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Focuslssueon'Neutrino Physics' editedby F.Halzen M.LindnerandA. Suzuki,NJP
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hep-ph0301061Proc.of IndianNatnSciAcad- PartA: Vol. 70A, No.1,189-222(2004)

http://i c.uv.es/"ahep ISAPPO4 —p.2/?



http://i c.uv.es/"ahep ISAPP04— .3/



http://i c.uv.es/"ahep ISAPP04 — .41



http://i c.uv.es/"ahep ISAPP04 — .41



In the 80's, however, therewasa tremendousmountof actvity in neutrinophysics,devoted
mainly to theissueof nonzeromassesndothernovel propertief neutrinos absenin the
standardnodel,partly dueto theoreticaideassuchasgranduni cation.
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history

Sinceits proposalsa fundamentaingredientin thedescriptionof decayby Pauli andFermi,
we have learnedalot aboutthe neutrino.Firstwe now know for certainthatthereareatleast3
types e (1956), (1962)and (2000).

Althoughthe possibility of neutrinoshaving masswaspresensincethe birth of the neutrinoidea,
it wasabandonedh the50's becaus®f thegreatsucces®f theV-A hypothesisof LeeandYang,
in accountingor the obsenedparity violationin the weakinteraction(Wu etal). Thiswasthen
takenasanindicationthatneutrinosaremassless.

In the 80's, however, therewasatremendousmountof actvity in neutrinophysics,devoted
mainly to theissueof nonzeromassesndothernovel propertief neutrinosabsentn the
standardnodel,partly dueto theoreticaideassuchasgranduni cation.

Gaugetheoreticformulationof neutrinomassandoscillationswith the characterizatiownf the
chagedandneutralcurrentweakinteractionan gaugetheoriesof massve neutrinos.

Otherimportantlandmarkswverethe birth of extra solarsystenneutrinoastronomywith the
detectionof neutrinosfrom SN87aandthe formulationof the MSW effect

Theultimatecon rmation of the neutrinomasshypothesisonly camerecently with the conclusve
atmospherimeutrinodataandthe subsequemnesolutionof the solarneutrinoproblemwhich came
by combiningthesedatawith reactordata
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it wasabandonedh the 50's becaus®f thegreatsucces®f theV-A hypothesif LeeandYang,
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In the 80's, however, therewasatremendousmountof actvity in neutrinophysics,devoted
mainly to theissueof nonzeromassesndothernovel propertief neutrinosabsentn the
standardnodel,partly dueto theoreticaideassuchasgranduni cation.

Gaugetheoreticformulationof neutrinomassandoscillationswith the characterizatiownf the
chagedandneutralcurrentweakinteractionsn gaugetheoriesof massve neutrinos.

Otherimportantlandmarkswverethe birth of extra solarsystenneutrinoastronomywith the
detectionof neutrinosfrom SN87aandthe formulationof the MSW effect

Theultimatecon rmation of the neutrinomasshypothesisonly camerecently with the conclusve
atmospherimeutrinodataandthe subsequemnesolutionof the solarneutrinoproblemwhich came
by combiningthesedatawith reactordata

However mary crucialissuesn neutrinophysicsarestill open
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Solar Neutrinos

areelectronneutrinosproducedn the coreof our Sunby thermonucleareactions,
which generaté¢he solarenegy

All reactiongesultin the overall fusionof protonsinto helium:
4p! “4He+ 28" + + 2,

The StandardSolar Model predictsthe total
amountof neutrinogoroducedn termsof so-
lar parametergsurface luminosity, age, ra-
dius,mass)

Since 1968 mary experimentshave mea-
suredthe ux of electronneutrinosarriving
at the Earth, and found they are much less
thanexpected.This hasbeenthe SolarNeu-
trino Problem

early2002

SNOshowvedthat . convertsto an active avour !
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Solar MSW oscillations
ThesimplestHamiltoniandescribingsolaroscillationsis

|
p) P — 2 . :

—Sg-C0s2 + 2GgNe  —g-sin2
2 . 2

—g— Sin2 —£— C0S2

Theconversionprobability canbewritten, for constantdensity as

L

P(e! ;L)=sin*2 , sin® —
m

where
2

= 2 2 .
17 cos2 "2GE Ne “+ 12 sin?2

andthemixing anglemay be obtainedrom the expression
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Solar neutrino oscillations parameters

