro-ph/0309368
G.U_FII|III|III|III|IIIIII 0 I S S -
" Lowextinction Full primary’
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g0 1) (w1 .
151 1| 15 ]
_2.0:_ —: 2 1 1 1 1 ]
IENENEN o b b 0 0.5 0 0.5 1
00 02 04 06 08 1.0 1.2
2\ Q.

(y
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Limits on Quintessence

High-z Supernova Project Supernova Cosmology Project
Tonry et al. astro-ph/0305008 Knop et al. astro-ph/0309368
0.0 II|III|III|III|III|III 0 g ——— —

Full primary’
subset -

Lowextinction

Include LSS primary subset

-0.5 constraints Y3 h
~ ‘\ on Qy |
i h'\ - i
L-1.0[- :-“‘\ 1wt i
15 \\ 41| 15 F T
_2.0 :_ —: 2 i 1 BT 1 1 1 T
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0y Qy
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SNAP Quintessence Sensitivity

equation of state
W= le j pu

0.0 T
Flat Universe network of cosmic strings
-02 = Constant w W =—s -
) » ]
04 = . -
L "~99% |
959 - range of
—0.6 - 920% Quintessence -
68% models
08 [ . -
cosmological constant
g W | .
-.\\ .}_
—10 N | | i 4 | ] | 1
0.0 0.2 A : 0.6 0.8 1.0
. — - )
SNAP Satellite Qv =1-Qy

Target Statistical Uncertainty
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Galaxy Distribution in the Sky
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Formation of Structure

Structure forms by
gravitational instability
of primordial

density fluctuations
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A Slice of the Universe

Right Ascension o

Cosmic o

“Stick Man”

Galaxy distribution from the CfA redshift survey
[ApJ 302 (1986) L1]
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2dF Galaxy Redshift Survey (15 May 2002)

North " = : e w / cz (1000 km/s)

11263 galaxies
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2dF Galaxy Redshift Survey

Animation from 2dFGRS homepage
http://www.mso.anu.edu.au/2dFGRS/
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Power Spectrum of Density Fluctuations

Field of density fluctuations

oplx
o(x) = p_( )
P
Fourier transform

8y = [d*x e KX g(x)

Power spectrum essentially square
of Fourier transformation

By ) = (2%)*8(k — k') P(k)
with § the §-function

Power spectrum is Fourier transform of
two-point correlation function (x=x,—x,)

a3k ik
E(x) = {8(x2)8(x4 )>=I anp X p(k)
_ (92 dk _ik-x k>P(k)
- J4x k 212

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy

Gaussian random field (phases of
Fourier modes 8, uncorrelated) is fully
characterized by the power spectrum

P(K) = 61|
or equivalently by

3oy Y2 13/2
&“q[kl%kf] Ky

272 /2

Beyond the 5tandard Model, §-11 March 2004, Bad Honner, Germany



Gravitational Growth of Density Perturbations

The dynamical evolution
of small perturbations

5(x) = 2P 1
P

is independent for each
Fourier mode §,

*» For pressureless,
nonrelativistic matter
(cold dark matter)
naively expect
exponential growth

* Only power-law

growth in expanding
universe

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy

Radiation dominates

oc 172

Matter dominates

oc 1213

Sub-horizon [ Super-horizon
A< HT L HT
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Processed Power Spectrum in Cold Dark Matter Scenario

Primordial

Spectrum

Suppressed by stagnation
during radiation phase

Primordial spectrum
usually assumed to be
of power-law form

P(k) = 5k |* o< K"

Harrison-Zeldovich
(“flat”) spectrum

n=1
expected from inflation
(may be slightly less
than 1, depending on
details of inflationary
phase)

Linear Power Spectrum P(k) [Mpc3]

105

10-4

10-3

10-2

10

| |
| -

102

101 1
Wavenumber k [Mpc-1]

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy

Beyond the 5tandard Model, §-11 March 2004, Bad Honner, Germany



Power Spectrum of Cosmic Density Fluctuations

Wavelength A [h-! Mpc]
104 1000 100 10 1
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1000

100

m Cosmic Microwave Background

{0 # Cluster abundance

m Weak lensing

4 Lyman Alpha Forest

Current power spectrum P(k) [(h-! Mpc)3]

1 I'IIIIIII
1 IIII.IIII

Tegmark & Zaldarriaga, astro-ph/0207047 + updates
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COBE Temperature Map of the Cosmic Microwave Background

T = 2.725 K (uniform on the sky)
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COBE Temperature Map of the Cosmic Microwave Background

Wavelength [mm]
1 0.67

FIRAS data with 4000 errorbars
2.725 K Blackbody

-
L]
T
=
|
=,
=
—
w
L
@
o
=

T = 2.725 K (uniform on the sky)
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COBE Temperature Map of the Cosmic Microwave Background

Dynamical range AT =3.353 mK (AT/T= 103)
Dipole temperature distribution from Doppler effect
caused by our motion relative to the cosmic frame
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COBE Temperature Map of the Cosmic Microwave Background

Dynamical range AT = 18 pK (AT/T = 107)
Primordial temperature fluctuations
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Last Scattering Surface

