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Mutually inconsistent with 3 mass eigenstates

Long Baseline (K2K) | KamLAND 2002 ? | MiniBooNE 2004 2

Three mass eigenstates with o

- L e Experimental
m, < m, << mz ~ 50 meV (hierarchical) Fluke
m, ~ m, ~ m; > 50 meV (degenerate) '

What is the absolute neutrino mass scale m,?
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Cosmological Limit on Neutrino Masses

Cosmic neutrino "sea” ~ 112 cm™® neutrinos + anti-neutrinos per flavor ‘

My For all
Qh? = 04
v 2943\/ R m, < 40 eV stable flavors
FEST MASE OF MUONIC NEUTRINO AND COSMOLOGY A Chﬂk Wn
z Gershtein & Zeldovich

B. Zel'dovich JETP Lett. 4 (1966) 120

£ not gmalle

the density of all t
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Fermion Mass Spectrum
Mass
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What is wrong with neutrino dark matter?
Galactic Phase Space (“Tremaine-Gunn-Limit*)

Maximum mass density of a Fermi gas
Prax = My, Ao = M, pn'w.cx:';/s"2 =m, (mvvmm)3/3az

Spiral More restrictive from dwarf galaxies
galaxies m, > 100 - 200 eV

Neutrino Free Streaming (Collisionless Phase Mixing)

+ At T < 1 MeV neutrino scattering in early universe ineffective
+ Stream freely until nonrelativistic
+ Wash out density contrasts on small scales

m, > 20 - 40 eV

- Nus are "Hot Dark Matter”
- Ruled out

IHHES]

Over-density by structure formation
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) = O Tn

* O e from the Tass. Insitste of Fundaremesl Research, Borsbay, badis

Almost 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)

= Alib(l + a3 GIRTARN = MO em™?, m
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However, the idea of
weakly interacting massive

particles as dark matter
is now standard

sutrinos and Baling. China (23 200z

Formation of Structure

Numerical Simulation Max-Planck-Institut fiir Astrophysik, Garching |

Smooth “

Structured ‘
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COBE Sky Map of the CMBR Temperature

T = 2.728 K (uniform on the sky)
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COBE Sky Map of the CMBR Temperature

Dynamical range AT = 18 pK
Primordial temperature fluctuations
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COBE Sky Map of the CMBR Temperature

Dynamical range AT = 3.353 mK
Dipole temperature distribution from Doppler effect due to
our motion relative to the cosmic frame

org daffek. M. Farck.Tnafitu for Piyak MOrnchen e many

Last Scattering Surface

Redshift z

Nieutrinos ore Gomology. Baijing. China (F0-23 August 2002
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Power Spectrum of CMBR Temperature Fluctuations

Multiple Peaks in CMBR Angular Power Spectrum

Sky map of CMBR temperature
fluctuations S e
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Right Ascension &
12

Cosmic
"Stick Man”

North

11263 galaxies

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

Animations from 2dF6RS Homepage http://www.mso.anu.edu.au/2dFERS/
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Power Spectrum of Density Fluctuations

Fitting the Cosmological Model - Neutrinos

Field of density fluctuations dom field 1 [7=0.000 || Icnization parameter
Gaussian random fie ] 0
3(x)= apg(sX) fully char'acter‘ir:ed ] fure
bY power spec‘rr'urn ] ﬁ-ﬂll Cosmological constant
Fourier transform ' ] Ec'u-“’ Dark Matter (Q,h%)
8(k) = [d3x e K% 5(x) il ' ] [#,=0.020 || Baryons (Q;h?) |
S ————— 0 ]
P ' b tla"Y b Df 0 2 .; lef] dll) I(IJD 200 400 &00 800 .
Fourier transform Moltipole 1 Scalar power-law index |
(B(k)ﬁ(k')) = (2-.;)3§(k _k')P(k) F N crrr o n,=—1.000|| Tensor power-law index
with 8 the delta function T ol _ =044 Scalar Amplitude
Power spectrum ig Fourier transform § {(4-0.000 || Tensor Amplitude |
i i i g I |;18 Biasin meter
of two-point correlation function = J )l
K ik £ E i [n=0.82 Hubble constant
504 = (80x)804)) = [@ ™ PO ! I | Max Tegmark,
wh = %.01 0.1 1 www_hep.upenn.edu/
e S k [1/b-1 Mpe] ~max/concordance. htm|
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Fitting the Cosmological Model - Neutrinos