Maltoni etal, NJPreview [hep-ph0405172lvs PRD68(2003)113010

- ——- BP0OO
BP04

Bahcall et al, Bandyopad-
hyay et al, Fogli et al, Bal-
antekinetal

.2
SIN Qgo
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Reactor Neutrinos

Neutrinos are also producedin
nuclearpower plants

controlled source

KamLAND con®rmsthe oscillationhypothesi:

Barrancoetal PRD66(2002)093009

Guzzoetal NPB629(2002)479

ruling out non-oscillationrmechanismsasleading
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Solar + KamLAND results,pre-salt,pre-Nu04

Maltoni, Schwetz JV, PRD67(2003)093003

consisteng with Poissormethod

enormougprogresswrt pre-KamLANL

oscilllationshappennsidethe sun!

Global
Reactor
— —— KamLAND

In contrast to atmospheric, solar
mixing signi®cantlynon-maximal

bi-maximalmodelsrejected
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Solar + KamLAND 2-nu, post-salt,pre-Nu04

Maltoni etal, hep-ph/0309130:

SNO salt
--—-- SNOD,O

enormousprogress

In contrasto atm, solar
mixing is non-maximal

bi-maximalmodelsreject
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Solar neutrinos

mattereffectscon®rmed! Bounds on awsw (Solar + CHOOZ + KamLAND)

Fogli, Lisi, Marrone,Palazzo hep-ph/030910(

All current data
------- with simulated KL (x 5 statistics)
with simulated KL (x 10 statistics)

standard
matter
effects

\
\
\

i

\
\

zeroed

matter
effects

http://i c.uv.es/"ahep ISAPP04 - p.11/>



Solar + KamLAND oscillations,after Nu0O4

0.4 0.6

. 2
SINAgo.

0.8 10

A ——

0.2 04 0.6 0.8

. 2
SIN Qg

10

0.2 04 0.6 0.8

)
SIN Qg

1

Miranda, Tortola,JV, hep-ph0406280

Sin® oo m2, [eV?] | " | "0 2
2-nuoscillationanalysis
LMA-I 0.30 8.3 10 ° +| £ | 83.0
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do we understand the Sun?

L ,=1000km

noise=10%0
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Robustnessof solar-nu oscillationsagainstnoise
neutrino propagtion strongly

affectedby densitynoise | N T
Balantekinetal 95

Nunokavaetal NPB472(1996)495 ' |
Burgessetal 97

Burgessetal, Ap.J.588:L65,2003
Guzzoetal, Balantekinet al

after SNO salt

despitesubstantiatlistortion

robust determination
Burgessetal, JCAP0401(2004)007
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Oscillation vs NSI

Non-standardnteractions

FC or NU sub-wealkstrengthdim-6terms"G ¢

caninduceoscillationsof masslesgaeutrinogan matter
which areE-independentornverting bothneutrinos&
anti-nus, canberesonantn SNovae

Valle PLB199(1987)432,

Roulet91; Guzzoetal 91; Bargeretal 91

excellentdescriptionof solardata Guzzoetal NPB629(2002)479

KamLAND impliesnottheleadingmechanis
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fragility of solar-nu oscillationsagainstNSI?-1

neutrinopropagtionstronglyaffectedby NSI

Guzzo,deHolandaPeres
Friedland,Lunardini,Pena-Garay

e

02 04 06 08 10 02 04 06 08 10

. . . 2
no robustdeterminationyet SiN‘Ogq,

02 04 06 08 10 02 04 06 08 1
. 2 .2
SIN Qg5 SIN Qg

degeneratalark-sidesoln,notresohedby future KamLAND
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fragility of solar-nu oscillationsagainstNSI?-2

sin® ¢ m2, [eV?] " "0 2
OSCanalysis
LMA-I 0.30 8.3 10 ° + + 83.0
OSC+NSlanalysis
LMA-I 0.30 8.3 10 ° -0.15| -0.15| 81.9
LMA-D 0.70 8.3 10 ° -0.15| 0.95| 83.1
LMA-0 0.30 1.4 10 ° 0.00| 0.30]| 85.0

Best®t solarneutrinooscillationpointswith andwithout non-standardhteractions
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Robustnhessof solar-nu oscillationsagainstSFP-1

neutrino propagtion strongly

affectedby magn.tr-moments
SchechterdV PRD24(1981)1883
Akhmedwo PLB213(1988)64
Lim-MarcianoPRD37(1988)1368
Mirandaetal NPB595(2001)360
PLB521(2001)299

Barrancoetal PRD66(2002)093009

current solar data Ellelilz still

do not allow the reconstruction
of the of ¢ -survval probabil-
ity pro®le,but KamLAND lifts
degenerayg ... ruling out SFPas
mainsolution

despitesubstantiatlistortion...