Redshift z
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Power Spectrum of CMBR Temperature Fluctuations

Sky map of CMBR temperature
fluctuations
T(e: (P) - {T>
ﬁ(ﬁ, 'P) =
T)
. R Angular Scale
Multipole expansion w000 P 2 05 02 _
2 < a1
ABe)= 2 X amYim(6,9) sl Acoustic Peaks R
E=0 I'|'|=—~‘f 4000 _ g ;gg.:np E
: I ACBAR E

Angular power spectrum
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Power Spectrum of CMBR Temperature Fluctuations

Angular power spectrum
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Flat Universe from CMBR Angular Fluctuations

Spergel et al. (WMAP Collaboration) Triangulation with acoustic peak
astro-ph/0302209
Angular Scale
6000 —r & & 2z
» 1T Cross Power flat (Euclidean)
B E ; ;mal:;w All Data
{2\{5_ M 3 .* 3 AR
ﬁi 3000 _ '* \
= : ',
é a00a E I"'-'.U/‘\ i‘}/{ﬂ' negati'\fe curvature I ——
1000 _ S . ;ff\w\* /
0 E hd I 1 I I 1 1 1 1 N
0 10 a0 100 E[;l ﬂau{a 800 1400
Multipole morgent (/)
pram positive curvature }
Cmax = 200}; VS 2tot

Known physical Measured

size of acoustic peak angular size
th =1.02 + 0.02 at decoupling (z = 1100) today (z = 0)
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CMBR - The Cosmic Rosetta Stone

. Power-law index (tilt)
. n=1.0, 1.1, 1.2
E Ho Hubble constant
% H, = 50, 60, 70
i . Total density
2 Qe = 1.0, 0.5, 0.3
Baryon density
Qp =5, 7.5, 10x10°3

."uIl_.'l.'['[E‘LH‘J[_]: N PhYSiCS TOdﬂy 1997:11, 32
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Formation of Light Elements (Big Bang Nucleosynthesis)

Minutes: 1/60 1 5 15 60 Protons
].U] I — —_— I — S I — /
1 Helium 4
10 ! Deuterium
S 107
O
E
o
S 107
=
107"
R e R
10 119 10’ II<0 10 astro-ph/
emperature ( ) 9903300
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Measuring Primordial Deuterium

= ————— 11— | | Hydrogen absorption

ot .

. 450 19371008 1| | spectrum of a background
Z = . N

Eog L 1] | quasar in

i high-redshift hydrogen clouds
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E 1{] I

S

E {:] i L L i | I'_’__,—-I""FL"‘"*-I- l i L 1 L | i

= 5000 6000 7000

Deuterium Lyman-a in the
flank of the saturated
hydrogen Lyman-a line

Normalized Flux

5560
Wavelength (&) astro-ph/9903300
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BBN Concordance

0.02
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___________
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Baryon-to-photon ratio n,,

6 7 8 910

Implied by CMBR and
large-scale structure

Review of Particle
Properties
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Best-Fit Universe

No Big Bang

H'Lll)l._’ rmovae

. forever
Cosmos expands fol

VACUUM ENERGY DENSITY ,

Clusters \

L 1 ' L 3 || S. Perlmutter
MASS DENSITY Physics Today, April 2003, p.53
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Cosmological Parameter Fitting

How much dark energy 1s there?

0.8
-
=
ey

- 0.6
i
)
=
=714
.
=

v 0.4
o
s
o
£

0.2

G 6.2 0.4 0.6 0.8 1
Matter density Q_

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy Beyond the $tandard Model, 3-11 March 2004, Bad Honnef, Germany



Concordance Model of Cosmology

A Friedmann-Lemaitre-Robertson-Walker model with the following
parameters perfectly describes the global properties of the universe

HO — (72 4) km s~ Mpc
_ tg=(13.7 +0. 2)x109years

Baryonic matter | Qg = 0.044 + 0.004

The observed large-scale structure and CMBR temperature fluctuations
are perfectly accounted for by the gravitational instability mechanism
with the above ingredients and a power-law primordial spectrum of
adiabatic density fluctuations (curvature fluctuations) P(k) oc k"

Qp +Qpy =1.02+0.02

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy
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Generating the Primordial Density Fluctuations

Early Development
of the Universe

Early phase of exponential expansion

BiG BANG PLUs TINEST -
FRACTION OF A SECOND (Inﬂatlonary EPOCh)

(107%)

Zero-point fluctuations of quantum
fields are stretched and frozen

Cosmic density fluctuations are
frozen quantum fluctuations
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Dark Matter in Galaxy Clusters

A gravitationally bound
system of many particles
obeys the virial theorem

2(Eyin, = —(Ekin}
rnvz\ /G Mrm\
\_ _\

\vz\ r GyMy \r_'\

Velocity dispersion
from Doppler shifts
and geometric size

Coma Cluster L Total Mass
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Dark Matter in Galaxy Clusters

Fritz Zwicky:

Die Rotverschiebung von
Extragalaktischen Nebeln
(The redshift of extragalactic
nebulae)

Helv. Phys. Acta 6 (1933) 110

In order to obtain the observed average Doppler effect of
1000 km/s or more, the average density of the Coma cluster
would have to be at least 400 times larger than what is found
from observations of the luminous matter.

