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Neutrino Flavor Oscillations
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Missing Neutrinos from the Sun
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| Kamland Reactor Neutrino Experiment (Japan)

Kamland Reactor Neutrino Experiment (Japan)

Japanese nuclear reactors
60 6W (20% world capacity)
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Atmospheric Neutrino Anomaly

Primary Cosmic Rays

Zenith-angle distribution of atmospheric nus
in Super-Kamiokande [hep-ex/0210019]
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' from below are missing

Japanese Hadron Facility (JHF) to Kamioka (2007)

JHF-Kamioka Neutrino E\penment

al v beam)

- 200 wi /6768 K cress

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

Future Super-JHF 4MW + Hyper-K ~
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| K2K Long-Baseline Experiment (since 1999)
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First data confirm
flavor oscillations
in atmospheric

parameter region
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L3 =1l (Super-K accident)
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Upcoming Long-Baseline Experiments (2005)

FermilLab-Soudan (MINOS) CERN - Gran Sasso
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Upcoming Long-Baseline Experiments (2005)

Fermilab-Soudan (MINOS) § MINOS Oscillation Sensitivity
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Mutually inconsistent, even with a st neutrino

Implication Evidence for physics beyond flavor escillations (CPT violation ...) ?
Slmplc.st s eigenstates with Experimental or
interpre- & 50 meV (hierarchical) Statistical

tation

s >> 50 meV (degenerate) Fluke
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| Testing LSND af MiniBooNE

oAl Muons and electicns  Neutrinos V., v,,, and 7, ¥, detector
Freton = - -
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Has taken up

www-boone.fnal.gov

operation (2002)
Results in 20047
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| Three-Flavor Neutrino Parameters (Ignoring LSND)

Atmospheric
32° <Bp3 < 60°

613 <14°

Chooz Limit Solar 3o
27° <012 <41°

ranges
hep-ph/0211054

%3 Co3 | 253

Ci> = cosByp etc., 5 CP-violating phase

Atmosphere

-
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Ci3 N ] | %) 1400 - 6000

* How large is 6,5

- CP-violating phase?

- Mass ordering?
(normal vs inverted)

- Absolute masses?
(hierarchical vs degenerate)

+ Dirac or Majorana?
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Long-Baseline Experiments

Kamland| (2002)
Solar LMA

Nuclear decay

Proton beam dump

—+ W= M\Pn e G\FH\PH\PG

Primary proton beam
> 1MW

Nuclear decay
(high Lorentz factor)

K2K (1999)
NuM Ezooﬁg
CNGS (2005
JHF (2007)

Supen-JHF,
Supen-hNu

Test and precision
for atm
sin?20,3~ 0.01

$in220,3 ~ 0.001

sin®20;3 ~ 0.0001

CP violation
Mass ordering

Neutrino Factory Working
Muon homepage at CERN
storage ring i http://nfwg.home.cern.ch
B—>ev,Ve . /nfwg/nufactwg/nufactwg.himl
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Discrete Symmetries in Neutrino Oscillations

Ve >V
Vi > Ve

Probability for the "key process" v, — Ve and v, — v,
:((;i : ;:;} = sin? 8,3 sin® 26,3 SiN®Agpm

+5in26y2 5in26,3 5in26)3€08013 Ag, $IN Agtm (€088¢08Agiy £ siNBsinAgiy )

CP Particle <> antiparticle
T Time reversal

CPT Should be conserved
in local field theories

Analogous relations for
any pair of neutrino flavors

Al L L
where Ao.r,.,:% and Am,,:A"f'é"
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| Tritum Endpoint Spectrum

| Cosmological Limit on Neutrino Masses

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

2 o My For all
Qyht = z94eV R m, < 40 eV stable flavors
FEST MASE OF MUONIC NEUTRINO AND COSI Y A Ch“k l".
g T e Gersh'reinpzpzeldwich

JETP Lett. 4 (1966) 120

iverse [2] make it
paper by Ya. B. Zel'-
nal effect of the neutrincs

let us consider
. The sge of the known astroncmical cbjects is not
constant H iz not smaller than 75 km/sec-Mparsee

efore that the density of all types of matter in the

Electron spectrum N(E) Tritium Beta Decay
3> 3Here +7e
Endpoint energy 18.6 keV
»E
-+
m
Mainz Experiment, PLB 460 (1999) 219 | Current
m < 2.8 eV (95% CL) it
have reached
Troitsk Experiment, ibid. 227 2.2 eV
m < 2.5 eV (95% CL) (Neutrino 2002)
Scaled-up spectrometer (KATRIN) may reach 0.3 eV
Currently in preparation - Results in > 5 years
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| Fermion Mass Spectrum _ Fitting the Cosmological Model - Neutrinos
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Neutrino Mass Limit from 2dF Galaxy Survey

