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Neutrino Thermal Equilibrium

Neutrino reactions

Cosmic expansion rate

Neutrino Thermal Equilibrium

Neutrino reactions

Cosmic expansion rate

Examples for neutrino processes Friedmann equation Examples for neutrino processes Friedmann equation
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It depends on very early cosmic history
when neutrinos first enter equilibrium,
presumably at reheating after inflation

Neutrinos are in thermal equilibrium for T = 1 MeV
corresponding tot < 1 sec

Thermal Radiations Present-Day Neutrino Density

N " H=T
Neutrino decoupling
T = 3.7 MeV (other flavors)
&p E =2 7 = Redshift of Fermi-Di T t
: . 4 7 =" _4 edshift of Fermi-Dirac 7 emperature
Energy density p %J (2‘!}3 /T 1 q B ET 3?": 30 T distribution (“nothing d:E“ = —12-1-;1.— scales with redshift
—_— changes at freeze-out”) = e+ T, =T, = (z+1)
Pressure P + QED plasma is “strongly” coupled
. + Stays in thermal equilibrium (adiabatic process)
. " Electron-positron « Entropy of e’e” transfered to photons
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thermal distributions
so that today we have
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Cosmological Limit on Neutrino Masses

Cosmic neutrino “sea” - 115 cm™ neutrinos + anti-neutrinos per flavor

For all

™ 0.4 <
’ m, < 40 eV stable flavors

2_
b = s © vS

HEST MASS OF MUONIC NEUTRING AND COSMOLOGY

A classic paper:
Gershtein & Zeldovich
JETP Lett. 4 (1966) 120

Three-Flavor Neutrino Parameters

Atmospheric/K2K CHOOZ Solar/KamLAND 20 ranges
37° < 8y3 <54° 03 <17 30° <83 < 36° hep-ph/0405172
Ci3 e ®S$3) Ci2 Si2 vy -;’.g’l_?,a
€3 S3 512 Ci2 Atmospheric
=523 Caza A€ 513 Gz A W%Vl 1400-3000
Cyp = cosByp etc., & CP-violating phase amz/mevz

Tasks and Open Questions

= Precision for 0, and 0,5

= How large is 0,37

= CP-violating phase 87

= Mass ordering?
(mormal vs inverted)

» Absolute masses?
(hierarchical vs degenerate)

= Dirac or Majorana?

Tritium Endpoint Spectrum

Tritium p-decay d
3H—1»3H|5+e_+$e woo"

Electron spectrum o g

m, eVl

® TEOTIN atmg e

Currently best limits from Mainz
and Troitsk experiments

m<2.2eV (95%CL)

* Scaled-up spectrometer (KATRIN)
should reach 0.2 eV

= Currently under construction

« Measurements to begin 2007

http://fik1aul.fzk.de/-katrin

Present-Day Neutrino Distribution

Minimal neutrino masses
from oscillation experiments

Normal Inverted
m; = 50 meV m; = my = 50 meV
m; = 8 meV

m; 20 m; 20

Temperature of massless
cosmic background neutrinos

T=1.95K=0.17 meV

Cosmic redshift of momenta || di,y _ 1 pz 3::‘;:;.:;“”‘
e d  aZeP’Ti1 unless T > m
Average velocity form s T {v)=3T/m

Normal hierarchy neutrinos

(va)< 1x1072c  (v3)<6x10"2%c

Degenerate case (m = 0.4 eV)

Some clustering

=3
{v) < 1x10"°c possible




Mass-Energy-Inventory of the Universe

Assuming h = 0.72
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uture Tritium (KATRIN)

PLANCK+SDSS ("Optimistic future”)

Z-Bursts and Highest-Energy Cosmic Rays

Neutrinos Resonant Cosmic relic
E, ~ 1021 - 1022 eV Z-Boson neutrinos
from unknown sources Production my ~1eV

Heutrino energy D For example:
ecay .
o e (Z:Burst) ’ vhfll;!971m1
2 ) : P
Ey = IMZ — 4.2x10%ev On average « Fargion et al.
2my, m, /eV 2 Nucleons hep-ph/0112014
10x° - 20y « Fodor, Katz, Ringwald
17 nt > efvy hep-ph/0203198
+ Gelmini et al.
hep-ph/0404272