Should this be confirmed one would find the surprising result
that dark matter is far more abundant than luminous matter.
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Giant Arc in Cluster Cl 2244-02
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Giant Arcs - Gravitationally Lensed Background Galaxies

Distorted image
(Partial Einstein ring)

Foreground &
cluster of

galaxies Observer [N
&, Tyson, Physics Today, 1992:6, pg.24
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Mass Map of the Cluster Cl 0024+1645 from Strong Lensing

Tyson et al.(1998)
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Gravitational Lensing in Clusters of Galaxies

Galaxy cluster Cl 0024+1654
[Hubble Space Telescope]

Numerical Simulation
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X-Ray Emission from Galaxy Clusters

Corfiz clusiar . ~ Coma cluster

Contours of x-ray emission

(Einstein satellite) ROSAT x-ray image
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Cluster Gas Fraction

035 1 TS Gas fraction in clusters
} . foas P2 =0.075 + 0.002
0.2 $ -
Q. [ % ﬁ Ff - * Assume the cluster matter
:?:% - i ;i> % % " T - inventory represents a fair
— i 5 I . sample of the universe
g i % ] o Use the measured baryon
- . content Qg (BBN, CMBR)
0.1 1 «h=0.72+0.08
0.09 {
0:08 E | | 1] é
| 4 | 6 | 8 | 10 Cosmic matter content
X-ray temperature [keV] Oy = Qg/fy,s = 0.325 + 0.034
Mohr et al., astro-ph/9901281 (Fablan, astro-phy0504920)
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Structure of Spiral Galaxies

Spiral Galaxy NGC 2997 Spiral Galaxy NGC 891

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy Beyond the $tandard Model, 3-11 March 2004, Bad Honnef, Germany




“Rotation Curve” of the Solar System

JUPITER
SATURN
URANUS

]
ol
= |
=4
i
=

3
»

Kepler’s Law

V ; = | -
rotation \f' radius
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Galactic Rotation Curve from Radio Observations

‘ -

Observed flat
rotation curve

Expected from luminous
matter in the disk

10 20 30
Radius (kpe)

with hydrogen column density
[ApJ 295 (1985) 305]

Spiral galaxy NGC 3198 overlaid

Rotation curve of the galaxy NGC 6503
from radio observations of hydrogen motion
[MNRAS 249 (1991) 523]
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Structure of a Spiral Galaxy

Globular Clusters

1 pc = 3.26 light years
1 kpc = 1000 pc
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Structure of a Spiral Galaxy

Dark Halo
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Dark Matter in Spiral Galaxies - Summary

ORBITAL LOCAL MASS INTEGRAL
LUMINOSITY (L) VELOCITY (V) DENSITY (M) MASS (M)

| |
Expected\ | |
A A

from

luminosity ! | :_é
distributiV | e

V=
M—>

Infered \

from

rotation
curve / |

L—

IM—>
Y. Rubin, Sciam,

No obvious

Flat rotation
limit to
total mass

curve instead
of Keplerian
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Rotation Curve of the Milky Way

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy
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Mass-Energy-Inventory of the Universe

Dark energy 73%
Cosmological constant)

Baryonic matter 4% Dark matter
(only 10% of this is 23%
luminous)
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Cosmological Limit on Neutrino Masses

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

my

< For all
94 eV

2 _
Quh" =2, stable flavors

0.4 m, < 40 eV

REST MASS OF MUONIC NEUTRINO AND COSMOLOGY

A classic paper:
5. 5. Gershtein and Ya. B. Zel'dovich GerShtein & Zeldovi(:h

Submitted 4 June 1966

ZhETF Pis'ma 4, No. 5, 1T4-177, 1 September 1966 JETP Lett. 4 (1966) 120

Low=accuracy experimental estimates of the rest mass of the neutrino [1l] yield m(v )
e

P

< 200 eV/e® for the electronic neutrinc 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

p<2x 10" g/cm®.
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Weakly Interacting Particles as Dark Matter

THE ASTROPHYSICAL JOURNAL, 180; T=10, 1973 February 15
i 1973, The American Astromomical Society, All rights resarved, Printed in LL5.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 neutrines have a rest mass of a few eV/e®, than 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 selar-neutring 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 neutrinoe production (Ruderman 196%) would have led to copious pro-
duction of neutrinos and antinewtrinos (Steigman 1972 Cowsik and MeClelland
1972). Conditions of thermal equilibrium allow an easy estimate of their number
densities (Landau and Lifshitz 1969):

B I . N W
wilt [, exp [EfkTize)] + 1

n

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;
Tz,) = Tdz.) = Tiz) = TAz,,) - - = 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; kT(z) = 1 MeV,

Since the masses of the neutrinos are expected to be small, kT(z,,) > m,c% in the
extreme-relativistic limit equation (1) reduces to

ny(zaq) = 0.183[T(zoq)/hc]® . (2

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 =~ Flz )V(z) = [(1 + 2)/(1 + z,,)]. Noting that (1 4+ z )l 4+ 2) =
Tzea )/ To(2), the number density at the present epoch (z = 0) is given by

m0) = mdz N1 + 2,07 = 0ABI[TA0)he]® = 300 ecm 2, (3)

* Om leave from the Tata Institute of Fundamental Research, Bombay, India.