:

il

Ionization porameter
Curvature
Cosmological constant
A Dark Matter (Q,h%)
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Neutrino DM fraction

Scalar power-law index [
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Matter Inventory of the Universe

Neutrino Mass Limit from 2dF Galaxy Survey

10’ 1 y 1 Elgaroy et al.,
i i astro-ph/0204152
i i
~J i Lm, < 22eV
' i at 95% CL
g 0 i
7 10 ] '
a |
Py i !
]
' b
s s
E E For a similar limit
10° : . H based on the 2dF
0.01 0.10 data see Hannestad
k(hMpe™) astro-ph/0205223
smgmn.mmmmfammmam eutrinos and Baijing. China (Z20-23. 2002)

Baryonic Matter ~ 5% mienmgnf;o
(~10% of this luminous) . 0.

max. 6%
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s | K

Tritium endpoint ‘

KATRIN o3ev |

SN 19874 | 20ev |

Supernova Nus Super-Kamiokande ‘ Sev |
Time-of-flight withiblack|hole ‘ 2 eV |
with gravity waves ‘ leV |

2o ot srvey | KN
Cosmic structure
Sloan Digital Sky Survey | 03ev |

+ Assume 3 mass eigenstates with very small mass differences
as indicated by atmospheric and solar neutrinos
* The cosmological limit refers tom, = 2 m, /3
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Thermal Neutrino Distribution

Fermi-Dirac distribution Anti-particles Particles
1

+ Temperature T g ' v ' ]
- Chemical potential p EOBL -0 H E
+p Particles : 06 [ : .
-p Anti-particles S o4k E
o E ]

So2F 3

8 r ]

Degeneracy parameter &= % Invariant under cosmic expansion

n =Jd 4x Ez Ez
Number (2;)a 1+exp(E/T- §) 1+exp(E/T+E)

dQl’ISn’Y _ 3§3 T 2'“(2) : g .
Rl
Guorg Rt Mhox-Penck-Tnatitet for Physk, Worchen, Semeany Hioufrings ordl Baijing Chin (7023 Aupit 20021

How Many Relic Neutrinos?

Standard thermal population in one flavor  nyy = jjny 112 em™3 ‘

Additional active Additional families E’“*_-ld@d by Z° width
neutrinos beyond Ny =3)

standard populuﬂon Chemical potentials
of v, v, vp for v, vy, v

. Not effective

Dirac mass .
Sterile in eV range
(right-handed) iaht-hand ve | Excluded by ene
stafes Right-handed cu loss of SN%%??Y
Populated by Electromagnetic Excluded by energy loss
V> Vp dipole moments of globular cluster stars
transitions

Oscillations/collisions Ho‘hfworm/cold DM

possible
GIGEWILMWMW'CI mk.mmn.am eutrinos and B jineg. T (-2 2002)

Thermal Neutrino Distribution

Fermi-Dirac distribution Anti-particles Particles

+ Temperature T 8 ir T T 3
- Chemical potential p E 08| 3
+p Particles E o6 3
—p Anti-particles % oa b ]
sozk 3
7] C 1

S o
10 10

Degeneracy parameter &= % Invariant under cosmic expansion
Nyy = Jd 4x e g2
Number (2;)a 1+exp(E/T- §) 1+exp(E/T+8)

density
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BBN Concordance

BBNI Limits on Neutrino Flavors

Fraction of critical density Burles, Nollett & Turner ‘
001 oz oo astro-ph/9903300
5 ozs b E
g 024 | E
Yooz f I
E 028 f 3
£ m
=
E
H
:
Cosmic baryon density
1071% implied by deuterium
Baryon density (10 g cm-h Qgh? = 0.019 + 0.0024
suagnnfnl.mmmmfa w.mmuam Meutrinos and Baijing. China (Z20-23. 2002)

BBN and utrino Chemical Potentials

Energy density in one neutrino flavor with

Expansion Rate

Effect degeneracy parameter £ = n/T
(all flavors) _ Tl 741, 30 (g)z . 15(@)4
Pw=g VPt T R) T R

SR M[eM. W Helium abundance essentially fixed by

n/p ratio at beta freeze-out
effect for n _(“h_ yT_g
electron flavor F =e P Ve
n+vg Effect on helium equivalent to AN ~-18 &,