Measured cosmic rays

Tritium Endpolnt Spectrum Including Cosmic Neutrinos
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Event rate above the endpoint
relative to the total rate

IE.>q _105 x? Ny,
Trot 8 (@Q-me)

_105x* 57 em™>
8 {ﬂs.ake\.ng

=0.85x1072

Unmeasurably small

:—E =AQ+Q2-mZ [E4E? -m\,i)x{

Electron spectrum (E = E; — Q, Q = m, + 18.6 keV) in the presence of cosmic
neutrinos with occupation numbers f(E) and anti-neutrinos with f(E)

[1-T(E)] for E<-m,
f(E) for Ez +m,

See also: Duda et al., Expected signals in relic neutrino detectors, PRD 64 (2001) 122001

Discovery Potential for Required Neutrino Fluxes

10" 10" 10*®
E [eV]

1021

Discovering an EHE neutrino
flux at this level might
allow one to see evidence
for cosmic relic neutrinos

Fodor, Katz & Ringwald, hep-ph/0203198
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DA I More than 30 years ago,
beginnings of the idea of
weakly interacting particles
(neutrinos) as dark matter

GRAVITY OF NEUTRINDS OF NONZERD MASS IN ASTROPHYSICS
" 1, MeCas

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

However, the idea of
weakly interacting massive
particles as dark matter
Georg G. Raffelt is now standard

Max-Planck-Institut fiir Physik, Miinchen, Germany

Formation of Structure

Maximum mass density of a degenerate Spiral | s ” Sl l
Fermi gas m, >20-40 eV [[rcHun e ' "

What is wrong with neutrino dark matter?
Galactic Phase Space (“Tremaine-Gunn-Limit”)

3
pﬁ-.ax . mv(mv\"escape}

Pmax =My= 5 =—"77
In ix S Dwarf
= m, > 100 — 200 eV qalaxies ; 2
Structure forms by

gravitational instability

Neutrino Free Streaming (Collisionless Phase Mixing)

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

3 + Nus are "Hot Dark Matter”
NeUM I'IDS . Ruled out

Over-density by structure formation




Processed Power Spectrum in Cold Dark Matter Scenario

Primordial spectrum
usually assumed to be
of power-law form

P(K) = [oy [ o K"
Harrison-Zeldovich
(“flat”) spectrum

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

Primordial @l Suppressed by stagnation
spectrum @ during radiation phase
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Linear Power Spectrum P(k) [Mpc3]

1 ] 1
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Wavenumber k [Mpe-1]

A Slice of the Universe

Cosmic
“Stick Man”

Right Ascension &
13 12

Galaxy distribution from the CfA redshift survey
[Ap) 302 (1986) L1]

Power Spectrum of CMBR Temperature Fluctuations

Sky map of CMBR temperature
fluctuations
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Power Spectrum of Cosmic Density Fluctuations

Wavelength A [h=! Mpc]
1000 1 10

1000 £
100 [

# Cluster abundance
® Weak lensing

4 Lyman Alpha Forest

Current power spectrum P(k} [(h-' Mpc)?]

[ Tegmark & Zaldarriaga, astro-ph/ 0207047

updates
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Formation of Structure

Smooth

-

Structured

sl i sl PR i
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0.001

A fraction of hot dark matter
suppresses small-scale structure

FEARP. 28 Jowve§ by 20804, LIGE. Gram Savscr,

S RalTell. Hacx Plarcls bttt fir Plvrsi

Neutrino Free Streaming - Transfer Function Cosmic Structure Modified by Hot Dark Matter
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Cosmic Structure Modified by Hot Dark Matter

Neutrino Mass Limits from Large-Scale Structure

10‘g — T T T —3 Adapted
Galax 105L ¢ ] o estad Statistical 95% C.L. limits depend on used data and on
D‘istr‘iliution F » 3 priors for other parameters. For detailed analyses see
(2dF, PSCz) =20l T 2 « Hannestad, astro-ph/0303076
’ - « Elgaroy & Lahav, astro-ph/0303089
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Cosmic Structure Modified by Additional Radiation

Neutrino Masses vs. Radiation Density
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Evidence for Cosmic Neutrinos
CosmologicaliNeutrinos