Neutrino Mass in the PLANCK Power Spectrum

10° Elgaroy et al., ‘ o e i (
ast h/0204152 - ) and pelarization (E) angular
e L2 v 0.07 eV power spectrum in PLANCK
caused by a small neutrino
Zm,<2z2eV > mass
at 95% CL o
Q (statistical) 53 Cosmic
=l 0 : ~ 1.00 yariance
210 i Depends on priors for <
< ] other parameters <
x I
e’ ! 0.98
| »
I I
| | Similar limits based
' ' on the 2dF survey 0.96
i i * Hannestad N P T B
1o . — astro-ph/0205223 500 1000 1500 2000 2500 | Courtesy Steen Hannestad
0.01 ) 0.10 * Lewis & Bridle ! see also astro-ph/0211106
k (h Mpc™) astro-ph/0205436
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Mass-Energy-Inventory of the Universe

PLANCK Sensitivity to Neutrino Mass
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Leptogenesis by Majorana Neutrino Decays

Voleme 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

Instituie of Physics, Educaiion, Tohe

ron DESY, D-2000 e

and Deutsches Elektromen-Syne

Received & March 1986

A mechanism is pointed out xeess without resorting 1o grand unified theories. The

lepton number excess origin wm into the baryen number excess through the

peralures

unsuppressed baryon numk
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Baryogenesis in the Early Universe

: Sakharov conditions for creating the
"\ | Baryon Asymmetry of the Universe (BAU)
ha + € and CP violation
* Baryon number violation
+ Deviation from thermal equilibrium

Particle-physics standard model
+ Violates € and CP
Andrei Sakharoy| © 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
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See-Saw Model for Neutrino Masses

Charged Leptons Neutrinos
Dirac masses q ‘R Heavy
from coupling Majorana
to standard . 'R masses
Higgs field ¢ . L X M; > 1010 Gev

Lagrangian for -
po?ticlg —— Lmass Lbaser - {149y N

0 9 @\(m QE(T@z %l
SO AR }[m]m(“ L %)
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Leptogenesis by Out-of-Equilibrium Decay Leptogenesis by Majorana Neutrino Decays

L AL IR B R AL B L B

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

Cosmological evolution:

] *B=L=0earlyon

dReaI abgnd:nce {| CP-violating decays by + Thermal fmuiz_ouf of henvy Mnjmm neutrinos
dZIZ?TLEZ by || | Bt i o ] + Out-of-equilibrium CP-violating decay creates net L
with one-loop diagram + Shift L excess into B by sphaleron effects

Created . 7 . = "’,-/-‘ Y,
\k‘ I \“‘

lepton-number
abundance

0.01 0.1 10 100 1000
z=M,/T

log(Y)

Sufficient deviation from Wil Limits on
equilibrium distribution of - Sl masses of

. 2 M heavy Majorana neutrinos couplings ordmc_lr‘y
Decay — 9v gy at freeze-out neutrinos

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

Requires Majorana neutrino masses below 0.2 eV

P 128 [h ]
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Leptogenesis - A Popular Research Topic Neutrinoless 3 Decay

Fukugita (UGG | Langacker, Peccei & Yanagida Campbell, Davidson & Olive
y 42 Mod. Phys. Lert A1 (1988) 541 | RPE'399'(1993) 111 Ov mode, enabled
by Majorana mass

PLB 174 (1986) 45
IGher hetta & Jun mann” Muryarna & Yanagida H Worah

5 M Some nuclei decay only
dard 2v mode
Standar mo by the BB mode, e.9.

I Jeannerot
PRD 48 (1993) 15 PLB 322 (1994) 349 || PRD 53 (1996) 3902H PRL 77 (1996) 3292‘

Dine, Randall & Thomas |[ Buchmiiller & Plumacher Lazarides, Schoefer & Shafi P p P P 76As
NPB 458 (1996) 291 PLE 389 (1996) 73 FRD 56 (1997) 1324

Ma & Sarkar Plimacher Flanz & Paschos Lazarides & Shafi
PRL 80 (1998) 5716|| NPB 530 (1998) 207|| PRD 58 (1998) 113009 || PRD 58 (1998) 071702

