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Neutrino Masses

Flavor oscillations and all that

Quest for the absolute mass scale
and cosmological neutrinos

Neutrino mass and the
baryon asymmetry of the universe
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Missing Neutrinos from the Sun
Electron-Neutrino Detectors All Flavors

Tl el \ﬁfater ~ Heavy Water || Heavy Water
Ve vHe Iy +dsp+pre|vid>p+n+y
7 P

AAAATI,
(o722

Gallex/GNO (Super-)

Heraeus: Summer Sohool, 5-16 July 2004. Bad Honnef, Gemmany

1000 light years of lead
needed to shield solar
neutrinos

Bethe & Peierls 1934:

“... this evidently means
that one will never be able
to observe a neutrino.”
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First Detection (1954 - 1956)

Fred Reines
(1918 - 1998)

Anti-Electron o%@@
Neutrinos ELE. ﬂ 3 Gammas
o Q@@ 0
Hanford % & in coincidence
Nuclear Reactor e o4 e : o
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First Measurement of Solar Neutrinos

Inverse beta decay
of chlorine

CC reaction

Electron or Muon
{Charged Particle)

%00 tons of
Perchloroethylene

Cherenkov

ch-tnst s i Phrvsak, Midnohen. Genmany
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Bruno Pontecorvo
(1913 - 1993)
Invented nu oscillations
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Missing Neutrinos from the Sun

| Calculation of expected
experimental counting
rate from various
source reactions

L

John Bahcall
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Japanese nuclear reactors
60 GW (20% world capacity)

+ Witout Oscillations

2 Neutrino captures / day
« Data taking since

22 January 2002
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Solar & KamLAND Mixing Parameters Atmospheric Neutrino Anomaly

Main features Primary Cosmic Rays Zenith-angle distribution of atmespheric nus
| a) e in Super-Kamiokande [hep-ex/0210019]
« Oscillation channel vg — v,

(not sterile - full flux at Sh’(ll)) .Air Nucleus multi-GeV e multi-GeV p +PC

o —— —
iy E « Mass ordering normal o C .
r (“light side” of mixing angle, E E - =
~ T medium effect crucial for 200 F 200 r = 1

z | this information) r C =
& « Mixing angle large but not 150 :— 150 o b
<r maximal o o ]
(at 5.4 after SNO w/salt) 100 100 =
107} Solr KamLAND « Good fit to all data ]
- 95%CL. B o5 CL A
[ --se%clL 99% C.L ]
[ —9973%CL [ EEREAR .
[ % solar best fit | ® KamLAND best fit 2 Muon- 1
1l ‘“{6,] 1 11 |||\] 1 (] ||||]I0 1 I Neutrinos
tan’ 0 3
i Half of the muon neutrinos
Kamland Collaboration, hep-ex/0406035 from below are missing
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Three-Flavor Neutrino Parameters

Atmospheric/K2K CHOOZ Solar/KamLAND 2o ranges
37° <@y <54° 8y3 <11° 30° <3 <36° hep-ph/0405172 P
k
—i5 Solar
Si3Y C S 0
Ve . c : e 513 S12 C12 vi 7599
M 23 23 is 1z M2 v2 Atmospheric Target:
—S23 Caz3 A—€°Sq3 Ci3 .S%P] 14003000 Protons or Photons
Ciz =cos@yz etc., & CP-violating phase Amz,/rnevz target TI:O ¥
Normal Inverted Tasks and Open Questions
3 2 « Precision for 6 de Approx. equal fluxes of
Sun recision tor 12:“ & ¥ yHVR photons & neutrinos
1 + How large is 0,57
« CP-violating phase &7
Adrrpies = Mass ordering?
. (- EVeV
Atmosphere (normal vs inverted) i directional Y ©VeVn
« Absolute masses? i beam -
ik . et Equal neutrino fluxes
(hierarchical vs degenerate) —Ps ‘ .
. Di q - magnetic 1 VeVth in all flavors due to
Dirac or Majorana? fields oscillations

F. Halzen (2002)




Upcoming Long-Baseline Experiments Upcoming Long-Baseline Experiments

FermiLab-Soudan (MINOS) CERN - Gran Sasso FermiLab-Soudan (MINOS) Sensitivity to Oscillations