CMBR and LSS data, with different priors, provide allowed range (95% CL) Topic 1]

on radiation density, expressed in terms of effective neutrino flavors N - .
i Big-Bang Nucleosynthesis

1.4 <N <85 Crotty, Lesgourgues, Pastor [hep-ph/0402049)

0.9 <N <7.0 Hannestad [astro-ph/0303076]

1.9 < Ny < 6.6 Pierpaoli [astro-ph/0302465]

Barger et al. [hep-ph/0305075]

Presence of cosmic neutrinos indicated with high significance,
independently of big-bang nucleosynthesis

Georg G. Raffelt
Max-Planck-Institut fiir Physik, Miinchen, Germany




Origin of Elements

« Mass fracion of helium about 25%

everywhere in the universe “l. Relative Abundance T
« Most of it not produced in stars of the Chemical Elements
(far too little starlight from wH in the Solar System e
liberated energy) 7
= Big-bang nucleosynthesis a pillar Produced in stars | .
of modern cosmology (Fusion liberates

energy up to
iron-group nuclei) 4.

+ Neutrinos play a crucial role

e e T Ty —

t
sec MeV

P T
My — My =1.293 MeV

p+e ©n+ve E:exp[_nh_nb)ui
B equilibrium

1 1

p+ve & n+e’

P rates fall below

expansion rate H
= Neutron decay 2p+2n *He+ ¥
= Nuclear statist. Helium suppressed

equilibrium by large entropy

100 |01

Thermonuclear Production and destruction of traces of
reaction chains D, *He, ®Li, 'Li, 'Be
W 0.01 All done

S BafTel, Hace Pl bttt i Plrvsih . Plrscheon. e

Neutrons freeze |Ml “1 Helium mass fraction
n helium p 7 Yp = 25%

Where, When and What?

|Fromabout1 sec to 3 minutes |

|Fromabout1Mtho30l(eV |

Constituents |Mostly photons, neutrinos, e'e |

|U.Wgcm3(at1sec} |

e Universe —»

=3
=3
=]
[
®
3
(=

1 Second 300,000 Years

_ First Galaxies

1 Billion Years

Age of the Universe

Simple Estimate of Beta Freeze-Out

B equilibrium Cosmic expansion rate

Proton-neutron conversion reactions
pte ©n+ve
p+Ve ¢»n+et

Dimensional analysis of conversion rate
Thep =GaT”

Friedmann equation
w2 ==
3 mg

Radiation dominates
p-T4
Expansion rate

2
H-1o
Mpy

Condition for thermal equilibrium: T, >H
T > (mpiG2)~ P - [10"%Gev(105Gev 22T 3 = 1mev

e e T Ty —

Cosmic coincidence that helium and hydrogen survive in comparable amounts
mp —my, ~ (mp GE) "> ~ 1MeV

10



Proton-to-Neutron Ratio

1 T I||IIII| 1

L

.01

IIIIIII| T T TTTTT

) I

EQUILIBRIUM

T(MeV)

10

Kolb & Turner, The Early Universe

More Exact Estimate of Beta Freeze-Out

B equilibrium in Born approximatien

Proton-neutron conversion reactions

4

p+e ©nt+ve PpPtVeen+e

Phase-space transformation from rate
for neutron decay n—p+ Vg +€
oy

i EfE2-mZE+Q)
(1+em](1+e_{E+Q)ﬁ]

q

% [dE@Q-B2EE2 -md
e

For T>Q=m-m, and T>m,

5
“alf 7

I, =0.15s""

o [Mev)

rn:

wlsec™)

2| Free decay

T/m,

Esposito et al., astro-ph/9906232

More Exact Estimate of Beta Freeze-Out

p equilibrium in Born approximation

Proton-neutron conversion reactions

4

p+e ©nt+ve PpPtVeen+e

Phase-space transformation from rate
for neutron decay n—p+ Vg +€
oy

i EfE2-mZE+Q)

Cosmic expansion rate

Friedmann equation
HZ = 3_*_92_

3 mg
Radiation 'f,ei;"'e,p,t) ve,!l,t
=T+l Tor =2+ ](4+6)=%
Expansion rate

[ e ore & ]

q
% [dE@Q-B2EE2 -md
me

For T>Q=m;-m,; and T>m,

m
Iy =%

5
“alf 7
I, =0.15s""
n * (Me\')

He e Do fa2 T
a5y TV g

2
af T
=0.68s~ 11—
: (Mev)

Precision in Weak Interaction Rates

Measured value
1, = (885.7 + 0.8) sec

Calculation in Born approximation
T, = 961 sec

Large deviation of 7.9%

Including QED corrections to first order
1, = 894 sec

Another 0.9% remains missing.