7

More than 30 years ago,
beginnings of the idea of
weakly interacting particles
(neutrinos) as dark matter

Massive neutrinos are no
longer a good candidate
(hot dark matter)

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy

However, the idea of
weakly interacting massive

particles as dark matter
is now standard
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What is wrong with neutrino dark matter?

Galactic Phase Space (“Tremaine-Gunn-Limit”)

Maximum mass density of a degenerate Spiral
Fermi gas m, > 20 — 40 eV galaxies

3
P?nax My (MyVescape)
Pmax = My =

2 2
3% 3% Dwarf
k—: m, > 100 — 200 eV galaxi

Neutrino Free Streaming (Collisionless Phase Mixing)

o At T < 1 MeV neutrino scattering in early universe ineffective
» Stream freely until non-relativistic
« Wash out density contrasts on small scales

Ne NENLRNoS

e Nus are “Hot Dark Matter”
e Ruled out
by structure formation

Over-density
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Formation of Structure
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Formation of Structure

Structured

A fraction of hot dark matter
suppresses small-scale structure
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Cosmic Structure Modified by Hot Dark Matter
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Cosmic Structure Modified by Hot Dark Matter
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Cosmic Structure Modified by Hot Dark Matter
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Cosmic Structure Modified by Hot Dark Matter
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Neutrino Mass Limits from Large-Scale Structure

Statistical 95% C.L. limits depend on used data and on

priors for other parameters. For detailed analyses see
* Hannestad, astro-ph/0303076

+ Elgaroy & Lahav, astro-ph/0303089

2dF (Galaxy-galaxy correlation)
+ WMAP (Cosmic microwaves)

+ Small-scale CMBR
(breaks degeneracy with bias)

+ Priors (1o)
h =0.72+ 0.08
Qu =0.28+0.14
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Tritium Endpoint Spectrum

Tritium B-decay & “f ]
3I-I—>3I-Ie+e_+1‘ag 99 A T {' } | b v e
_25} $ A LOS ALAMOS
4 Electron spectrum He '{’ b || -
- be— 1
E:::g?;nt 2 —1{){}; I ® TROITSK step fen
18.6 keV ~125p '
-150F 1 l
- E — 1 f’bi—
> 1990 1992 1994 1996 1998 2000
m year
Currently best limits from Mainz » Scaled-up spectrometer (KATRIN)
and Troitsk experiments should reach 0.2 eV |
Q, e Currently under construction
m<2.2eV (95% CL) » Measurements to begin 2007

http: //ik1aul.fzk.de/~katrin
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Lee-Weinberg-Curve

* For m, = 1 MeV
neutrinos freeze out
nonrelativistically

* Density suppressed
by annihilation
before freeze-out

Weakly interacting
massive particles

(WIMPs) possible as
cold dark matter

Cold Dark Matter

Q
-+
E

i8]
=
LY

b

(is]
[~
.

O
I

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy Beyond the $tandard Model, 3-11 March 2004, Bad Honnef, Germany



Supersymmetric Extension of Particle Physics

In supersymmetric extensions of the particle-physics standard model,
every boson has a fermionic partner and vice versa

m Standard particle Superpartner m

Leptons (e, v, Sleptons (e, vg, ...
Quarks (u, d Squarks (u, d, ...

Gluinos

Wino

Zino
Photon (y Photino (y

T r—
— Jowin forie—on

o | R-Parity is conserved, the lishtest SUSY-particle (LSP) is stable
» Most plausible candidate for dark matter is the neutralino,
similar to a massive Majorana neutrino

Neutralino = C, Photino + C, Zino + C; Higgsino
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The Search for Dark Matter in our Galaxy

Direct search experiments
exist for

o WIMPs
(Weakly Interacting Massive
Particles, often assumed to
be supersymmetric neutralinos)

» Axions
(Very low-mass very weakly
interacting bosons, motivated
by CP problem of QCD)

[With permission of David Simmonds &)
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Search for Neutralino Dark Matter

Direct Method (Laboratory Experiments)

Galactic Recoil energy
dark matter (few keV) is
particle . measured by
(e.g.neutralino) wnergy _ * lonisation
Crystal deposition « Scintillation
» Cryogenic
PHYSICAL REVIEW D VOLUME 31, NUMBER 12 15 JUNE 1985

Detectability of certain dark-matter candidates

Mark W. Goodman and Edward Witten
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544
(Received 7 January 1985)

We consider the possibility that the neutral-current neutrino detector recently proposed by
Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
teractions and masses 1—10° GeV; particles with spin-dependent interactions of typical weak
strength and masses 1—10% GeV; or strongly interacting particles of masses 1—10'* GeV.
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Direct Detection Methods