Ph2le, 10 kt. yr., 90% C.L.

g Statistical and systemaotic errors|

_1‘—_“—_
0.002 |-

0.001
. Super=K, 1144 days

00.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
sin’24
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Tokai to Kamioka - T2K (2007) Long-Baseline Experiments
Kamland (2002)
S—— Nuclear decay )
e
Other projects 5in"20,3 5 0.03
. K2K (1999) -
Conventional Proton beam dump NUMI, CNGS (2005 P_re2c151on for atm
beams T2K (2007) sin 2913 ~0.01
Primary proton beam Super-JHF, ) .
> 1MW Super-NuMl, ... $in“20,3 ~ 0.001
Nuclear decay -2 »
Neutrino "o || CP violation
R&D ) Mass ordering

JHF-Kamioka Neutrino Experiment
(hep-ex/0106019)

Plan to start in 20077,

LeLUGHEN ~1GeV v beam

. | JAERI
 Karniotands 2 (Tokai
TEE etk il ¢

Ny TS
KEK 43

4MW 50 GeV PS

pnal v beam)

- 4200 mi /676.8 km awrood

Neutrino Factory Working

Y. Itow (ICRR,Univ. Tokyo), ICHEP02 Amsterdam

Muon : Group homepage at CERN
Future Super-JHF 4MW + Hyper-K ~ SEIEE Y g http://nfwg.home.cern.ch
R —evyVe i e /nfwg/nufactwg/nufactwg.html
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Fiducial Long-Baseline Configurations
Cseun [ smene | seon | oecor [ reni)

Water Cherenkov
JHF-SK 0.75 MW 23 kt fiducial v5yr
295 km
Water Cherenkov v2yr
JHE-HK 4 MW 1000 kt fiducial voyr
0.75 MW, E,, = 50 GeV Magnetized
NuFact | 1029 yseful p decays iron calorimeter v2.5yr
" Y AR v2.5yr
per year 10 kt fiducial
3000 km
4 MW, Eu =50 GeV Magnetized Avr
NuFact || 5.3x102% useful p decays || iron calorimeter vay
per year 50 kt fiducial e
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Three-Neutrino Oscillations with a Long Baseline

The three-flavor oscillation probability at a long-baseline (LBL) experiment
can be expanded in the small mixing angle sin2@&3 <0.3

and the small hierarchy parameter u=m§1/m§1 = 0.03 5
2/7GeneE amsd
T S

Other parameters: &=cos®35in2035in2033, A== =
am§, 4E

Up to a? and sin%(2@4;) the transition probability is

sinZ[(1— A)A]

P(ve —wp.):sin2 203 sin? G33 — ()
+a.£sin20q3(cos5cos A1 sindsinA) 1)

ind
+a? cos? 673 sin? 202 sin”(AA Lower sign for (2)

aZ

(1,2) disappear for “magic baseline” ~ 7500 km where AA ~ 0,
assuming a neutrino factory with muon energy ~ 50 GeV

Sensitivity to ©®,,; and CP violation

Sensitivity to sin” 263 Sensitivity to CP—Violation at dcp = +7/2
I sscctic
Correlation ‘ JHF-SK LIl JHF-HK
Degencrucy
JHF-HK
b —_ |- 3, =
B i A M I -
g JHF-SK
NuFact—I i
penim JHF-HK
i NuFact-1
I NuFact-I1 — NuFaet=11
10° 10 107 107 102 0! 10 10 10 10 . 10 10 i) 10°
1020 sin’ 20
sin” 26,3

Huber, Lindner & Winter: Superbeams vs neutrino factories
hep-ph/0204352

F G20 Huber & Winter:
. 7500km+| | | Neutrino factories and the
l SEATED 3000 km “Magic baseline” (hep-ph/0301257)
! CP viol,
o Clean up degeneracies with two
sin®26; baselines
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Neutrino Refraction in Media

Neutrinos propagating in a medium suffer refraction (Wolfenstein 1978)

v v v

For small neutrino energies and

large matter-antimatter
asymmetry of the medium
(not true in the early universe)