Alkhmedov, Rubakov & Smirnov || Carlier, Frére & Ling Giudice, Pelogo, Riotte & Tkachev
PRL 81 (1998) 1562 PRD 60 (1999) 096003 || THEP 9908 (1999) 014

Berger & Brahmachari |[ Ellis, Lola & Nanopoulos |[ Barbieri, Creminelli, Strumia & Tetradis
PRD 60 (1999) 073009 || PLB 452 (1999) 8 NPB 575 (2000) 61

Frére, Ling, T C?n’r & vElewyck |[ Dick, Lindner, Ratz & Wright ][ Lalakulich, Paschos & Flanz
PRD 60 (1 993/'t 16005 PRL 84 (2000) 4039 PRD 62 (2000) 053006

Asaka, Hamaguchi, Kawasaki & Yanagida || Berger Hambée, Ma & Sarkar
PRD 61 (2000) 083512 PRD 62 (2000) 013007 || PRD 62 (2000) 015010 Measured

| =
Mangano & Miele Goldber Rangarajan & Mishra [[ Hirsch & Kin : Mee| = i[~ei i
IPRD 2 (2000) 063514, ‘ PLB 47412000) 389‘Pnngm(iooo)o@sogHPRD 64 (200) 113005‘ quanfity i g 2v Ov
(]
o
w

—2

76ge 2

+

Half life ~ 102! yr

Falcone & Tramontano_ |[ Bastero-Gil & King Joshigur‘u, Paschos & Rode johann
PRD 63 (2001) 073007 || PRD 63 (2001) 123509 || NPB o1l (2001) 227

Branco, Morozumi, Nobre & Rebelo Hambye, Ma & Sarkar Y -
NPB 617 (2001) 475 “ NPB 6%2 (2001) 23 ‘ AND MANY MORE ..

Best limit
from 75Ge Mee| < 0.35eV

Sum of 2 Energy
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| Summary of Current Neutrinoless B Decay Limits | | Summary of Future Bp Decay Projects |

0:23 Experimental Situation Future projects
. . s /]
2 main experimental approaches: ‘ Experiment  Author Isotope  Detector description Toaly)  <mp>*
Gt Active S - /' - ~
= ~-.|_.“L||-... =
Is] * Passive Source — Is]
& &
= Best 028 results involve active source experiments = e At 760 kg of Te0, bolometers Tx10% 0027
= Y = ExO Danevich et al 2000 138X e 11 eniched Xe TPC 8x10% 0.052
a Ex per.l"er“ |sotope T1 _203 {y’ {m') ‘ev) a GEM gx:m*l e al T‘GQ :‘I‘e;l:d;dmﬂﬁ digdes in lguid nitregen + T 107 0.018
=l You Ke etal 1998 #ca > 9.5 x 1021 (7 ,<83 = Haageor-
46 Klapdor#leingrothaus 2001 iGe >1.9x 107 w <035 45 GENIUS Kleingrothaus et al — TéGe 11 entiched Go diodes in liquid nittogen 12102 0.015
1 2001
B A2lseth et al 2002 >1.57 x 10"’“ ) <0.33-1.35 Tl MAJORANA  Aalsethetal 2002 T6Ge 0.5t enniched Ge seamented disdes 4x107  0.025
o Elliott et al. 1992 82 = 2.7 % 1022 (68%], ] 8 Dcea Ishiora ot al 2000 VORI 20 kg enrich Layers with 11 ackin 2x10¢% 0,035
=0 | Ejiri et al, 2001 1Mo >55x102 | <241 S I Bellini ¢t al 2001 M6Cd 11 CAWO, crystals in lquid scintillator >10% 0,069
s Danevich et al. 2000 Mg =7 x 1022 \\ <26 s CANDLES Kishimoto of al HCa ‘m‘.::m“ of CaF, crystalin liquid 1 x 10%
4 1301 . 4 jrrpmrme i
(§ Bernatowicz et al, 1983 2Te* (3.52 £0.11) = 10+ \\ < 11-1.5 S [ i 284 teagq  2161:Si0,:Ca cristal scintillater in Nauid sxit® 0088
Bernatowicz et al. 1993 128Ta* = 7.7 =102 \. <14-1.5 scintillator _
o A ) MOON Ejit ot al 2000 1o Tnatural Mo sheets between plastic 1x107 0038
Mi DBD - v 2002 b > 21 %108 L <0.85-21 scintillator
Luescher et al. 1988 136%g > 4.4 % 108 < 1.8 - 5.2 Xe Cactitwustsl 1638 1561 of eniched Xe in Bquid scintillator 5x10% 0088
Belli et al. 2001 16)g =T x 102 =14-441 XMASS N 136X 101 of liquid Xe Ix10% 0086
De Silva et al, 1997 150Nd =1.2x 101 <3
Danevich et al. 2001 160G d > 1.3 x 1021 <26 * Staudt, Musto, Klapdor- Klsingrothaus Exmroph, Lett 13 {1990} 31
ﬂgmmmmmfammmm LB GMWM mwmmcm- EEM.GIM.ZémM ﬂgmmmmmfammmm LB GMWM mwmymn EEM.GIM.ZémM