Incident WIMP

HEAT

Bolometers:
 MIDBD
 ROSEBUD-I

e CRESST-I
« CUORICINO
Metastable p.det:
« SSD Micrograins heat
* SDD Droplets

HEAT+CHARGE

* CDMS
« EDELWEISS

Detector-Target

Nuclear recoil

CHARGE

Ge-experiments:

HEAT+LIGHT

« ROSEBUD-II
e CRESST-II

« H/M

s [GEX

e GENIUS-TF
Tracking
Chambers:

e DRIFT

VAVAVAVA &

Scattered WIMP

LIGHT

Xe-scintillators:

+ DAMA-Xe

e ZEPLIN-I

Nal scintillators:
NAIAD

ANAIS

DAMA, LIBRA

ELEGANTS

LIGHT+CHARGE

e ZEPLIN-II
e X-MASS

TAUP 2003 - University of Washington, Seattle

A. Morales (Univ. Zaragoza)



WIMP direct detection in underground facilities experiments
currently running (or in preparation)

LABORATORY

EXPERIMENT

TECHNIQUE

Bern (Switzerland)

ORPHEUS

(SSD) Tin Superconducting Superheated Detector

Boulby (UK)

Canfranc (Spain)

NAIAD
ZEPLIN I
ZEPLIN II

DRIFT

IGEX
GEDEON
ANAIS
ROSEBUD

Nal scintillators (46-65 Kg)
Liquid Xe scintillator (4 Kg)

Liquid-Gas Xe (scintillation/ionization) (30 Kg) (R+D)
Low pressure Xe TPC 1m? (R+D)

Ge ionization detector (2.1 Kg)

Set of Ge ionization detector (in project) (4x7x2 Kg)
Nal scintillators (110 kg)

CaWO, and BGO scintillating bolometers (50-200 g)

I Frejus/Modane (France)

EDELWEISS

Gran Sasso (Italy)

H/M
HDMS
GENIUS-TF
DAMA
LIBRA
Liquid-Xe
CaF,
CRESST
CUORICINO
CUORE

I Sets of Ge thermal+ionization detectors (n x 320 g)
P

Ge jonization detector (2.7 Kq)

Ge ionization in Ge well

Set of Ge crystals in LN, (40 Kg)

Nal scintillators (~100 Kg)

Nal scintillators 250 kg (starting)

Liquid Xe scintillator (6 Kg)

Scintillator

Set of CaWoO, scintillating bolometers (n x 300 g)
Set of TeO, thermal detector (41 Kg)

1000x760 g TeQ, (in project)

KAMIOKA (Japan) XMASS Large mass Xe scintillators (R+D)
Rustrel (France) SIMPLE (SDD) Superheated Droplets Detectors (Freon)
Soudan (USA) CDMS Sets of Ge and Si thermal + ionization detectors

OTO (Japan)

SNO (Canada) PICASSO (SDD) Superheated Droplets Detectors (Freon)

ELEGANTS V
ELEGANTS VI

Large set of massive Nal scintillators (670 kg)
CaF, scintillators

TAUP 2003 - University of Washington, Seattle

A. Morales (Univ. Zaragoza)



CRESST Experlment ln the Gran Sasso Laboratory
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CRESST Experiment in the Gran Sasso Laboratory

Cryogenic

Rare

Event

Search with
Superconducting
Thermometers

i\ 4

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy Beyond the $tandard Model, 8-11 March 2004, Bad I-hrne-t.',_l‘.;ﬁ'mav



CRESST Experiment to Search for Dark Matter

liquid nitrogen

liquid heliurm

miXing chamioer

internal lead shields

externdl lead shield
copper shield

prototype detector

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy Beyond the $tandard Model, 3-11 March 2004, Bad Honnef, Germany



CRESST Experiment to Search for Dark Matter

liquid nitrogen

liquid helium

miXing chamioer

——- internal lead shields

externdl lead shield
copper shield

prototype detector

Particle

Mirrar

Phanon Datector

Tharmometear

Light Detector

/ Tharmameter

Coating for better
light absopriion

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy
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One of the CRESST Detector Crystals




DAMA Evidence for WIMP Detection

DAMA experiment in Gran Sasso (Nal scintillation
detector) observes an annual modulation at a
6.3c statistical CL, based on 110 ton-days of data
[Riv. N. Cim. 26 (2003) 1-73]
220 km/s
- E ML«_H- {—]]-l-x— m —H—Wa—u— Vs ﬂ—V]—K—VTl-I—}
ﬁ: 0.05 *
Earth £ '
OV A % & _thw ,&;\ Ji
: \:; S T
s s ) S e o S L e
g-0058 + o -
Annual modulation of 5 RN,
WIMP signal a 01500 1000 1500 2000 2500
“smoking gun” signature Time (day)

e Detector stability ?
e ,,Background stability* ?

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy Beyond the $tandard Model, 3-11 March 2004, Bad Honnef, Germany



Limits from WIMP Search Experiments

DAMA claimed
detection

Expectation from

supersymmetric models

6
10

astro-ph/0008339

HDMS project.