— ¥+ Ye for
ntle Ve
Normal medium, consisting of V =+/2Gpng "{ -
protons, neutrons (or nuclei),
and electrons

—-} Yo o for wvy,ve

~2Gpng =0.762x10™ Sev—L




o Oscillations in Matter

Neutrinos in a medium suffer flavor-dependent
refraction (PRD 17:2369, 1978)

In Earth or Sun weak potential
of order 10713 eV =

Yw Zzhi/ON M_tm[ne—%m 0 ] W
« “Level crossing” possible in a medium with a gradient (MSW effect)
- For solar nus large flavor conversion anyway due to large mixing

- Still important for 13-oscillations in supernova envelope
» Breaks degeneracy between ® and n/2 — @ (dark vs light side)
- 12 mass ordering for solar nus established
- 13 mass ordering (normal vs inverted) at future LBL or SN
« Discriminates against sterile nus in atmospheric oscillations
« CP asymmetry in LBL, to be distinguished from intrinsic CP violation
» Prevents flavor conversion in a SN core and within shock wave
« Strongly affects sterile nu production in SN or early universe
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Tritium Endpoint Spectrum

Tritium B-decay ol 255 } '
3H—>3He+e‘+\‘re WKW g } I T -
25:* - !
Electron spectrum 3He Q J: 1 " -
endpoint || | S
energy f
18.6 keV 125¢
7\50;-
»E 175F
= 1956 1992 1994 1996 1998 2000
m year
Currently best limits from Mainz = Scaled-up spectrometer (KATRIN)
and Troitsk experiments is expected to reach 0.2 eV
= Currently under construction
m<2.2eV (95%CL) « Measurements to begin 2007
http://ik1au1.fzk.de/~katrin

Neutrino Masses

Flavor oscillations and all that

Quest for the absolute mass scale
and cosmological neutrinos

Neutrino mass and the
baryon asymmetry of the universe

He racs: Summe r School. 5-16. Juks 2004, Bad Honnef. Germany

Creation of the Universe



Cosmological Limit on Neutrino Masses

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

my, 4 For all

2 _
Qb = z:92.5‘3\/ <l stable flavors

m,, < 40 eV

REST MASS OF MUONIC NEUTRINO AND COSMOLOGY

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

Gershtein and Ya. B. Zel'dowich
d b June 1966
'ma L, No. 5, 174-1T7, 1 September 1966

Low-sccuracy experimental estimates of the rest mass of the meutrimo [1] yield m(v )

s in the paper by Ya. B. Zel'-

the gravitational effect of the neutrinos

verse. The age of the lnown astronomical cbjects is not

le's constant H is not smaller than 75 km/sec-Mparsec

fore that the density of all types of matter in the
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d W d °H Event rate above the endpoint
M % L e e & relative to the total rate
w
. ”Q o g TE>Q 10522 Ny,
2 3H He+e~ 49 PH+ve 5 He+e Tiot 8 @-me)
o
@
o _105 57cm3
g 8 (18.6 keV}3
L I 23
fra] »E =0.85x10™"
4=t
m m Unmeasurably small

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)

—f for E
:_II;:AQ o~ JEZ e —md) _mv)x{ﬁ f(;()ﬁ)] or E<—m,

for E=+m,,

See also: Duda et al., Expected signals in relic neutrino detectors, PRD 64 (2001) 122001
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Mass-Energy-Inventory of the Universe

Assuming h = 0.72

10 102 1.Q
LI L N Y O D11 S B R DL S E
Luminousz D_Fjarjyns ITotal

Dark Matter. I A

102 107"

1

10 eV

Super-K

I TTl IIII I >Z%
m Tritium (Mainz/Troitsk)
" Future Tritium (KATRIN)

I Mo & Lss
////% PLANCK+SDSS (“Optimistic future”)
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Z-Bursts and Highest-Energy Cosmic Rays

Neutrinos
E, ~ 104" - 10?2 eV
from unknown sources

Neutrino energy
on resonance

M 4.2x10tev
Vi, myjev

Resonant
Z-Boson
Production

Decay
(Z-Burst)

On average
2 Nucleons

107° > 20y
17 1t > etvv

Measured cosmic rays

Cosmic relic
neutrinos
m,, ~1eV

For example:

* Weiler
hep-ph/9710431

« Fargion et al.
hep-ph/0112014

» Fodor, Katz, Ringwald
hep-ph/0203198

« Gelmini et al.
hep-ph/0404272
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Lower Limit on Required Neutrino Mass Weakly Interacting Particles as Dark Matter

1038 g—r—rrrrm—r—r T Required neutrine
e pin | e More than 30 years ago,
10% ¥ beginnings of the idea of
g ;NE_m ] weakly interacting particles
= o b E (neutrinos) as dark matter
o 10% ¢ total L
n E ]
Ll m =0.3eV I Massive neutrinos are no
NN S ver = longer a good candidate
() F 3
%’ 102 r o Akeno ! (hot dark matter)
S 10 | ¢ AGASA 4 Form,<0.3 eV,
Z 3 E expect too many events
o above AGASA endpoint
10% |
| However, the idea of
; : weakly interacting massive
102 : _ ; .
100 10® 10®  10®  10%=  10% | |Gelmini, Varieschi, Weiler o = o particles as dark matter
E (eV) hep-ph/0404272 one - o, is now standard
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What is wrong with neutrino dark matter? Formation of Structure

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

Maximum mass density of a degenerate Spiral | SEgoth ” et |
Fermi gas s m, > 20 — 40 eV galaxies L
- = D.‘:inax _ my{MyVescape)
max =Mv o2 =7 2 Dwarf
Sixa 3 m, > 100 - 200 eV |ftel
e galaxies

Structure forms by
gravitational instability

Neutrino Free Streaming (Collisionless Phase Mixing)

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

of primordial
density fluctuations

« Nus are “Hot Dark Matter”
« Ruled out

Over-density by structure formation




Power Spectrum of Density Fluctuations

Field of density fluctuations

Gaussian random field (phases of

8(x) = Spl(x) Fourier modes &, uncorrelated) is fully
] characterized by the power spectrum

P(K) =5k 2

Fourier transform
B = [d*x e KX 51x)

Power spectrum essentially square
of Fourier transformation

{88k ) = (2m)*8(k — k") P(K)

with § the &-function

or equivalently by

) sy
K)— _
At [2 1::2]

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

(%) ={8(x2)8(x1)} = .[%3 &KX pyy

dQdk _ikx kPK)

4z Kk 2
2
A(k)
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Power Spectrum of CMBR Temperature Fluctuations

Sky map of CMBR temperature
fluctuations

o -TOD=T

. - Angular Scal
Multipole expansion o o 02

6000

TT Cross Power
Spectrum

w0 £
AG9)=% X [airanm(e: ?)

-COM Al Data
=0 m=— 3 wae

\ 3 cs
4 ¥ acean

‘I“UAW{H E
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2000

Angular power spectrum

1000

£ ;
* H
2. a/masm U : : —_—y
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0 10 s 100 200 400 800 1400
Multipole moment (/)

Processed Power Spectrum in Cold Dark Matter Scenario

Primordial spectrum
usually assumed to be
of power-law form

Plk) =6y < k"
Harrison-Zeldovich
(“flat”) spectrum

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

105 -

104

103 -

2dFGRS

Linear Power Spectrum P(k) [Mpc3]

Primordial | Suppressed by stagnation
spectrum during radiation phase

1 1 1
103 102 10-1 1
Wavenumber k [Mpc-1]
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Cosmic
“Stick Man”

Right Ascension a

Galaxy distribution from the CfA redshift survey

[ApJ 302 (1986) L1]

Plan ck-Inst . fir Pl Miincher

A Slice of the Universe
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2dF Galaxy Redshift Survey (15 May 2002)

Power Spectrum of Cosmic Density Fluctuations

qh

Wavelength A [h-! Mpc]
ah 1000 100

10 1

1000

il E
E = Cosmic Microwave Background 3

Current power spectrum P(k) [{h~' Mpc)?]