150051 1522530051 152 25 3
M 1Bmax [MG] M 1Bmax MG]

anti-nu limit implies robust determination
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Robustnhessof solar-nu oscillationsagainstSFP-2

huge®eldsneededo causeshift minima

ruledout by solaranti-nulimit

anti-nulimit impliesrobustness

SuperKamiokande SuperKamiokande

[%]

KamLAND proposal KamLAND proposal

Mg

regularversusrandom

fof

SuperKamiokande

KamLAND
proposal

KamLAND
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probing non-satnadrd interactions

O. Mirandaetal, hep-ph/040628C

KamLAND ideal

N\
.......... N 0N CL
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probing neutrino magneticmomentsat LMA-MSW

presentsensitvity

Grimus,etal , NPB648,376(2003)

expectedBorexino sensitvity

http://i c.uv.es/"ahep ISAPPO4 —p.23/



Burgessetal, Mon.Not.Rgy.Astron.Soc.348(2004)609[astro-ph/0304462f88S8

T ‘ T ‘ T
L0:1000km .
noise=10% |

L |

1 ‘ | ‘ |
7 08 09 1

r'R

sun

T R NI IR ‘
01 02 03 04 05 06 O
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neutrinos asdeepsolar probe

Burgessetal, JCAP0401(2004)007 & Astroplys.J.588:L65,2003

Lo = 100Km

KamLAND assolar probe

noise [%]

beyond helioseismolog

=
Q
B
o
c

freevs BFP

Correlation length [km]
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LMA-MSW statuswrt SN1987A

In 1987 ,afew neutrinosnveredetectedromthenearbysupernea 1987Agalaxyabout
170,000ight-yearsaway pre-KamLAND/pre-salt

LMA oscillationsmaystronglyaffect ¢ SN-signal
Smirnos, Spegel, Bahcall 94; Raffelt et al 96,
Kachelriesetal JHEP0101(2001)030,Lunardini
& Smirnov

E . =14MeV,
Epna = 3 10> em
T,=T.,=14
Keil, Raffelt & Janka APJ590(2003)971

solar+SN1987Aanalysis

Kachelriesetal PRD65(2002)073016

LMA-MSW mayremainbest
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neutrinos asfutur e Supemova probe

Minakataetal, PLB542(2002)239

The measurementof a |
large numberof neutrinos —

from a future galactic su- - Jromsen
pernwa will give us im-
portantastroinformation

— NOOSC SK

[ JNooOsCHK

E, [1053 erg]

assume 10 kpc galactic
SN, simulate data with
givenastroparam

LMA HK
— NO OSC sK

I _MA HK
seealsoBarmger, Marfatia& Wood

E, [10” erq]

Impr oved supemova parameter determination
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thediscovery of neutrinomass
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Atmospheric Neutrinos

areproducedn decaycascadesiitiatedby collisionsof
the Earth's atmosphere

arisemainly from pion decay andthe subse-
guentmuondecay

! + and ! e+ o+
oneexpectsroughlytwo  per ¢

The o ux measuredby undegroundexper
Imentsis in agreementvith the predictions.

However, theseexperimentnbsene astrong
de®cit of 's, especiallyof thosecoming
from “below”

(p, He,...) with

de cit isvery well explainedby the ! oscilllation hypothesis
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Atmospheric zenith distrib ution

Bartol

Maltoni etal, PRD67(2003)013011

Ccos (
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well controlledneutrinosource

checkatmospherimeutrinooscillationhypothesi

The K2K accelerator experiment
con®rms neutrino oscillation with
botha de®citandthedistortionof

the enegy spectrum thus con®rmingatmosphericmeutrinooscillationinter-

pretation.
http://i c.uv.es/"ahep ISAPP04— .32/



atmosphericneutrino parameters-1

3-d Hondavs Bartol ux
-2 — N

atm

— — — — atmospheric only
atmospheric + K2K

normal/irvertedsymmetr
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How robust are atmosphericoscillations?