Second order effect?

Neutron Lifetime

To predict helium abundance with
percent precision, need to include
corrections

» QED radiative effects O()

+ Finite nucleon mass O(T/m,)
« QED plasma corrections O(aT/m,)

b/ wg (7)

p—>n

n—p

T/m,

| Esposito et al., astro-ph/9906232
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Helium Synthesis - Three Easy Steps

ERPZaN
MeV

sec

B equilibrium

p+e_<->n+ve E:exp[_w)u‘l

p+ve & n+e’

P
My — My =1.293 MeV

n
1 1

P rates fall below
expansion rate H

= Neutron decay

= Nuclear statist.
equilibrium

2p+ 2n<->4He+1r

Helium suppressed
by large entropy

100 0.1 Meutrons freeze
in helium

Helium mass fraction
Yp = 25%

Thermonuclear
reaction chai

Production and destruction of traces of

D, 3He, 5Li, Li, 'Be

W 0.01 All done

[T —

Nuclear Statistical Equilibrium

In a dilute medium, occupation number
of a nucleus (“particle™) with chemical
potential p is (Maxwell-Boltzmann)

(€)= e~ E-W/T
Humber density (nuclei nonrelativistic,
@, spin degrees of freedom)

= ?.A('%T)me—'mrﬂam

Effective nuclear reaction
Hn+Zp < (A,Z)+ photons

Balance of chemical potentials
(photon chemical potential is zero)

Hpg +Z|.|.p =pa
Hucleon mass my and binding energy
B=mp —Zmy, —Nmy,

Number density of nucleus (A,Z)
AY2( 9 VAD 7 W8T

wosir(me) B
Baryon density ng, mass fractions X,
baryon/photon ratio, photon density

Ng =N +Np + 2 Anp

Xp = Anp fng n=ng/n,

X =1 n, =267 /2%
Mass fraction of nucleus (A,Z)

A-1
Xy =gaf 8 ) 5(3A-5)/2 572
A BA( 7=

{5 e

Small number Large number

Small n prefers dissociated state

Why do nuclei form so late?

+ In thermal equilibrium, all nuclei besides n and p must be present
+ Binding energies much larger than MeV, so why are they still dissociated
at weak-interaction freeze-out? Why not everything in iron?
« Basic answer: High-entropy environment with - 10° photons per baryon
Hn+ Zp « (A,Z)+ photons
r—h—
N+Z
High-E tail of photon distribution enough to keep nuclei dissociated

P c’le’lcc"lelet e e clc"|c"|c” (sz, (ﬁ‘;ﬁ)
5 Bi Bi B‘ﬁ dl BIZ B‘Il BII BIS Bl?
:olmu B; BET Bes .Be‘.Be"Be e'
3 I O O O (O
2 He[He He He|  |He [ stabie
1 H' Hz H’ Dunﬂhle
]

o 1 2 3 4 6 & T 8 & 10 11 12 13

Neutrons

Nuclear Statistical Equilibrium - Simplified System

Simplified system of p, n, deuterium, helium and carbon with
equal numbers of p and n (Kolb & Turner, The Early Universe)

-5

=10

log(X,™)

-15

IIIIIIIII!IIIIIIIIIIIIlII

log(Tyev)
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Nuclear Statistical Equilibrium - Simplified System

Nuclear Statistical Equilibrium - Simplified System

Simplified system of p, n, deuterium, helium and carbon with Simplified system of p, n, deuterium, helium and carbon with
equal numbers of p and n (Kolb & Turner, The Early Universe) equal numbers of p and n (Kolb & Turner, The Early Universe)

log(X,™%)
log(X,™)

1 . 5
log(Tyev) log(Tyev)