KM — EXTE

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

» No significant BBN limit on neutrino number density

Fraction of critical density
0.01 0.02 0.05 « At BBN one flﬂwl‘
0.256 - contributes about
16% to cosmic
mass-energy density
LT * Extra flavors modify
g :
$ expansion parameter
£ accordingly
u 0245 |-
k b
& Conservative limit
0.24 [AN 44| < 1
1 2 s
Baryon density (107 g em™)
Burles, Nollett & Turner, astro-ph/9903300 |
suagnnfrn.mmmmfa m.mmuam eutrinos and Baijing. China (Z20-23. 2002)

Limits on Radiation Density
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8 '- Allowing for
L ll an arbitrary
6 [ electron neutring
s chemical potential
4L
5 E
= L
<a L
2r
- Constraints on nu
oF chemical potentials
_of
0.010 0.015 0.020 0.025 0.030 0.035 0.040
Q,h?
Hansen et al., astro-ph/0105385
GIGEMII.MWMWfﬂ' m.mmuaﬂ Meutrinos and Baifing. China (20-23. 2002}




Chemical Potentials and Flavor Oscillations
Flavor equilibrium before n/p
freeze out?

Solar LMA solution ‘

LOW (deperdson®y;) |

n Solar SMA solution ‘

- Our knowledge of the cosmic nu
density depends on the solution of

Flavor mixing

(neutrino oscillations)

Flavor lepton numbers
not conserved

Only one common nu
chemical potential

Stringent &, limit
applies to all flavors

the solar neutrino problem

|§ve,.-.t| <007 » KamL AND most relevant experiment
Extra neutrino densi * Lunardini & Smirnov, hep-ph/0012056
AN, < 0.0064 i/ » Dolgov, Hansen, Pastor, Petcov, Raffelt

4 Semikoz, hep-ph/0201287

Cosmic neutrina density el I B;"r}o-ph/ozouu
close to standard value * Wong, hep-ph/0203180
GIGEWII.MWMW'CI w.mmn.am Meutrinos and Baijing. China (Z20-23. 2002}

Two-Flavor Oscillations in Media

Neutrinos propagating in a medium suffer refraction (Wolfenstein 1978)

Effect is usually dif ferent for different flavors

Equation of motion in early universe (ignoring neutrino background)

- [am®; 826 = _ .
6-|.PP=[2—PB—me2F—Pp,2]xPP with p, the e'e” energy density

Oscillations begin when background medium is sufficiently diluted to

avoid large medium effect compared to vacuum mixing
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Two-Flavor Neutrino Oscillations

Evolution of neutrinc ensemble deseribed in terms of density matrices
£ )1,
tone(@ §)s6een
Flavor oscillations in vacuum:
2 - — 2
/" H\-— _ aﬂ'l-
| L P o = ﬁﬁ""p
~ with
sin2é
E=| ©
cos 20
and
Ve) cos6 sinB (v
vp) (-sino coso)lvp
GIGEWILMWMW'CI w.mmn.am eutrinos and Baijing. China (Z20-23. 2002)

Flavor Equilibration: LMA Solution

0

-0.02

-0.04

-0.06

10 1
T (MeV)
Dolgov, Hansen, Pastor, Petcov, Raffelt & Semikoz, hep-ph/0201287
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Flavor Equilibration: LMA With Non-Zero ®,;

Flavor Equilibration: LOW Solution

-0.02

-0.04

-0.06

-0.08

-0.1

T (MeV)
Dolgov, Hansen, Pastor, Petcov, Raffelt & Semikoz, hep-ph/0201287
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\ Synchronized Oscillations by Self-Interactions

Equation of motion in early universe with neutrino background
2 26, -p =
otk = 4—[8i3— 8—2—p,z]x B+ J26p(P-P )~ B  neutrinos
2p 3miy
sm? . 8/26gp 5 5\ & ' .
6‘-|-PP = _[2_P T"‘?N— pG:] PP + ’\EGF(P = P)x ’P anti-neutrinos
with the integrated neutrino polurizaﬁon vectors
d p o

It I_J’

- "Magnetic field” caused by neutrinos themselves
much larger than vacuum or medium terms.

* Couples “magnetic moments"” to one large dipole
which precesses with a single frequency.

Pastor, Raffelt & Semikoz, PRD 65 (2002) 053011
SIGEWHLMWMW'G m.mmuaﬂ Meutrinos and Beijing. Jhina (Z0-23. 2002}

wit
Low |
b Self e
|| ser — -
:
T (MeV)
Dolgov, Hansen, Pastor, Petcov, Raffelt & Semikoz, hep-ph/0201287
&ﬂEWﬂLMWMWﬁ m.mmuam eutrinos and Baijing. China (Z20-23. 2002)

\ Synchronized Oscillations by Self-Interactions

04+

03 . .