very goodcontainecatm-®t

# events

— No Oscillations
—— Best Fit, OSC

-- Best Fit, NSI

SKsub-GeVi) | | SK multi-GeV (9 -~ BestFit, Hybrid

0804004080080400408

SK stop () | SK thru ) : MACRO thru )
-1 08 06 04 02 ‘0 - 08 06 04 02 ‘O - 08 06 04 -0.2 0
COoS ( COoS ( COoS (
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probing non-standard interactions with atm data

atmboundson FC andNU nu-interaction:
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Impr oved FC-NSI-testsat NuFact
10 kt detector 0.33 = 20V Ey= 50GeV

detection eff above 4
GeV, neednotauchageid

Huber& JV PLB523(2001)151
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the basicparameters
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3 masses

http://i c.uv.es/"ahep ISAPP04— .38/



3 masses
3angles j; 23=atm 12=sol 13=reag
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3 masses

3angles j; 23=atm 12=sol 13=reac
3 phases
]

SchechteandJV, PRD22(1980)2227,D23(1980)1666
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3 masses

3angles j; 23=atm 12=sol 13=reac
3 phases
]

SchechteandJV, PRD22(1980)2227,D23(1980)1666

K =153l 13l 15

with eachfactor
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I @ 515003 C12513523€ & C12C3  S12513S23€ < C13Spz A
S12S23  C12S13Cp3€ ©P C12S23  S12S13Cp3€ ©P C13C23

neglectingthe 2 Majoranaphasesvhich do not enter‘normal” oscillations
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3-nu parameters,before Nu04

10™ 10°

{Dm3,, Dm_ } [eV]

http://i c.uv.es/"ahep
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. 2 . 2
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3-nu Oscillation Parameters,after Nu0O4
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3-nu Oscillation Parameters,after Nu04

M. Maltoni etal, hep-ph/040517Focus D

parameter 2 3
m3, [10 SeV?] . 7.3(8.7 7.1{9.1
m3, [10 3eV4] . 1.7{2.9 1.4{3.3
Sin® 17 0.24{0.34 | 0.22{0.37

SiN? 53 0.38{0.64 | 0.34{0.68
Sin® 13 0.028 0.047

Table I: Best-t values,2 and 3 intervals (1 d.o.f.) for the three- avour neutrino oscillation
parametersfrom global data including solar, atmospheric, reactor (KamLAND and CHOOZ) and

accelerator(K2K) experiments.
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O-nu double beta decayand the neutrino spectra

giventhatneutrinosaremassve, oneex-
pects o to occurwith anamplitude @
governedby theaveragemassparameter

- 2 .
m i = K & m
J

3 masses

2 angles: and-

2 CPviolating phases-

http://i c.uv.es/"ahep ISAPP04 — p.43/>



[eV]
10

101_

Hierarchical spectrum Degenerate spectrum

10°F
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current laboratory testsof absoluteneutrino mass

Currentsol-atm, o andTritium sensitvities thanksto Martin Hirsch

Currentneutrinooscillationdata
Upperlimit form i 0:3 eV with factor 2 uncertaintyband

Upperlimit from Tritium experimentsm,; 2:2eV

normalversusinversehierarcly Loghm i1/eVvsLogm;,/eV
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0-nu double beta decaysensitvities
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Relevanceof 0-nu double betadecay

gaugetheories  $ majoranamass

In any gaugetheoryof theweakinteractionanon-
zero o rateimpliesatleastoneneutrinois a
Majoranaparticle

SchechteandJV, PRD25(1982)2951

no suchtheoremfor avor violation!
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LSND

hints of neutrinocornversionsalso from the
detectionof acceleratoproducedneutrinos

In the LSND experiment

4-numodelsPeltoniemi JV, NPB406,409 (1993)
Peltoniemi,TommasiniandJV, PLB298(1993)383

Caldwell-Mohapatr&®?RD48(1993)325

Maltoni etal NPB643(2002)321
updof PRD65(2002)093004

barelypossibleat3.2 if 3+1 SIN"20, oo

http://wwwto.infn.it/~giunti/neutrino/
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4-nusdonot really t LSND with the rest

Bl M. Maltoni etal, hep-ph/0405172YPB643(2002)321

kkk strongerrejectionby solar& atmin 2+2than3+1
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CosmologicalNeutrinos

Neutrinoswere copiouslyproduced
In theearlyhotanddenseauniverse

Neutrinosimportantin the produc-
tion of the relic abundance®f light

elements

Althoughtoolight to beasigni®cant
componenbf the dark matter neu-
trinos might still have playeda role
In theformationof large-scalestruc-

il LSS
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Cosmologyclosesan on LSND

3+1schemesstill OK at 3sigma highermassesxcluded

. 22
sin CILSND

2df + WMAP + HST + SNia

Spepgeletal, astro-ph/030220%annestadastro-ph/030307&lgaroy & Lahay, astro-ph/0303089,

Crotty, Lesgougues& PastorPRD67(2003)123005
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probing3-nuoscillationeffects
LeptonicCP Violation

“Dirac” CPV suppressedince disappearsvhenary j ! O

SchechteandJV, PRD21(1980)309

correlationwith  mZ,, and 13
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determining

2
for low  m%,

the solar SNO-salt
bound becomes
relevant

http://i c.uv.es/"ahep

ISAPP04 —p.53/?



constraint on BEEY after Nu0O4

M. Maltoni etal, hep-ph/040517Focus

|IIII|IIII
W
)

~
=T 1 1 111

10
.2
sin“q,
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will probes;3 andCP phase

Cl\Claclcd | JT M\Uljulc A/ Cla C Al 1UC

Freund,Huber Lindner, Albright etal, Bargeretal...

only if Non-Standarahu-IntercationgNSI) canberejected..

Huber Schwetz& JV PRL88(2002)101804& PRD66,013006(2002)
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FCIl-oscillation confusiontheorem

a neutrinofactoryis lesssensitve to ;3

becausenon-standarcheutrino interac-
tionsareconfusedwith oscillations

Huberetal, PRL88(2002)101804

nearsite programmesssentia

2 10%° mulyr/polarity 5 yr, 40 kt magniron
calorim,10% muonE-resolnabove 4 GeV
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FCIl-oscillation confusiontheorem-2

Huberetal, PRD66,013006(2002)

! : ‘

10 10 | 10
10% 10° 104103 102 10! 10%10°10% 102 102 101 10 10° 104 103 102 101
Sirf 2013 Sin 2013 Sirf 2013

2 10%° mulyr/polarity 5 yr, 40kt magniron calorim,10% muonE-resolnabove 4 GeV

90%CL reachonsin? 2 13 vs NSl bounds
Thedottedline is for 700km, dash-dottedor 3000km anddasheds for 7000km baseline

without NSl
diagonalsolidline is thetheoreticaboundderivedfrom our confusiontheorem

http://i c.uv.es/"ahep

ISAPP0O4 —p.57/



http://i c.uv.es/"ahep ISAPP04 — p.58/>



day-night effectasa probeof ;3-1

Akhmeduw, Tortola,JV, JHEP05(2004)057 M= EYE1ale=0) Mol g ig= 1\ D<)

. s = 25%sSK
|:| s = 10%3SK

. s = 25%sSK
|:| s = 10%3SK
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whatis a Majorananeutrino?

original old notationfrom

Schechter]V PRD22(1980)2227& PRD24(1981)1883D25 (1982)283
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Dirac and Majorana Masses-1

The®rst basickinematicalconcepis thatof a Majoranafermionandhow it contrasts
with the morefamiliar oneof a Dirac fermion A massve Majoranafermionhasjust
half of the numberof degreesof freedomof a conventionalmassve spin1=2 Dirac
fermionandcorresponds$o thelowestrepresentationf the Lorentzgroup. Thebasic
Lagrangeamescribingsuchparticleis

: m
Ly = iY @ §T2+H:C:

givenin termsof a 2-componenspinor . Herel usethe2 2 matriceswith

beingtheusualPaulimatricesand 4 = i1, | beingtheidentity matrix. As before,|
alsousePauli's metriccornventionfor Minkowski coordinateswherethe dot productof two four vectorsis

ab ab a b+ ashy, wherea, = iag. UnderalLorentztransformationy ! X, the
spinor transformsas ! S() (  x) whereS obeys