WIMP-mass [GeV |

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy
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EDELWEISS Limits

-4 astro-ph/0206271
10 .
g EDELWEISS
c
o
© -5 .
E 10 DAMA region
o
7]
o
-
O
S -6
S .
E 10
< eeeeee  2000+2002 data, 13.6 kg.days
% 2000+2002+2003 data, 32 kg.days
= -7
10
2 3
10 10

WIMP Mass (GeV/c?)
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Projected WIMP Sensitivities

O WIMP-proton [pb]
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Search for Neutralino Dark Matter

Direct Method (Laboratory Experiments)

‘ Recoil energy
Galactic .
dark matter (few keV) is
particle > measured by
(e.g.neutralino) %ergy « lonisation

Crystal deposition « Scintillation
» Cryogenic

Indirect Method (Neutrino Telescopes)

Annihilation
Galactic dark

matter
particles
are accreted

High-energy

® neutrinos
(GeV-TeV)

can be measured

Sun

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy
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AMANDA - South Pole Neutrino Telescope

2350 'm

AMANDA as of 2004

(true scaling)

Drepth
surface T
50 m N snow layer
6l m
-
AMANDA-A
810 m :
1000 m -k
i AMANDA-B10 |
1150 m S
150m  WETS
2000 m i .q 4

coomed in on

Eiffel Tower as comparison AMANDA-A (top) eoomed in on one

AMANDA B10 (bottom) optical module (OM)

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy
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High-Energy Neutrino Telescopes

Antares Nestor Baikal
Project Project 200 PMTs

Amanda Il, 800 PMTs
IceCube Project

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy Beyond the $tandard Model, 3-11 March 2004, Bad Honnef, Germany



Muon Flux from WIMP Annihilation in the Sun

07. . . LBergsim.) EaspandP. Gondol, 1998

E™ = 1GeV
10 6 g > Ogy" :
5 - og'> og > 0.10g]"

0.1 ﬁgl'“ > Og

T BAKSANG

e o A i e o = S o W S S S S e .

Muon flux from the Sun (km™ yr™)
o © o

-1
=

1 | - 2 1 1 I | 1=l 3 { 1 1 L L 4
10 10 10 10
Neutralino Mass (GeV)

Need a km?3 water Cherenkov detector

to reach solar background
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LY —> YY Or Ly

High-Energy Gamma Rays from Neutralino Annihilation

Photon Flux [em s GeV ']

Meutralino continuum gamma ray
flux towards galactic centre -

NFW model, A=10"" sr

10"

\ Gondolo,
_ . astro-ph/0403064

—— Background, E,I,-E'?
— = 300 GeV neutralino added
50 GeV neutralino added

100

Photon energy [GeV]

D 20
i
I

[em? st

.-"
conk

10)-=8

1072 |

o -~ % stoehretal, ;
O astro-ph/0307026 °
10— L -1 (-J[} L I I T B 1_[“][}

m_ [GeV c2]

Figure 8. MSSM models of cosmological interest (dots) and 3-o detection
limits for VERITAS and GLAST. For VERITAS the limits are shown for a
pointing at the centre of the Milky Way, assuming an NFW profile (solid)
and an SWTS profile (short dashes). The lower solid line gives estimated
limits for GLAST for a larger area observation of the inner Galaxy which
avoids regions of high contamination by diffuse Galactic emission. Lim-
its for a pointing at the brightest high latitude subhalo are shown for both
telescopes using long dashes. The brightest subhalo was chosen from the 6
artificial skies used in making Fig. 7.

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy
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The CP Problem of Strong Interactions

Characterizes degenerate Phase of Quark
QCD ground state (® vacuum) Mass Matrix

Standard a - _
QCD Lagrangian — —8—5(@) —argdetMq) Tr Gqup‘v
)

contains D
a CP violating term 0<®<2m

Induces a neutron
electric dlpo_le moment d,~© 10—16 e CIm =
(EDM) much in excess
of experimental limits

%Hn <10~ Pecm

® <10 ° Why so small?

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy Beyond the $tandard Model, 3-11 March 2004, Bad Honnef, Germany



Dynamical Solution

Peccei & Quinn 1977 - Wilczek 1978 - Weinberg 1978

Re-interpret ® as

a dynamical variable
(scalar field)

Pseudo-scalar axion field

Peccei-Quinn scale,
Axion decay constant

_En E0 e

ﬂfﬂ

4V(a) Potential (mass term)

induced by L, drives
a(x) to CP-conserving
minimum

» || CP-symmetry

®©=0 dynamically restored

gluon
a—--—- ACCI::
gluon
Axions generically couple to
gluons and thus mix with z°

Axion mass Pion mass f
& couplings & couplings Xfa

f. = 93 MeV
Pion decay constant

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy
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Axions as Pseudo Nambu-Goldstone Bosons

» The realization of the PQ mechanism involves a new chiral U(1) symmetry,
spontaneously broken at a scale f,
» Axions are the corresponding Nambu-Goldstone mode

Exf

a 4V(a)

* Up(1) spontaneously broken
+ Higgs field settles in
“Mexican hat”

E”AQCD=fa

* Up(1) explicitly broken
by instanton effects

* Mexican hat tilts

+ Axions acquire a mass

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy Beyond the $tandard Model, 3-11 March 2004, Bad Honnef, Germany