Helium Synthesis - Three Easy Steps Thermonuclear Reactions and Gamow Peak

T /r\ Coulomb repulsion prevents nuclear Maxwell-Boltzmann Tunneling
sec| |MeV reactions, except for Gamow tunneling \distribution probability
p+e < n+ve Ezexp _Ma=Me ) g ’ _ \1‘ o oENE"
p equilibrium S|P T Tunneling probability g BTN bz 7
P+Ve >n+e’ || —1.293 MeV pcE 2 2m
: B rates fall below With Sommerfeld parameter
1 1 p freeze-out 12
expansion rate H (m 2
n=(3) hl® - z
= Neutron decay t 4
. Zp+ne Hety Parameterize cross section with
= Nuclear statist. n Helium suppressed astrophysical S-factor = <
equilibrium w large emropy :.'."::‘:.m, .:a\‘:..kur L]
S(E)= o(E)E?1E o) '
100 0.1 Neutrons freeze Helium mass fraction =
in helium Yp = 25% g . _—
w i wasced nuch |
Thermonuclear Production and destruction of traces of of *»m.,, e
reaction chains D, *He, °Li, 'Li, "Be A R P,
Ll e—— 100 1000
All done LUNA Collaboration, nucl-ex/9902004 | €. e




Nuclear Binding Energy Nuclear Reactions Network
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Neutrons

Formation of Light Elements (Big Bang Nucleosynthesis) BBN Predictions

Minutes:  1/60 I 5 15 60 }Protons
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5
2
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Helium Mass Fraction from HIl Regions

=3 T s [ P Izotov & Thuan
- amm astro-ph/0310421
L T b3 e .
= @ W—
[r ® Ukin paper
* viher dara
=0 [ [ o0
1Mo,y
Lt
L] 3 He |l Iu) & He | lines
o2 o
| o iesed ma b i
- e g T g g e Extrapolation to
B2y LT esu. - —°°° ZETO u::]'genannl
- - 1 o | = tin pager nitrogen abundance|
# eaher dala # olher data in H" reg-lom 1n
0 0 40 L] L] [ [ ] ] £ L - 100 120
1078 w0 external galaxies
Yp = 0.242 + 0.002
was derived using the 3 A447T1, ASSTG and AGGTS He 1 lines, and in panels ¢} and d), ¥ was Lower values bV
derived using the 5 A3889, AM4TL, ABETG, AGGTE and AT065 He 1 lines. other authors

Primordial Lithium from Metal-Poor Halo Stars

Lithium very fragile, but primordial abundance may survive in
surface layers of most metal-poor oldest stars (Population I1)

Lithium/Hydrogen Number Ratio

Stellar Surface Temperature (K)

4
1w
®
®

bt 9 ® x

®
0" X x :

4500 5000 3500 GO0

Spite Plateau

Primordial abundance
TLitH=1-2x 1010

But significant systematic

uncertainties remain,

e.g. depletion by mixing

of outer layers with hotter

interior

Measuring Primordial Deuterium

BBN Concordance
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v 450 1957-1000 \ spectrum of a background
g 20 | Bypy = 35 | 1 quasar in ‘
T, | high-redshift hydrogen clouds
: |
s 10 | L‘\‘P H
Lol
0 5000 6000, 7000
' Deuterium Lyman-w in the

Lr flank of the saturated
3 Sl hydrogen Lyman-a line
éo.s -
g
2

0 T

5555 5560

Wavelength (&) astro-ph/9903300

Qgh?
1

Helium

Deuterium

Lithium

0.02 0.03

Review of Particle

1 2 a 4

Baryon-to-photon ratio 1,

5 6 7 8 810

Properties

15



Power Spectrum of CMBR Temperature Fluctuations

Sky map of CMBR temperature
fluctuations
T{B, 'P}— (T)
AB, @)=
’ (T
] WMAP
Multipole expansion 5 PR 02
@0 { A T Cross Power
AB@)=3 X amYim(0,9) B /coustic Peaks | SNSRI
(=0 m=—( - |1 e
5:5_ o E [ =
Eom] va i
Angular power spectrum . CAR SR |
5 ..\""\._
’ " B Muln;e m;mt::ent Ian - -

Concordance Model of Cosmology

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

;