. Effective Majorana Mass in Plausible Scenarios | | Neutrinos in Physics and Astrophysics |

Best upper
limit

Flavor oscillations and all that

Sensitivity Quest for the absolute mass scale

future (5y)
1-ton class
experiments,
e.9. Genius,

orana,
10?2 110! 1 10 102 103 2,.":’,.,' vy
Lowest mass eigenstate my [meV]

Neutrino mass and the
baryon asymmetry of the universe

Neutrinos as astrophysical messengers

Pascoli & Petcov, hep-ph/0205022
See also Feruglio, Strumia & Vissani, hep-ph/0201291
Klapdor-Kleingrothaus, Pés & Smirnov, hep-ph/0103076, and others
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| 2002 Physics Nobel Prize for Neutrino Astronomy

Ray Davis Jr. Masatoshi Koshiba
(*1914) (*1926)

“for pioneering contributions to astrophysics, in
particular for the detection of cosmic neutrinos”

Ganrg At k. M- Ferck-Tratitus for _ Wirchanée B & Cosology- Whers Are Wi  Confle_Tegemses. Gamy. 2.6 bacmber 2002

Neutrino Signal of Supernova 1987A

50Eq|||||||||I|IIIII||J||||J||||||;
40 = Kamiokande - ) ) )
a0 + = Kamiokande (Japan)
208 4 3 Water Cherenkov detector
E E Clock uncertainty +1 min
wa bty d Y
%‘ OE||IIJ||II|IIIIIIIII!I|I|1||l|llE
E 50 gprrr T
= 40 £ MB ) e )
g a0 E Irvine-Michigan-Brookhaven (US)
& 205_+ { E Water Cherenkov detector
5 of + 3 Clock uncertainty +50 ms
Il Lol Lol lnnnflonallond 1
8 50;|||||||||||||||||n|||||||i|||E
40 E Baksan — e
N - E Baksan Scintillator Telescope
S E {(Soviet Union)
£l 5_‘+ + ¢ E Clock uncertainty +2/-54 s
10 £ = -
u5|...|...I...I...I...I.nl.-.lE

0 2 4 6 8 10 12 14 Within clock uncertainties,

Seconds after first event

signals are contemporaneous
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SN 1987A Event No.2 in Kamiokande

Kamiokande Detector |

(a)

NUM @
RUN 1892
EVENT 139572
TIME  2/23/87
16:35:37 JST

TOTAL ENERGY 198 MeV

TOTAL PE 5110}
MAX PE 410)
THRES PE 02(1.0)

KAMICKANDE 2-P

Hirata et al., PRD 38 (1988) 448 | o
aagmn.mmmmfa w.mmn.am cnaecnmwmumwa.&mmn. Elnm.ﬁmj-ém[lm

Large Detectors for SN Neutrinos

SNO (800) LVD (400) Super-Kamiokande (8500)

MiniBooNE (190) Kamland (330)

In brackets events

Amanda for a “fiducial SN"
at distance 10 kpc
Ganrg Raf fok M- Fiarck-Irstiu fir . MOrnchen. e CME & Cosmol Where Are We?. pCarthe. TR, S . 246 Docamber 2002




Simulated Supernova Signal in Super-Kamiokande

T 100 e | Total of about 8300
F 1 Sy | eventsfor t<18 s
100 D = 10 kpe 4
S =
g S
T 50 g
I &
Monte-Carlo simulation
P cflocfinnnnil o [N for Super-Kamiokande
0 05 1 15 2 5 10 | signal of SN at 10 kpe,
Time [sec] Time [sec] based on a numerical
Totani, Sato, Dalhed & Wilson, ApT 496 (1998) 216 | Livermore model
Georg Laf fok. Max- Fianck-Tratit fir . MOrchen. &e LHE & Whare Arg Wier. ot MIed. ) . 2+ Docamber 2002