Lee-Weinberg Curve for Neutrinos and Axions

Non-Thermal
log(Q 3)4 Relics

CDM
Qy o foo

Thermal Relics

» log(m,)

100 meV 30 eV

log(Q,) 4 Thermal Relics
HDM

T 7 -

5 —> log(mv)
30 eV 3 GeV
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Astrophysical Axion Bounds

103 106 10° 1012 [GeV] f,
m, keV eV meV peV

: Tele Axion dark matter possible
(Late inflation scenario)

Globular clusters DM o.k. Too much DM
(a-y-coupling) (String scenario)

Too many Too much Direct
events energy loss search

SN 1987A (a-N-coupling)

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy Beyond the $tandard Model, 3-11 March 2004, Bad Honnef, Germany



Experimental Search for Galactic Axions

DM axions
Velocities in galaxy v, =103 ¢
Energies therefore

m, = 10-3000 peV

E,~(1£10°) m,

=)

Microwave Energies

(1 GHz ~ 4 peV)

Axion Haloscope (Sikivie 1983) T Axion Signal
B.,.: ~ 8 Tesla
‘ il Thermal noise of
Microwave :\_cavity & detector
Resonator :
Qw~10° I
Frequen rn
\A/ \A/ R b
Primakoff Conversion Power of galactic axion signal
2
d==-=-- Y ~21 \ ( B J Q
4x10°'W
Cavity 0.22m>\8.5T/ 1¢°
overcomes
momentum x( My J Pa 3
B.,: mismatch 2xGHz )\ 5x107%°g/ cm®

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy
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Experimental Search for Galactic Axions

Velocities in galaxy v, =107 ¢

DM axions m, = 10-3000 peV

Energies therefore  E_ =~ (1+10°%) m,

Microwave Energies
(1 GHz = 4 peV)

Axion Haloscope (Sikivie 1983) Y- Axion Signal
B..: =~ 8 Tesla
‘ . Thermal noise of
Microwave i\ _cavity & detector
Resonator :
Qw10 I
Frequen rn
LA/ LA/ quency b
Primakoff Conversion : : :

3 e e y 2 Experiments in Operation
Cavity « Axion Dark Matter Experiment
overcomes (ADMX), Livermore, US
momentum

B.. mismatch « CARRACK I, Kyoto, Japan

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy
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Axion Dark Matter Searches

Limits/sensitivities assume axions are the galactic dark matter

10-11 = T T [ T T 1. Rochester-Brookhaven-
2 | - Fermilab
10712 & - PRD 40 (1989) 3153
= - h 2. University of Florida
> 1079 i PRD 42 (1990) 1297
S _ . US Axion Search
10-14 - :
of 3 (Livermore)
{018 - ApJL 571 (2002) L27
- 4. ADMX (Livermore)
10-16 Lol | EEEEET Phys Repts 325 (2000) 1
: m I[E,ev] 100 . CARRACK I (Kyoto)
o preliminary

hep-ph/0101200

6. CARRACK Il (Kyoto)
hep-ph/0101200

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy Beyond the $tandard Model, 3-11 March 2004, Bad Honnef, Germany



Mass-Energy-Inventory of the Universe

Dark energy 73%
Cosmological constant)

Baryonic matter 4% Dark matter
(only 10% of this is 23%
luminous)

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy Beyond the $tandard Model, 3-11 March 2004, Bad Honnef, Germany



Baryogenesis in the Early Universe

Sakharov conditions for creating the
Baryon Asymmetry of the Universe (BAU)
« C and CP violation

« Baryon number violation

» Deviation from thermal equilibrium

Particle-physics standard model
+ Violates C and CP

Andrei Sakharov || © Violates B and L by EW instanton effects
1921-1989 (B—-L conserved)

« However, electroweak baryogenesis not quantitatively
possible within particle-physics standard model
« Works in SUSY models for small range of parameters

A.Riotto & M.Trodden: Recent progress in baryogenesis
Ann. Rev. Nucl. Part. Sci. 49 (1999) 35

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy
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Leptogenesis by Majorana Neutrino Decays

A classic paper

Volume 174, number 1 PHYSICS LETTERS B 26 June 1986

BARYOGENESIS WITHOUT GRAND UNIFICATION

M. FUKUGITA

Research Institute for Fundamental Physics, Kyoto University, Kyvoto 606, Japan
and

T. YANAGIDA

Institute of Physics, College of General Education, Tohoku University, Sendai 980, Japan
and Deutsches Elektronen-Synchrotron DESY, D-2000 Hamburg, Fed. Rep. Germany

Received 8 March 1986
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.

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy Beyond the $tandard Model, 3-11 March 2004, Bad Honnef, Germany



See-Saw Model for Neutrino Masses

Charged Leptons Neutrinos
Dirac masses | Heavy
from coupling _ Majorana
to standard masses
Higgs field ¢ | M; > 1070 Gev

Lagrangian for - 3 1 Caan
pagﬁc';g o o Lmass = —£L09zeR — £Ld gy NR — = NSMNG +he.