Pastor, Raffelt & Semikoz, PRD 65 (2002) 053011
SIGEWHLMWMW'G m.mmuaﬂ Meutrinos and Beijing. Jhina (Z0-23. 2002}




Synchronized Oscillations by Self-Interactions
z 1 \' § - r\'
08y | 1
r o8t \ j{/\ f\ JJ/ lﬁ
[

-/
=0.000 ]
o AU RWAN
0 \"\. _,;/ \‘\. ;”/ \*-./

') vl v

P, ip)

Individual modes precess around

large common dipole moment

Pastor, Raffelt & Semikoz, PRD 65 (2002) 053011
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0.1 . !
- LMA
0.05 | 4
i
v .\
G0 =
i
-0.05 f
J
w 7 No Self -
-0.1 B Self
10 1

T (MeV)
Dolgov, Hansen, Pastor, Petcov, Raffelt & Semikoz, hep-ph/0201287
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Zero-Frequency Synchronized Oscillations

Synchronized oscillation frequency,
assuming all P vectors start
porallel or antiparallel to z-axis

Only neutrinos,
no anti-neutrinos

Equal distribution of neutrinos

of one flavor
and anti-neutrinos of the other

Ina three-flavor system,
oscillations are suppressed
(infinitesimally slow) when

Oscillations
completely
suppressed

[Elve)l = 150w = [alvo)l

Pastor, Raffelt & Semikoz, PRD 65 (2002) 053011 |
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Summary
Confirmation of solar LMA
solution by Kamland

De-facto neutrino flavor
equilibrium before BEN

BEN limit on effective
number of nu flavors

Cosmic nu density within 1% of standard value ‘

earg ek Weox:FirchTnatitu for sk, Monchen Gemeany
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Greisen-Zatsepin-Kuzmin (6ZK) Cutoff
END TO THE COSMIC-RAY SPECTRUM?
pPry>AT>p+m
Kenneth Greisen

Cornell University, Ithaca, New York
(Received 1 April 1966)

{PRL 16 (1966) 748

Ty
m.ﬂ

UFFER LIMIT OF THE SPECTRUM OF COSMIC RAYS

G. T. Zatsepin and V. A. ¥uz'min

P. H. Lebedev Physics Institute, USSR Academy of Sciencea
Submitted 26 May 1966

ZNETF Pis'ma b, Ne. 3, 114-117, 1 Avgust 1966

' 1 wee ,u:‘asua-l:r-l
o wt - One event (1962)
with 1020 eV/
wrL
i
R e B
rLg o T ey JETP Lett.
Fig, 1 4 (1966) 78
smgmn.mmmmfam.mmuam Meutrinos and Baifing. China (20-23. 2002}

Global Cosmic Ray Spectrum

ot

10°

"‘fg_ Fluxes of Cosmic Rays

w'L . (1 porticle per m-second)

Flux {m" 5r 5 Gev)™

A
10

aumd i PP P BT BT TR TR e e e
10 00" ™ 10" 0™ 1™ 0™ ™ ' 10" 0" ™ ™
Energy (ev)
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Spectrum of Highest-Energy AGASA Events

1025:||||||| T T T T T 171717 T q utro—ph/OODaloz ‘
L AGASA ]

o i ]
- n -
4]
iy 25| —
= 10 3 =
— : . 1 .
e | crpdegs 1%
ei) o 2
G [#ey. L B N
o LTI W) 1P
E L
© .
w o ] B
'-J__JJ, ----------- Uniform sources H

23 1 1yl I R REY B I

10
1019 1020
Energy [eV]
| seor e i i oy e, Semery s e oy Bl O 5.2 A 200




Z-Bursts and Highest-Energy Cosmic Rays

Meutrinos Resonant Cosmic relic

E, ~ 10%1- 1022 eV Z-Boson neutrinos
from unknown sources Production m, ~1leV

Neutrino energy

Decay
on 2 2 (Z-Burst)
E - Mz _42x10%eV On average
V7 2m, Mgy 2 Nucleons For example:
i? :L ' ::_ - - Weiler
G hep-ph/9710431
+ Fargion et al.
hep-ph/0112014
- Fodor, Katz, Ringwald
e
GIGEWII.MWMW'U mk.mmn.am Meutrinos and Baijing. China (Z0-23 2002}

Discovery Potential for Required Neutrino Fluxes

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

E*F [eV m2 s sr’']

Dok et e
E [eV]