SY S=
Thekinetictermis clearlyinvariant. Similarly, the masstermis invariant,asaresult

of unimodularpropertydet S = 1. However, it is not invariantunderaphase
transformation

http://i c.uv.es/"ahep m ISAPPO4—p.6172



Dirac and Majorana Masses-2
Theresultingequationof motionis

i@:m2

As aresultof theconjugationandClifford propertiesof the -matricespnecan
verify thateachcomponentf thespinor obeystheKlein-Gordonwave-equation.
In orderto displayclearlytherelationshipoetweerour theory andthe usualtheory
of amassve spin1=2 Dirac fermion,de®nedby the familiar Lagrangean

Lp = @) m

we constructhe solutionsto the Majoranaequationn termsof thoseof the Dirac
egn,which arewell known. For this we canuseary representationf the Dirac
algebra + = 2 . Todeveloptheweakinteractiontheory however, it is
cornvenientto usethechiral representationn which s is diagonal,

o
- O
o

http://i c.uv.es/"ahep ISAPPO4 —p.62/2



sothatthe correspondinghage-conjugtespinor § = C [ isthesameas p
but exchanging and , i.e,

C —
D —

http://i c.uv.es/"ahep ISAPP04— .63/



where

aretheleft handedcomponent®f p andof thechage-conjugte®eld g,

respectrely. Thisway the Dirac fermionis shovn to be equwvalentto two Majorana
fermionsof equalmass.

http://i c.uv.es/"ahep ISAPP04— .64/



This corresponds$o the phasesymmetry

associatedo fermionnumberconservationn the Dirac theory

Notethatthe masstermin the M-theoryLagrangeawanishesinless and are
anti-commutingsowe considerthe Majoranafermion, right from the start,asa
secondguantiz ed ®eld.
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=
whereu = C v' andE (k) = (K? + m?)%? is themass-sheltondition. Fromour

decompositiornwe thenderive the correspondingxpansionfor oneof our
2-componenMajoranaspinors.For example,for y = > we®nd

r2:1 (%)lzz[eik X A, (k)qu (k) + e ik :x A%/(k)VLr (k)]

with a similar expressiorfor ;. HerelL den%tesleft-handecbhiral projection,and

theoperatordA arede®nedareA = (a+ b)= 2, for eachvalueof r andk, from
whereit follows thatthey obey canonicalanticommutatiomules. This givesthe

expansionfor massve 2-componenM-spinors

http://i c.uv.es/"ahep ISAPP04 - .66/



guantum theory of Majorana Masses-2

Notethat

the massve Majorana®eld operatons givenin termsof the chiral projections
of the ordinary massve Dirac wave functionsu andv.

thesame creationandannihilationoperatorappeatin \ showving explicitly
thatthereareonly half the numberof degreesof freedomin the Majorana
®eld.

This givesa consistenfock-spaceoarticleinterpretatiorof the Majoranatheory
Anotherimportantconceptof the Majoranatheoryarethe 2 typesof propagtors(L
conservingandviolating) thatfollow from Lorentzinvariance

] x) NI0=1 @ r(x ym)

) (x) (Y)j0i=m > g(x ym)

where ¢ (X Vy;m) istheusualFeynmanfunction. The®rstis the"normal”

propagtorthatintervenedn total leptonnumberconservingj L j= 0O) processes,
while the seconddescribeghevirtual propa@tion of Majorananeutrinosn
] L J= 2processesuchasneutrinolesslouble-betalecay
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guantum theory of Majorana Masses-3

(NN e Ao R lea s [0 [li1g[s] masslesiimit of the Majoranatheory g aigls

purposewe de®nehelicity eigenstatevavefunctionsby
- Ru (k)= jRju (K
~ RKv (k)= JKjv (k)

Theold 2-componentnasslesseutrinotheoryof LeeandYangis recoveredfrom
this by notingthat, out of the 4 linearly independenvave functionsu, (k) and
v, (k), onlytwo survive asthemassapproachegero,namely JI(3] and YAR(S)

In summarywe have a perfectlyconsistensolutionof the secondjuantized
2-componen®eld equationsimplying a consistent

Lorentzinvariantquantum®eld theoryof a massve Majorana®eld

http://i c.uv.es/"ahep ISAPPO4 — p.68/?