2dF - #Cluster abundance
E m Weak lensing E
0 r 4 Lyman Alpha Forest b |
North { €z (1000 km/s) L 4
——— & o0 Tegmark & Zaldarriaga, astro-ph/0207047 + updates
L O T Y BT ET I ITH P,

Las Campanas 0.001 0.01 0.1 1 10

Wavenumber k [h/Mpc]
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Formation of Structure

Neutrino Free Streaming - Transfer Function
Power suppression for A < 100 Mpc/h

suppresses small-scale structure

Hannestad, Neutrinos in Cosmology, hep-ph/0404239

| Smooth ” Structured | 1.2[ 1 || Transfer function
1.0 f——= 11| P =Tk Polk)
L — || Effect of neutrino free
t i Il scal
o 0.8F . streaming on small scales
~_ L A 1 T(k)=1-8Q,/Qy
3 06[ ' - EPRRYE | || valid for
QL \ 'v i
é I \ 1l 8@,/ <1
&~ 0.4 - \ ]
B \ ]
0.2 \ 1
- ~ -
0.00.... Ll S ]
0.01 0.10
k (h/Mpc
A fraction of hot dark matter ( / P )




Cosmic Structure Modified by Hot Dark Matter Cosmic Structure Modified by Hot Dark Matter

1065 T T T TTTTI ™8 Adapted 1065 T T T T TTTT ™§ Adapted
F 3 from F 3 from
Galaxy 10k E S.Hannestad Galaxy 10°F E S.Hannestad
Distribution | |-, 45. 3 Distribution | | - 45_ 3
(2dF, PSCz) | |10 E (2dF, PSCz) | |10 E
E 3 E 3
Scales 10% E Scales 10% E
1-200 Mpc E 3 1-200 Mpc E 3
10¢ L Lo 1l L 101 L L1 a1l L
001y pey 210 Q, =0.00 001y mape) 0
10— 100 [T T T TITTOTT T 10— 100 T T T T TT T TTT
Lvmane £ ' T E " CMBR (WMAP, Maxima ] Lvmana . ' i E " CMBR' (WMAP, Maxima ]
i o Bl OF Boomerang, CBI, DASI forest il ¥|| 80 Boomerang, CBI, DASI)]
10% = ; 1 ores 105 E ; ]
at large - 5| |ge0f 3 at large ~ F 5| |ge0f .
redshift = 1075 L :40 b ] redshift = 1075 r :40 b ]
(=272 10%] - "% E =272 10%k 1|7 '(% 5
of 3 a0 F E 5E 3 20 F 3
Scales 104! L E ] Scales 1045' L E ]
0.1-10 Mpc 10001"""5'1 '--""'1 L1l 3] SENE NEE NETE NI PN T 0.1—10 Mpc lOOOl””“sll .......|1 L .....1.|O 0Bt
K ‘(h/MpC] 0 200 400‘ 600 800 1000 ! b ‘(h/Mpcj 0 200 400‘ 600 800 1000
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Neutrino Mass Limits from Large-Scale Structure Mass-Energy-Inventory of the Universe

Assuming h = 0.72

Statistical 95% C.L. limits depend on used data and on 103 102 101 1 Q
priors for other parameters. For detailed analyses see T ”“| T TT1 |||| T 1T ””| 11T ””| |‘;
+ Hannestad, astro-ph/0303076

« Elgaroy & Lahav, astro-ph/0303089 Luminous |:| D Baryons ITotal
2dF (Galaxy-galaxy correlation) Dark Matter. I A
+ WMAP (Cosmic microwaves)
102 10" 1 10eV __m,
+ Small-scale CMBR M T TTTI T TTTI T T TTTI] |rZT
(breaks degeneracy with bias)

O Neutrines. T —"

+ Priors (1o)

h =0.72+0.08 %//////////////////////% Future Tritium (KATRIN)

Qy =0.28+0.14 CMBR & LSS

PLANCK+SDSS (“Optimistic future”)
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Cosmic Structure Modified by Additional Radiation