Light Majorana mass

2 ;12 )
oL M), 9“’“'))\II*"}"’“I(- R) L
L Diagonalize VL
r M | 3 ;?1
\ J

Beyond the 5tandard Model, §-11 March 2004, Bad Honner, Germany
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Leptogenesis by Out-of-Equilibrium Decay

[ Equilibrium Ye
[ abundance of

| heavy Majorana
[ neutrinos

1000

> Real abundance
3 determined by
decay rate
-10
Created
lepton-number
abundance
-15 ;
0.01 0.1 1 10 100
z=M,/T

M. Fukugita & T. Yanagida:
Baryogenesis without Grand
Unification

Phys. Lett. B 174 (1986) 45

CP-violating decays by
interference of tree-level
with one-loop diagram

IDecay = gv 3.,1

W. Buchmiiller & M. Plumacher: Neutrino masses and the baryon asymmetry
Int. J. Mod. Phys. A15 (2000) 5047-5086

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy
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Leptogenesis by Majorana Neutrino Decays

In see-saw models for neutrino masses, out-of-equilibrium
decays of right-handed heavy Majorana neutrinos provide
source for CP- and L-violation

Cosmological evolution

eB=L=0earlyon

o Thermal freeze-out of heavy Majorana neutrinos

o Out-of-equilibrium CP-violating decay creates net L
« Shift L excess into B by sphaleron effects

Limits on
masses of

Sufficient deviation from Limits on
equilibrium distribution of - Yukawa
heavy Majorana neutrinos :

at freeze-out couplings

ordinary
neutrinos

Requires Majorana neutrino masses below 0.1 eV

Buchmuller, D1 Bari & PluUmacher, hep-ph/0209301 & hep-ph/0302092

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy Beyond the $tandard Model, 3-11 March 2004, Bad Honnef, Germany



Neutrinoless B3 Decay

Ov mode, enabled
by Majorana mass Standard 2v mode
p p p p 76
AAAAA A A/e_ AAAAA A A o AS 2-
V.

_ 76
_ V;\/ 0r—=
e 765 e

% z

Some nuclei decay only
by the Bp mode, e.g.

n n Half life ~ 102" yr

N A
Measured 2
S Mee| = | Y. AiUei/”m; =
i=1 S| 2v Ov
g
Best limit ‘mee‘ < 0.35eV 77 » _

from 76Ge

Sum of 23 Energy
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Evidence for Ov2p Decay from Heidelberg-Moscow

Sum spectrum of the ° Ge detectors Nr. 235

n 8
Z : :l]]EI[I]ﬂEI[JI)]fJRU(}-TNT]:)E;(:(:I‘NfIEﬂl(l:ZND()]_
S 7F  Period: November 1995 - May 2000  28.053 kg y
C T Ov 1
o F 1 S m, = (0.10 - 0.51) eV a

- (0.9-224)x10"y

90% c.l.

L

A

2010 2020 2030 w7040 2050 2060 2070 2080

energy [keV]
H.V. Klapdor-Kleingrothaus et al. Mod.Phys.Lett. A16 (2001) 2409-2420

Y000

SSE events, Q=2039.006(50) ke .Douysset etal.,P RL86(2001)4259
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Improved Evidence for Ov2[3 Decay

H.V. Klapdor-Kleingrothaus et al.: Data Acquisition and Analysis of the 76Ge
Double Beta Experiment in Gran Sasso 1990-2003, arXiv:hep-ph/0403018

Claimed evidence for
8 : Ov2pB line now ~ 4c

=2

Lo

Counts/keV
I

0 -
2000 2010 2020 2030 2040 2050 2060
Energy, keV

Fig. 31. The single site sum spectrum of the four detectors 2,3,4,5 for the period

November 1995 to May 2003 (51.389 kgy), and its fit (see section 3), in the range
2000 - 2060 keV.
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Frontiers of Cosmology

Missing pieces of the

concordance model

Search for physics beyond
the concordance model

Astrophysical understanding of cosmic
dark ages:

Epoch between decoupling and first
luminous objects (e.g. quasars)

Identification of dark matter particles

» Accelerator search for SUSY particles
+ Direct search for galactic dark matter
» Neutrino telescopes

+ Cosmic ray signatures

Precision cosmology

+ CMBR, in particular polarization
» Galaxy redshift surveys

* SN la Hubble diagram

+ Weak lensing

‘ L] l

Neutrino masses and Majorana nature
(0v2p decay + leptogenesis)

* Some fundamental inconsistency

» Nontrivial equation of state
w=#—1 or even w(t)

« Running spectral index P(k) « k")

» Tensor modes

Theoretical break-through, for example concerning

» Nature of dark energy or cosmological constant

+ Early-universe physics (inflation, origin of density fluctuations, baryogenesis,
alternative theories, e.g. brane-worlds, string cosmology, ...)

Georg Raffelt, Max-Planck-Institut fir Phy sk, Minchen, Germamy
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KNOW HOW MANY BECAUSE WE CANT SEE THEM .

"‘

‘g Raffett, Max-Planck-Institut Fir Ph:.:rs'i-c, Mimnchen, Gern;m:.r : I Bevond the Standard Model, -11 March 2004, Bad Honnef . d&erovany