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) e« k"

e T ey —

CMBR - The Cosmic Rosetta Stone

Power-law index (tilt)
n=1.0,1.1,1.2

Hubble constant
H, = 50, 60, 70

MPERATURE FLUCTUATION

Total density
Qe = 1.0, 0.5, 0.3

Baryon density
Qp=5,7.5 10x103

BBN Concordance

Helium

Lithium

Deuterium

| Physics Today 1997:11, 32 |

hoke 2004, LWGS

Qgh?
1

00

0.02

0.03

Implied by CMBR and
large-scale structure

Review of Particle

2 a 4 5 6

Baryon-to-photon ratio 1,

7T 8810

Properties
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BBN its on Neutrino Flavors

Fraction of critical density

*He Mass fraction

0.01 0.02 0.05

With the baryon density
known, the observed
helium mass fraction
measures the expansion
rate at nucleosynthesis

= Jan® o, T2
H= TFS-Q‘ I'npl
@ =2+F(4+20,)
At BBN one flavor
contributes about 16% to

cosmic mass-energy so
that

1
=31

2
Baryon density (10

& em™) Measured value

- AYp = 0.012 AN,

helium abundance

Dirac Neutrinos

= Slight tension between measured and predicted

» Certainly no evidence for additional radiation

Yp =0.242 £ 0.002
(only statistical error)

+ If neutrinos are Dirac particles (not their own antiparticles), right-handed
states exist that do not interact by ordinary weak interactions (gauge singlets)

+ What is the cosmic population of these right handed (sterile) states?

Right-handed
currents

Dirac mass

Dipole
moments

Milli charge

s For each case there is a freeze-out
temperature Tr. ; and corresponding
number g, ; of thermally excited
degrees of freedom

» Interacting degrees are subsequently
heated by entropy transfer

« Dilution of r.h. neutrinos relative
to L.h. ones by

n_%ER _ GER

R GerL 434

_—

2+2(4+6)

ISAPP 2004, InternationallSehool on Astro-Particle Physics,
28 June-9 July 2004, Laboratori Nazionali del Gran Sasso, Italy

CosmologicaliNeutrinos
Topic |

How Many Cosmological Neutrinos?

Georg G. Raffelt
Max-Planck-Institut fiir Physik, Miinchen, Germany

Temperature threshold Particles
low
0.5 MeV
105 MeV
135 MeV

2 GeV
6 GeV
90 GeV

170 GeV
?

LR NI A SUSY particles
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Thermal Equilibration of Dirac Neutrinos

Condition for thermal equilibrium: T > H -~ T2/m;,

Right-handed
currents

r-GiT°
Tr - (mpGE)™ -1 MeV (Gp /g 23

Dirac mass

T - GZT(my, /T)? = GEm3T?

Tr - (mp GZm2) ™! -1 MeV (1MeV/m, 2

Dipole
moments

I- u.j.lzT3

T - (mprap?)™

Milli charge

T - s2alT

T- azuzn'pl Recoupling temperature

Sterile Neutrinos

Sterile (right-handed) neutrinos may exist that are not a Dirac partner to an

ordinary neutrino
+ Unknown mass

+ Unknown mixing angles with ordinary neutrinos ©,, 9“5, and @,

Neutrino flavor oscillations

& Probability v, — v,

!

sin?(20)

+ For small mixing
angle, naively
expect very
small population
of sterile neutrinos

+ However, collisions

of active flavors
l z “decohere”
= = > superposition and
h - 2 equilibrate sterile
Oscillation  4%E _ 2_5,.{ E_)e¥ states
Length Sme MV sm

Thermal Equilibration of Dirac Neutrinos

Right-handed
currents

Dirac mass

Dipole
moments

Milli charge

Equilibrium o . _
Limit on coupling

I -GAT> Gr<107°Gg || Tr 21GeV
213 8.r270
T - (mpGE) Supernova 1987A || n, <n /7
I - GImiT? m, <1eV Tr 2 10° GeV > m,
2 2.1 (Mot self-consistent)
Tg = (mp|Ggmy,) Structure formation|| n, < n /10
T - 02T uv<10_12ﬁ Tr = 100 GeV
_ 2.r = 80
T - (mpiop?)™! Supernova 1987A nRF sn /8
[‘-szuzT 8(3:(10_1? T510‘9ev
= szq.zl'ml Supernova 1987A Never recouples