106E —TT T ™% Adapted
F 3 from
Galaxy 10k E S.Hannestad
Distribution | |-, 45 3
(2dF, PSCz) | =107 E
Scales 0% 3
1-200 Mpc E 3
10¢ L Lo 1l L
0.01 k (h/Mpc]O‘lo
101 T T T T T T T T 1T, 00T T ITTTIT T T T ITTITTT 11T
I £ E' CMBR (WMAP, Maxima ]
fgrest 107w 1 80  Boomerang, CBI, DASI)
108k - [ ]
at large - 5| |ge0f 3
redshift = 1075 L :40 b ]
@)=12.72 106; i / 3
5E 3 20 F A
Scales 104! L o ]
0.1-10 Mpc 10 01”“"5'1 yrwd 3l o B
K ‘(h/Mpc] 0 200 400‘ 600 800 1000
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Neutrino Masses vs. Radiation Density

0.010

0.020
0,h*

0.030 0.040

3

0.10

|

0.20 0.30 0.40 0.50 0.60
™, (eV)

Neutrino mass limit almost independent
of the neutrino number density

Hannestad & Raffelt, Cosmological mass limits on neutrinos, axions,

and other light particles, hep/ph0312154
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Cosmic Structure Modified by Additional Radiation

106E — T - Adapted
F 3 from
Galaxy 10°F E S.Hannestad
Distribution | | - 45 s o 4 3
(2dF, PSCz) | | 107 :
Scales 1035
1-200 Mpc E
101 L Lo a1l 1
0.01 k (h/Mpe) 0.10
101 T T T T T T T T TTTm] 00 TITTITITTIT I I T I TT T 7]
I T E' CMBR (WMAP, Maxima ]
fgrest 10K 2 80  Boomerang, CBI, DASI)
108k o [ ]
at large ~ F 5| |ge0f .
redshift = 1075 1 :40 E ]
(Zy=2.72 106;, i 1 ‘# p
5E 3 20 K ]
Scales 1045' L . ]
0.1—10 Mpc 10001......5|1 ||||||||1 Ll o B
. K ‘(h/Mpcj 0 200 400‘ 600 800 1000
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Evidence for Presence of Cosmic Neutrinos

CMBR and LSS data, with different priors, provide allowed range (95% CL)
on radiation density, expressed in terms of effective neutrino flavors Ng

1.4 < Nggs < 8.5 Crotty, Lesgourgues, Pastor [hep-ph/0402049]

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

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

0.9 < N < 8.3 Barger et al. [hep-ph/0305075]

Presence of cosmic neutrinos indicated with high significance,
independently of big-bang nucleosynthesis
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Helium sis - Three Easy Steps

100

B equilibrium

B freeze-

« Neutron decay

» Nuclear statist.
equilibrium

Thermonuclear
reaction chains

0.01

i ch st st o Phvstk. Mnchen. Germany

p+e” ©>n+ve

p+vg &>n+e’

LLUPRVSN (s i ) P
p—exp( T ) 1

My —mp =1.293MeV

Neutrons freeze
in helium

n1 B rates fall below
p 6 expansion rate H
fin u:exp(_—t) 2p+2n©*He+y

T Helium suppressed
T =8B6sec by large entropy
nt Helium mass fraction
p 7 Yp ~ 25%

Production and destruction of traces of
D, 3He, 5Li, 7Li, "Be

All done
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BBN Limits on Neutrino Flavors

0.255

0.25

“He Mass fraction

0.245

0.24

Fraction of critical density

0.01 0.02

0.05

1

2
Baryon density (107! g cm™®)

5

« Slight tension between measured and predicted
helium abundance
= Certainly no evidence for additional radiation

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

— e T2
=y Tr & my
g =2+f(4+2N,)

At BBN one flavor
contributes about 16% to
cosmic mass-energy so
that

AYp =0.012 AN,,
Measured value

Yp =0.242 £0.002
(only statistical error)

BBN Predictions

0.005 0.01

3
Qph

iHe

002 003

Implied by CMBR and
large-scale structure

Review of Particle

2 3 4 5 6 7 8910

Baryon-to-photon ratio n,

Properties
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How Many Relic Neutrinos?