Experimental Limits on Relic SN Neutrinos

T
10 AT P T T

10

. Super-K upper limit
10 29 cm? sl for
Kaplinghat et al. spectrum

or [hep-ex/0209028]

10’

Number Flux (cm™s 'MeV™)

Upper-limit flux of
Kaplinghat et al.,
astro-ph/9912391
Integrated 54 cm2 571

Neutrino Energy (MeV) Cline, astro-ph/0103138

Ganrg At k. M- Ferck-Tratitus for . Wirchanée B & Whera AreWer_  Cnfle. Tegamses. Gamay. 2.6 bacmber 2002

Revival of a Stalled Supernova Shock by Neutrino Heating

10°

108
-0.2-00 O Ol 02 03 04 05 0.6 07 08
TIME

Wilson, Proc. Univ. Illincis Meeting on Numerical Astrophysics (1982)
Bethe & Wilson, ApJ 295 (1985) 14
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The Future: A Megatonne Detector?

Megatonne detector motivated by L.Overview of the experiment
+ Long baseline neutrino oscillations (expect to start in 2007)
- Proton decay ~ O
» Atmospheric neutrinos g ¢ _ i
+ Solar neutrinos _ Kamioka P
3 Sl.pernwu neutrinos * igomi 205km __ abhokaimura)
(~10° events for SN at 10 kpc) S . -
o ‘L_ .
DR AT ol MW SIGVES
- . May D01 N Kamaka ¥ wriahop i { conventional v beam)
Possible Design of Hyper-Kamiokande "= " -\1::.“:.“”
o e ~ Phase-1 x 200 3

Similar discussions in

= DT | S USA (UNO project)
1 Mion ficucial volume: Totsl Length BOOM (16 Compartrments) S E LA * El.lm (FI‘GCF'I" Tl."le')
Georg Lot fok. Max- Fianck-Tratit for . MOrchen. &e LHE & Whare Arg Wi Casthe. MIed. ) . 2+ Docamber 2002




| AMANDA - South Pole Neutrino Telescope

—— 11 A —
o
L
1 H
A '
.
.
L em ] I
10w
AMANDA s of 2000 ooesed In on
A e -
itroe scaling) AMANDA-B10 (bomom) optical module (OA)
Ganrg Lot fek Wz Fiarck-Irstiiu fir . MOnchen. &6 CME & Where Are Wer. Casthe. TR, S (. 246 Docamber 2002

ETTTTITI TR T IS | Cosmic-ray ‘

spectrum x E2.7

What are
the sources ?

EXTANIAE (em 2sr- 1571 GeV1T)

1012 1014 1016 1018 1020
E (eVinucleus)

TeV'rosfronomy- Photon mean free path < few 10 Mpc
Proton magnetic field deflection

Opportunity for neutrino astronomy

» Point back to sources
* No absorption (reach across the universe)

Ganrg At k. M- Ferck-Tratitus for . Wirchanée B & Whera AreWer_  Cnfle. Tegamses. Gamay. 2.6 bacmber 2002

| AMANDA - South Pole Neutrino Telescope

Deyth
.

=t e

s

T~

0w =
AMANDA = of 2000 somsed In on
BTl Tawer m crzparam AMANDAA ftap) socxned bn an me
ftrue caling) AMANDA-B10 [bomtom) eptical module 40M)
Gearg it ek Mo Perak.Tratitus fir Phyak. Morchen &o CHE & Where Are Wer_ Castle. Tegemoes. Eemeriy. 2.6 Ceoonbar 2002

| Neutrino Beams: Heaven and Earth

Target:
Protons or Photons

Approx. equal fluxes of
phatons & neutrinos

L}
i directional

i+ beam

3 i XEs5

fet § Equal neutrino fluxes

magnetic I in all flavors due to
fields  atzen (2002) oscillations
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Core of the Galaxy NGC 4261 Core of the Galaxy NGC 4261

Ground-Based Optical/Radio Imag

Ground-Based Optical/Radio Imi HST Im of ¢ nd Dust

G0ng At ok, W Frck-Trafi fir Pryok. Monchan. e many B & Coamkogy Where Are W Ringberg Caitle. Tegemoee, Samary. 2.6 becanber 2002