Flavor Relaxation in a the Early Universe

Neutrinos suffer collisions in a medium that can interrupt the coherence of
flavor oscillations: The flavor content is “measured” and oscillations start

from scratch from the “collapsed state”,

Average oscillation probability % sin’(28) ‘ Conversion .
Collision rate - damping rate T &

Oscillation of
monochromatic nus

7.

rate

sinZ(2@) I

18



Sterile Neutrinos as Dark Matter

1000

100

10

mg (keV)

0.1

0.01 " 1 L L L 1 1 L L L L 1 " 1 L
1072 10720 1071® 107® 107 1072 10710 1078

sin® 20

Abazajian, Fuller & Patel, Sterile neutrino hot, warm, and cold dark matter
astro-ph/0101524

How Many Relic Neutrinos?

[ Standard thermal population in one flavor Nyy =iy & 115¢m ™3 I
Additional active Additional families Excluded by Z° width
neutrinos beyond Ny =3)
standard population Chemical potentials ibl
of v, Vi Vi fOr Ve, Vyp» vy Possible

Hot effective
Dirac mass
Sterile in eV range
(right-handed) Constrained by energy
CRrrn Right-handed currents Loss of SN 1987A
Populated by Electromagnetic Constrained by energy loss
v vy dipole moments of globular cluster stars
transitions
Oscillations/collisions Hot!‘warm.-'co[d DM
possible

Thermal Neutrino Distribution with Chemical Potential

Fermi-Dirac distribution Anti—particles Particles
-Temperatu'eT E lirillllrrr L B
« Chemical potential p EOBE -6
+p  Particles E 0.6 F
—p  Anti-particles R
T E
a
E 0.2 E_
S 0
10 5
E/T

Degeneracy parameter &= % Invariant under cosmic expansion

n —IdE aL E2 . E?
namber ) @np |1+ expE/T-8) 1+ expE/T+)

Sy %33 f,. 20@,2 . 1 .4
_TT[ T ° TTagt e ]

BBN and Neutrino Chemical Potentials

Expansion Rate Energy density in one neutrino flavor with
Effect degeneracy parameter £ = n/T

(all flavors) I ;:,2;01_4[ 7(3]2+?(E)4]
T N

IS eR TNl a1t | Hetium abundance essentially fixed by
n/p ratio at beta freeze-out

n_ my-my)/T-8,,
p
it Vg, €2 P+ € Effect on helium equivalent to AN - 18 &, _

effect for
electron flavor

= v, beta effect can compensate expansion-rate effect of v, .

» No significant BBN limit on neutrino number density
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Chemical Potentials and Flavor Oscillations

Flavor mixing » Flavor equilibrium before
(neutrino oscillations) n/p freeze out ?
= YES for solar LMA solution
Flavor lepton numbers + Our knowledge of the cosmic neutrino
not conserved density depends on measured

oscillation parameters

Only one common neutrino
chemical potential

Stringent &, limit
applies to all flavors
18ve | < 0.07
+ Lunardini & Smirnov, hep-ph/0012056
Extra neutrino density » Dolgov, Hansen, Pastor, Petcov,
AN < 0.0064 Raffelt & Semikoz, hep-ph/0201287

» Abazajian, Beacom & Bell,
Cosmic neutrino density astro-ph/0203442
close to standard value * Wong, hep-ph/0203180

ISAPP 2004, Internationa
28 June-9 July 2004, Labo

Georg G. Raffelt
Max-Planck-Institut fiir Physik, Miinchen, Germany

Flavor Equilibration: LMA Solution

-0.02

-0.04

-0.06

10 1
T (MeV)

Dolgov, Hansen, Pastor, Petcov, Raffelt & Semikoz, hep-ph/0201287

force carriers

B Ordinary Matter 4% [ Neutrinos
(of this only about atter §8 0.1-2%
10% luminous) .
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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

See-Saw Model for Neutrino Masses

Charged Leptons Neutrinos
Dirac masses . F Heavy
from coupling Majorana
to standard p masses
Higgs field ¢ ) M; > 1010 Gey