‘ Standard thermal population in one flavor Nyp = %n.f ~115ecm=

Additional active
neutrinos beyond
standard population

of vg, Vi Ve

Sterile
(right-handed)
states

Populated by
VL% VR
transitions

Additional families

Excluded by Z? width
(Ny, = 3)

Chemical potentials
for vg, Vi Ve

Dirac mass

Not effective
in eV range

Right-handed currents

Constrained by energy
loss of SN 1987A

Electromagnetic
dipole moments

Constrained by energy loss
of globular cluster stars

Oscillations/collisions

Hot/warm/cold DM
possible




Thermal Neutrino Distribution with Chemical Potential

« Temperature T

+pn  Particles
—p  Anti-particles

Fermi-Dirac distribution

+ Chemical potential p

Anti—particles Particles
1 L B T B o
o
£ o8 L ! ]
g b T ]
S 06 [ | 3
&l r | ]
S s ]
S04 F E
g. = -
302k =
o - .
o E 4
S 0

10 10
E/T

Degeneracy parameter &=

Invariant under cosmic expansion

density

nw = IdE
Number (Z*Jl:)3

S 2@, 1 .4
_2::va [1+ 323 13 +72Q3§ +]

E]
— ||HIT

3 £
1+exp(ElT—E)+1+exp(ElT+§}]

x -Plan ck-Inst st o Phvalk. Minchen. Germany

Expansion Rate
Effect
(all flavors)

Beta equilibrium
effect for
electron flavor

Nn+ve €>pte”
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BBN and Neutrino Chemical Potentials

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

=T 2 5]

ANagf

Helium abundance essentially fixed by
n/p ratio at beta freeze-out
n_ e—("h_mp)fT_gve
p
Effect on helium equivalent to ANgg ~ —18 &,

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

« No significant BBN limit on neutrino number density
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Thermal Neutrino Distribution with Chemical Potential

Fermi-Dirac distribution
+ Temperature T
» Chemical potential p
+p  Particles
—p  Anti-particles

Occupation number

Anti—particles Particles
T

I RRRNRERN RS RN}

E/T

Degeneracy parameter &=

Invariant under cosmic expansmn

-

4z
n dE
Number e I (2 )3
density
3c_3 Tv [

Ez
1+exp(ElT F,) 1+exp(E/T+§)J
2[n(2)

1 .4
ﬁg +~1\]

Mx-Plan -ttt Fir Phvatk. Miinchen. Germ snw

Chemical Potentials and Flavor Oscillations

Flavor mixing
(neutrino oscillations)

Flavor lepton numbers
not conserved

Only one common neutrino
chemical potential

Stringent &, _ limit
applies to all flavors
|ENE,M| < 0.07

Extra neutrino density
AN_¢ < 0.0064

Cosmic neutrino density
close to standard value
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« Flavor equilibrium before
n/p freeze out ?

« YES for solar LMA solution

« Our knowledge of the cosmic neutrino
density depends on measured
oscillation parameters

« Lunardini & Smirnov, hep-ph/0012056

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

« Abazajian, Beacom & Bell,
astro-ph/0203442

« Wong, hep-ph/0203180

e raeus: Summe r School, 5-16 July 2004, Bed Honnef. Germany
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T

-0.02

Flavor oscillations and all that
-0.04

Quest for the absolute mass scale

-0.08 and cosmological neutrinos

-0.08 Neutrino mass and the

baryon asymmetry of the universe

0.1

T (MeV)

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

Baryogenesis in the Early Universe

Sakharov conditions for creating the

3 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)

force carriers

« However, electroweak baryogenesis not quantitatively
possible within particle-physics standard model

‘

» Works in SUSY models for small range of parameters

B Ordinary Matter 4% .. . Neutrinos
(of this only about Dark Matter EENUREE2
10% luminous) 23% ,

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




Leptogenesis by Majorana Neutrino Decays See-Saw Model for Neutrino Masses

A classic paper

Charged Leptons Neutrinos

Dirac masses q- .R . Heavy

Volume 174, number 1 PHYSICS LETTERS B 26 June 1986 from coupling Majorana
to standard masses
BARYOGENESIS WITHOUT GRAND UNIFICATION Higes field ¢ ’ L M; > 1010 Gev
M. FUKUGITA
Research Instituie for Fundamental Physics, Kyote University, Kyota 606, Japan
i Lagrangian for
and

particle masses mass —
T. YANAGIDA

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

Received 8 March 1986 gZ b 2
A d 0
o= 0 L e M v
A mechanism is pointed out to generate cosmological baryon number excess without resorting o grand unified theories. The VL NR N Diagonalize L N{ N
lepton number excess originating from Majorana mass terms may transform into the baryon number excess through the gv{q;) M R R
unsuppressed baryon number violation of electroweak processes at high temperatures 0 M