Fodor, Katz & Ringwald, hep-ph/0203198

Fitting the Cosmic Ray Spectrum with Z-Bursts

earg ek Weox:FirchTnatitu for sk, Monchen Gemeany Postrinos ored Baijing. hina 23 20027

Cosmic ray spectrum near cutoff can be fit for

a wide range of allowed neutrino masses

'."_‘ :‘ IIIIY[ T L ‘lllll T T T TTr I- Mai'1 Plioblems

[ — 28 aVy

B | m, = 0.26 eV » Huge source flux of
- o EHE neutrinos

w 107 F EIfl required

o o 4 | (3

'E E PZ2AENNEIN © Mo plausible sources
o L Pq N | B

° F /' kIl - Accompanying

o ’ A

photons must be
w 107 PISUNEIR perfectly obscured
T ) L 11 ]
L IIIII[ i. Ll IIIII 1411 o
10" 10% 10% Kalashev et al.
E [eV] hep-ph/0112351
Fodor, Katz & Ringwald, hep-ph/0203198

GIGEWILMWMWVU mk.mmn.am eutrinos and Baijing. China (Z0-23 2002}
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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 B and L by electroweak instanton effects
+ Conserves B - L

In cosmological evolution

* Pre-existing B+L erased at EW phase transition

* Creation of BAU at phase transition not possible,
except for special parameters in SUSY models

earg ek Mo FirchTnatitu fior sk, Monchen Gomany Poutrinos ored Baling. China (23 200z

_ See-Saw Model for Neutrino Masses

Charged Leptons Neutrinos

Dirac masses Heavy

from dor;ﬂng Majorana

LO_ st masses M
iggs field ¢ !

: =
Lagrangion for ‘ Umass = ~7L997¢R ~ 7L99, Na ~ 3 NMNR +hae

particle masses

o,y W)

G0ng At ok, M- Frck-Trafiis fior Mryok. onchen. ée Postrinos ored Baiing. hina (F-23. 20027

| Leptogenesis by Majorana Neutrino Decays

| Another classic paper ‘

Volume 174, number 1 PHYSICS LETTERS B 26 June 1986

BARYOGENESIS WITHOUT GRAND UNIFICATION

M. FUKUGITA

Research Institure for Fundamental Physics, Kyoto University, Kyoto 606, Japan
and

T. YANAGIDA
Institute of Physics, College of General Education, Tohoku University, Sendai 980, Jupan

and Deutsches Efektromen-Synchrotron DESY, D-2000 Hambuwrg, Fed. Rep. Germany
Received B March 1986
A mechanism is pointed out to generate cosmological baryon number excess without resorting 1o 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 lemperalures.
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Leptogenesis

Equilibrium abundance of
heavy Magjorana neutrinos

-6

% I Real non=-eguilibrium|abundance
2 determined by decay rate
=10
F Lepton-number abundance
| created by CP-violating decays
T

e »-# || CP-violating decays by
f 4 v om L interference of tree-level

with one-loop diagram
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Connection to Neutrino Mass

_2 M Decay rate of heavy Majorana
Tbecay =9v gx neutrino
2
He [o.¢f % Cosmic expansion rate
o = Requirement for strong deviation
Decay <Hr-m from equilibrium ...
2 M M2
ﬁ < 8% Bt
M el
22 into a limi
_9v®)° 8o 2, .a-3 ... translates into a limit on the
iy = VM <y (5 ~1077eV | o cervable neutrine mass
smgmu.mmmmfammmam Meutrinos and Baijing. China (Z20-23. 2002)
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Leptogenesis by Majorana Neutrino Decays

In see-saw models of neutrino masses, right-handed
heavy Majorana neutrinos provide source for L-violation

Cosmological evolution:

*B =L =0 early on

+ 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 Limits Limits
equilibrium distribution of on on light
heavy Majorana neutrinos Yukawa neutrino
at freeze-out coupling masses
Consistent with hierarchical masses below 0.1 eV
smgmn.mmmmfammmam Meutrinos and Beijing. Jhna (Z0-23. 2002}

Conclusions of Lecture II

Large-scale galaxy redshift surveys
* Best limit of m, <08 eV,
* Future sensitivity ~ 0.3 eV

| If solar LMA solution applies,
4 cosmic neutrino number density
@ precisely determined by BEN

If highest-E cosmic-ray neutrinos are found,
Z-bursts provide handle on m,

| Majorana neutrino masses in the favored
94 ronge suggest a leptogenesis scenario
&| for generating cosmic baryon asymmetry
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