Lagrangian for L _
particle masses mass

Light Majorana mass

| 2.2
vl i nf )
0 M

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 Instivute for Fundamental Physics, Kyote University, Kyote 608, Japan
and
T. YANAGIDA

Fnstituse of Physics, Ce
and Deursches Elektron

meral Education. Tohoku University, Sendai 980, Jopan
atron DESY, D-2000 Hamburg, Fed. Rep. Germany

Received & March 1986

A mechanism is pointed out to genera

hout resorting to grand unified theories. The

lepton number excess originating Ir

Baryon umb ess through the

Leptogenesis by Out-of-Equilibrium Decay

[" B B B B B M. Fukugita & T. Yanagida:
|| | Baryogenesis without Grand

Unification

Phys. Lett. B 174 (1986) 45

| Equilibrium ey
[ abundance of

| heavy Majorana
| neutrinos

Real abundance
determined by
decay rate

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

Created - /- . X il _/‘ f
lepton-number “x " v
abundance _ i

0.01 0.1 10 100 1000
z=M,/T

log(Y)

. 2 M
I'decay = 2v gq

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

Decay rate of heavy Majorana _al M

e Thecay = 8v gy
2

Cosmic expansion rate He . (Qeff |_:rrﬁ

Requirement for strong deviation Ip <H
from equilibrium ... o T=M

gi M2
Evgx < Veellmy

ﬁ - 8. [gaff
M Mpy

... translates into a limit on the
observable neutrino mass

Leptogenesis as a Research Topic

140+
120+
100+
80+
60-
40
20+

Papers in Spires Data Base

0_
1986 1988 1990 1992 1994 1996 1998 2000 2002

Annual citations of Fukugita & Yanagida, PLB 174 (1986) 45

“Leptogenesis” in title

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

«+B=L=0earlyon

« Thermal freeze-out of heavy Majorana neutrinos

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

Sufficient deviation from N Limits on
PR P Limits on
equilibrium distribution of masses of
: ; Yukawa ;

heavy Majorana neutrinos - ordinary
couplings :

at freeze-out neutrinos

Requires Majorana neutrino masses below 0.1 eV

Buchmiiller, Di Bari & Plimacher, hep-ph/0209301 & hep-ph/0302092

Neutrinoless 33 Decay
Some nuclei decay onl : Ov mode, enabled
by the Bﬂ mode, ey-g- y Standard 2v mode by Majorana mass

76
76Ge - 4
21-
O-i-
Half life - 1021 yr ;

N
= :‘:::::3‘1 |mee =2\ Uei|2mi
% 2v Ov =
o
(7] Best limit .
from 766 Mee|< 0.35eV
Sum of 2 Energy
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Evidence for Ov2[3 Decay from Heidelberg-Moscow 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

Sum spectrum of the 7 Ge detectors Nr. 2,3,5

w 2 LI B T R B R B ) B R PT T i /i
£ HEIDELBERG-MOSCOW end 2001 . S iy
e TF Period: November 1995 - May 2000 28,053 kg }I E s
) L i
6 2 m, = (0.10 - 0.51) eV E I

- (0.9-224)x 10"y

1
Counts/keV
@
___n-i
a1

9 L { ! il -‘ |

N | ol )
i ” H T
K Il (il
2010 2020 2030 T040 2050 2060 2070 2080 2000 2010 2020 mmuk v 2040 2050 2060
S5E events, Q=2039.006(50) ke ¥ Douysset eral P RLE6(2001)4259 energy [ke\"] rgy, ke'

Fig. 31. The single site sum spectrum of the four detectors 2,0,4.5 for the peried
November 1995 to May 2003 (51.389 kg y), and its it (see section 3), in the range
20000 - 2060 keV,

Effective Majorana Mass in Plausible Scenarios

T T T T T T Best upper

Violation

Sensitivity
future (5y)
1-ton class
experiments,
e.g. Genius,

Majorana
102 107! 1 10 102 10° c.,f,,e, s

Lowest mass eigenstate m; [meV]

Pascoli & Petcov, hep-ph/0310003 & hep-ph/0205022
See also Feruglio, Strumia & Vissani, hep-ph/0201291
Klapdor-Kleingrothaus, Pas & Smimov, hep-ph/0103076, and others