=4 X =1

wherethesumrunsover and . By Fermistatisticthemasscoef®cientsM

mustform a , in generacomple. This matrix canalwaysbe
diagonalizedy acomple<n n unitarymatrix U

Mgiag = UTM U :

WhenM is takento bereal (CP conserving)ts diagonalizingmatrix U maybe
choserno beorthogonalnd,in generalthe masseigervaluescanhave different
signs.Thesemaybeassemble@dsa signaturematrix

= diag(+;+;:::;

http://i c.uv.es/"ahep ISAPP04— .69/
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CPinvariances differentfor thesetwo casesAs emphasizedy Wolfenstein,
thesesignsplay animportantrole in thediscussiorof neutrinolessloublebeta
decayseePRD25(1982)283

http://i c.uv.es/"ahep ISAPP04— .70/



A Dir ac neutrinobelongsto the seconcclass.For example,the conditionfor
CPinvariances differentfor thesetwo casesAs emphasizedy Wolfenstein,
thesesignsplay animportantrole in thediscussiorof neutrinolessloublebeta
decayseePRD25(1982)283

In general RPIEERE] to expecta conseredfermion numbersymmetryto

arisein a gaugetheorywherethe basicbuilding blocksare2-component
massve electricallyneutralfermions,suchasneutrinosor the supersymmetric
INOS.

http://i c.uv.es/"ahep ISAPP04— .70/



= diag(+;+) sl = diag(+; ) [EUSECPFIEUE]

A Dir ac neutrinobelongsto the seconcclass.For example,the conditionfor
CPinvariances differentfor thesetwo casesAs emphasizedty Wolfenstein,
thesesignsplay animportantrole in thediscussiorof neutrinolessloublebeta
decayseePRD25(1982)283

In general RPIEERE] to expecta conseredfermion numbersymmetryto

arisein a gaugetheorywherethe basicbuilding blocksare2-component
massve electricallyneutralfermions,suchasneutrinosor the supersymmetric
INOS.

D-M confusiontheore

MajoranaandDirac neutrinoscanonly bedistinguishedn the standardsU(2)

U(1) electraveaktheory to the extentthatneutrinosaremassve seePRD
(1981)1666
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numberof SU(2) U(1) singletsmis arbitrary

In generalwe have [il(1k-201E0)%~ mixing angles j; and | al{ak2q 0

phasesFor the simplestcasen=3, m=0we have 3 angles 3 phase{2M and
1D phase)

K =153l 43! 12

with eachfactor
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numberof SU(2) U(1) singletsmis arbitrary

In generalwe have [il(1k-201E0)%~ mixing angles j; and | al{ak2q 0

phasesFor the simplestcasen=3, m=0we have 3 angles 3 phase{2M and
1D phase)

K =153l 43! 12

with eachfactor
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basicdim-5 operator

from Gravity Weinbeg ....
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basicdim-5 operator

from Gravity Weinbeg ....

from sees@ scheme:

Gell-Mann,Ramond Slansly; Yanagida;
MohapatraSenjaneic PRL44(1980)91
SchechterdV PRD22(1980)2227;PRD25(1982)774

pseudosciencis homeopathicthelesscontentit has,the morepopularit is

Phil Plait
Hopethisis notthe casewith theseesw ...
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neutrino uni cation: large-scaleseesaw

m /eVvs.Log My /GeV

Balu, Ma andValle, PLB552(2003)207

neutrinomassesinify asthey runup 2 3 45 6 7 8 91011121314

Chanlowski, loannisianPokorskiandJV, PRL86(2001)3488
solar& atmsplittingsfrom RGE
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A4 model of neutrino mass

neutrinomassesinify dueto A4

neutrinomassobsenable eg in cosmol-
ogy, and ( decays

maximal »3;large 12 & 13 = 0 or maximalCP violation R e iR ARVl e

obserableLeptonFlavor Violation
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M. Hirsch,JV, hep-ph0405015
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weak-scaleseesw
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weak-scaleseesa kel

"TREE"

LOOPS

radiatve nu-masseglEIE ==
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LSP decaylength [cm]: BRPV

from Bartl etal NPB 600(2001)39

30 40 50 60 70 80 90 100
[GeV]