Heraeus: Summer Sohool. 5-16 Juks 2004, Bad Hornef. Germany

He racs: Summe r School. 5-16. Juks 2004, Bad Honnef. Germany

Leptogenesis by OQut-of-Equilibrium Decay Leptogenesis by Majorana Neutrino Decays

[T T ] | M. Fukugita & T. Yanagida: In see-saw models for neutrino masses, out-of-equilibrium

— || | EEEEAEs SRR e decays of right-handed heavy Majorana neutrinos provide
Equilibrium g Y Unification Gt ] Lt e

[ abundance of 11| Phys. Lett. B 174 (1986) 45 source ror al violation

(3]

| heavy Majorana

L : Cosmological evolution
neutrinos

= — +B=L=0earlyon
?_é ﬁiiéfn',’i';';‘ffﬂse ﬁlpt-evrlfoel?;:::?é (:ﬁcfarfe?livel « Thermal fr??ze‘-out of h_eavy_ Majorana neutrinos
0 decay rate O e e Tt s Out-of-equilibrium CP-violating decay creates net L
’ L » Shift L excess into B by sphaleron effects
£
;ﬁfﬂumber ! ‘/‘\/ + m—5 ; Sufficient deviation from Limits on Limits on
abundance ki ¢ equilibrium distribution of ‘ Yukawa masses of
=B o W 2 M heavy Majorana neutrinos ? ordinary
z=M,/T IDecay =8v gy at freeze-out couplings neutrinos

W. Buchmiiller & M. Plimacher: Neutrino masses and the baryon asymmetry

Requires Majorana neutrino masses below 0.1 eV
Int. J. Mod. Phys. A15 (2000) 5047-5086

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




Leptogenesis as a Research Topic Neutrinoless B Decay

140 Some nuclei decay only Standard 2v mode (t:;v mgqfr’aﬁ';an'ﬁla?:
Papers in Spires Data Base by the Bp mode, e.g. Yy Ma)
120 1
100 ZAs . R R
80 or=Se
] 76
60 e _,.
40 QO+
204 Half life ~ 102! yr
0 4
1986 1988 1990 1992 1994 1996 1998 2000 2002 Measured B 2
E it Mee| =| > A Uil m;
El 2v ov | I Y i
o 1
: s o5
Sum of 2p Energy rom €
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Evidence for Ov2p Decay from Heidelberg-Moscow Improved Evidence for Ov2j3 Decay

H.V. Klapdor-Kleingrothaus et al.: Data Acquisition and Analysis of the 76Ge
76 i i . iv:hep-
Sum spectrum of the * Ge detectors Nr. 2,3,5 Double Beta Experiment in Gran 5asso 1990-2003, arXiv:hep-ph/0403018

@ \ \ T \ \ T \ 9 ] -
E HEIDELBERG-MOSCOW end 2001 Cé?;\eﬁ ewdencie4f;>r
8 7F  Period: November 1995 - May 2000 28.053kgy| | 8 - p line now
3 T - ] 7t
6f . d
i L _ =
Es‘ /
34
1 © i
il Al
2 -
1] T .

] LT 9
2010 200 2030 xpP040 2050 2060 2070 2080 2000 2010 2020
SSE events, Q=2039.006(50) ke .Douysset etal.,PRLE6(2001)4259
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Energy, keV

energy [keV]

Fig. 31. The single site sum spectrum of the four detectors 2,3,4,5 for the period
H.V. Klapdor-Kleingrothaus et al. Mod.Phys.Lett. A16 (2001) 2409-2420 November 1995 to May 2003 (51.380kgy), and its fit (see section 3), in the range
Ve 21 5 L, | . s.Lett, P 2409-242 2000 - 2060 keV.
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na Mass in Plausible Scenarios

108
102
mee
[meV]
10

1 —
Normal Hierarchy”

-~

NH

1 /l H

102

(0 10 102
Lowest mass eigenstate m; [meV]

Best upper
limit

..
.

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

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