Neutrino Sky in Amanda and Super-Kamio e Amanda Point Search Results
sky

4 years Super-

Kamiokande

170 days
AMANDA-B10

F. Halzen (2002)

declination (degrees)

G0ng At ok, M- Frck-Tratii fior Mryok. onchan. e many B & Cosmology- Where Are W Rirgberg Catle. Tugamise. éemany. 26 Degenber 2002 Senng R fuk_ Wi Forck.Tnatitu fir Phiysk Wonehan Gy B & Coamkogy Where Are Wi Rigberg Caitle. Tegemoee. Samary. 2.6 becamber 2002




IceCube - Future krn3 South-Pole Detector

1400 m

§?1cw Layer

IlceCube

Gnng At ok W« Frck-Trafii fior Mryok. Onchen. e many

Amanda/IceCube as a Supernova Detector

AMANDA-B10

A

20 MeV
positrons

g\/ ‘\‘-__z —

oM @

AU

1 meter

-
i
|

|| SN @ 8.5 kpe
Signal in
Amanda

Each optical module (OM) picks
up Cherenkov light from its

neighborhood. SN appears as
correlated "noise” between OMs

SN @ 8.5 kpe
Signal in
Ice Cube

Amanda
|| Collaboration
°| (2001)

G0ng At ok, M- Frck-Tratii fior Mryok. onchan. e many

ngh Energy Neutrino Telescopes

Antares Nestor
Project Project

Amanda II, 800 PMTs
IceCube Project

Gnng At ok W« Frck-Trafii fior Mryok. Onchen. e many CMB & Cosnalogy Whare Are W Castle Tegemsee. Semry. 2.6 Decnber 2002

Search for Neutralino Dark Matter

Direct Method (Laboratory Experiments)

Recoil energy

o ovran
particle % m;asu'e Y
.g. neutrali fiergy * Ionisation
¢9 o) Crystal "deposition * Scintillation

* Cryogenic

Indirect Method (Neutrino Telescopes)

Annihilation

Galactic dark High-energy
matter neutrinos
=i N W =

are accreted can be measured

B & Cosmology- Whers Arg W CastleTegemses Semry. 2.6 becanber 2002
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earches

Current Limits from WIMP S

~ : , Limits from WIMP
,_":'- E7= 1 GaV (SuperK: 1.6 GaV) i ihilation in the Earth
g ——— AMANDA | astro-ph/0202370
ai ............... BAKSAN |
St - MACRO
F .. SUPERK ]
r _____ ®  disfavoured ]
I by direct searches |
wty
L
o' E|
ri anh
10 0’ 1w’ '
Neutralino mass ({zeV)
smgmn.mmmmfam.mmuam_m‘ LB QM mmmw.mmcm-. !Em.ﬁm.bé Cocamber 2002

Where do we stand? Where are we going?

Neutrino oscillations established

Mixing parameters at 3¢ ey Eo——
Sun At » K2K: Preliminary atm confirmation
A /el 24240 ﬁ - Kamland: LMA confirmation soon?
2 me _ N * Minos: Precision for atm parameters
tan“ 0 0.27-0.77 04-30 » CERN-6ran Sasso: v, q?enme
I MiniBooNE confirms LSND, * Future superbeams, nu factory etc.
more exotic new physic ired Measurement of ©,3, mass ordering
(Sterile nus? CPT violatio ) & leptonic CP violation (holy grail)
Absolute mass & Dirac vs Majorana Sky in the light of neutrinos
- Precision cosmology High-E neutrino telescopes (Baikal,
<2.2 eV, 50 meV reachable? Amanda/IceCube, Antares, Nestor ...)
* Tritium endpoint + Cosmic-ray accelerators
m, <2.2 eV, KATRIN goal 0.3 eV | - Dark matter annihilation
+ Future Ov2p decay: Majoranamass | - Novel high-E phenomena
(difficult for normal hierarchical) Low-E observatories & experiments
- Leptogenesis of baryon asymmetry | - Future galactic supernova
Majorana m, < 0.2 eV suggested * Dif fuse flux from cosmic supernovae|

Precision for mixing parameters
from long-baseline experiments
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Future WIMP Sensitivities
Indirect, km> Detector

Genius/CRESST |

B o
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w

0 w0 10
o 10° ' o’ 10 w’ T 10* 0 10° 0’ '
Neutraling Mass i{3eV) Neutrallng Mass (ieV) Neutraling Mass ({FeV)
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