Mukhopadlyaya,Roy & Vissani;Chuné& Lee;Choietal; Dattaetal

chagedSUSY particlescanbethe LSP
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M. Hirsch,JV, hep-ph0405015
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tans; vs( 2= 3)
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neutrino mixing anglesin BRPV

tanss( 2= 3)  tanfy( 1= 2) Ugs( 1= 3)

mixingsgivenasRPV ratios,e,q, Elglukdle

LSP decaypropertiesorrelatewith angles
neutralino Porodetal PRD63(2001)115004

I gg ! qgqvstani,
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neutrino mixing anglesin BRPV

tanss( 2= 3)  tanfy( 1= 2) Ugs( 1= 3)

mixingsgivenasRPV ratios,e,g,

LSP decaypropertiesorrelatewith angles
neutraling

I gg ! qgqvstani,

Porodetal PRD63(2001)115004

stopdecays RestrepoPorod& JV, PRD64(2001)055011

sleptondecays

any LSP
http://i c.uv.es/"ahep

M. Hirschetal, PRD66(2002)095006

Hirsch& Porodhep-ph/0307364

ISAPP04 — .81/
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Aristizabalet al PRD68(2003)033006
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Aristizabaletal PRD68(2003)033006

solarscalefrom smallinducedHiggstriplet vevs

(weak-scalaype-Il seesa) E.Ma
0 pl__hij ] Cvoor
u.d 2 M szusy J J
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Aristizabaletal PRD68(2003)033006

solarscalefrom smallinducedHiggstriplet vevs

(weak-scalaype-Il seesa) E.Ma
0 pl__hij ] Cvoor
u.d 2 M szusy J J

atmscalefrom susy
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Aristizabaletal PRD68(2003)033006

u \J

W = Wy ssm + Werpy + W b, = %D b+ R b, = %D Ed g
0
u

solarscalefrom smallinducedHiggstriplet vevs

(weak-scalaype-Il seesa) E.Ma
v 191—_hij ) Vi or
u;d 2 M szusy J J

atmscalefrom susy

LSPdecaypropertiesorrelatewith atmé& reactor(ratiosasRPV)

Higgs decayBR ratioscorrelatewith solarmixing (triplet Yukava ratios)
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|s CPviolatedin theleptonsector?

Do lepton avourviolating processex.g., ! e+ , ! 3e, | 3
etc., occurandatwhatrates? ! e corversionoin nuclei,etcDoeslepton
a vour violation take placein thedomainof high enegy processes?
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|s CPviolatedin theleptonsector?

Do lepton avourviolating processex.g., ! e+ , ! 3e, | 3
etc., occurandatwhatrates? ! e corversionoin nuclei,etcDoeslepton
a vour violation take placein thedomainof high enegy processes?

arethereotherpropertief the neutrinos suchasdecaysandelectromagnetic
Interactions? whatis their effectin astroplysics?
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many openissues

Whatis the origin of neutrinomassNhy areneutrinomassesosmall? Is it
aremnantfrom uni®cation? Or doesit follow from weak-scalghysics? Is
this relatedto the origin of parity violationin theweakinteraction?

Are neutrinosDirac or Majoranaparticles?Doesneutrinolessloublebeta
decaytake place?

how to explainthe patternof neutrinomixing?
Is CPviolatedin theleptonsector?

Do lepton avourviolatingprocesses.g.,, ! e+ , ! 3e, ! 3
etc., occurandatwhatrates? ! e corversionoin nuclei,etcDoeslepton
a vour violation take placein the domainof high enegy processes?

arethereotherpropertief the neutrinos suchasdecaysandelectromagnetic
Interactions? whatis their effectin astroplysics?

Following therecentdiscoverieswhich have led to the Nobelprizein physics
In 2002,andbecause®f its key role in science,

neutrinoshave becomea majorfocusin astro,particleandnucleamhysics

http://i c.uv.es/"ahep ISAPPO4 — p.85/



http://i c.uv.es/"ahep ISAPP04— .86/



http://i c.uv.es/"ahep ISAPP04— .86/



GUT scaleE (6), SO(10),...
Intermediatescale:P-Q,L-R ...

WeakSU(3) SU(2) U(1)scale

http://i c.uv.es/"ahep ISAPP04— .86/



Planckscale:Strings?
GUT scaleE (6), SO(10),...
Intermediatescale:P-Q,L-R ...

WeakSU(3) SU(2) U(1)scale

no theory of a vour
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whatis thescale?
Planckscale:Strings?

GUT scaleE (6), SO(10),...
Intermediatescale:P-Q,L-R ...

WeakSU(3) SU(2) U(1)scale

no theory of a vour

nottheend,northebeaginning of theend,at bestthe endof the beginning...
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