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history
� Sinceits proposalasa fundamentalingredientin thedescriptionof � decayby Pauli andFermi,

wehave learneda lot abouttheneutrino.Firstwenow know for certainthatthereareat least3
types� e (1956),� � (1962)and� � (2000).

� Althoughthepossibilityof neutrinoshaving masswaspresentsincethebirth of theneutrinoidea,
it wasabandonedin the50'sbecauseof thegreatsuccessof theV-A hypothesisof LeeandYang,
in accountingfor theobservedparityviolation in theweakinteraction(Wu etal). Thiswasthen
takenasanindicationthatneutrinosaremassless.

� In the80's,however, therewasa tremendousamountof activity in neutrinophysics,devoted
mainly to theissueof nonzeromassesandothernovel propertiesof neutrinos,absentin the
standardmodel,partlydueto theoreticalideassuchasgranduni�cation.

� Gaugetheoreticformulationof neutrinomassandoscillationswith thecharacterizationof the
chargedandneutralcurrentweakinteractionsin gaugetheoriesof massiveneutrinos.

� Otherimportantlandmarkswerethebirth of extrasolarsystemneutrinoastronomywith the
detectionof neutrinosfrom SN87aandtheformulationof theMSW effect

� Theultimatecon�rmation of theneutrinomasshypothesisonly camerecently, with theconclusive
atmosphericneutrinodataandthesubsequentresolutionof thesolarneutrinoproblemwhichcame
by combiningthesedatawith reactordata

� Howevermany crucialissuesin neutrinophysicsarestill open
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Solar Neutrinos
areelectronneutrinosproducedin thecoreof ourSunby thermonuclearreactions,
whichgeneratethesolarenergy

All reactionsresultin theoverall fusionof protonsinto helium:
4p ! 4He+ 2e+ + 
 + 2� e

The StandardSolarModel predictsthe total
amountof neutrinosproducedin termsof so-
lar parameters(surface luminosity, age, ra-
dius,mass)

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

early2002

SNOshowed that � e converts to an active �a vour � e ! � �=�
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Solar MSW oscillations
ThesimplestHamiltoniandescribingsolaroscillationsis

 
� � m 2

4E cos2� +
p

2GF Ne
� m 2

4E sin2�
� m 2

4E sin2� � m 2

4E cos2�
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Theconversionprobabilitycanbewritten, for constantdensity, as

P(� e ! � l ; L ) = sin2 2� m sin2
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L
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�
;
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andthemixing anglemaybeobtainedfrom theexpression
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Solar neutrino oscillationsparameters

Maltoni etal, NJPreview [hep-ph0405172]vsPRD68(2003)113010
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ReactorNeutrinos

Neutrinos are also producedin

nuclearpower plants

controlled source

KamLAND con®rmstheoscillationhypothesis

SFP Barrancoetal PRD66(2002)093009

NSI Guzzoetal NPB629(2002)479

ruling outnon-oscillationmechanismsasleading
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Solar + KamLAND results,pre-salt,pre-Nu04 �
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Maltoni, Schwetz,JV, PRD67(2003)093003

consistency with Poissonmethod

enormousprogresswrt pre-KamLAND

oscilllationshappeninsidethesun!

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

bi-maximalmodelsrejected
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Solar + KamLAND 2-nu, post-salt,pre-Nu04 �
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Maltoni etal, hep-ph/0309130v2

enormousprogress!

in contrastto atm,solar
mixing is non-maximal

bi-maximalmodelsrejected
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Solar neutrinos

mattereffectscon®rmed!

Fogli, Lisi, Marrone,Palazzo,hep-ph/0309100
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Solar + KamLAND oscillations,after Nu04
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mainnewsKamLAND 766.3ton-yr sample Miranda,Tortola,JV, hep-ph0406280

sin2 � sol � m2
sol [eV2] " "0 � 2

2-nuoscillationanalysis

LMA-I 0.30 8.3� 10� 5 ± ± 83.0
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do weunderstand the Sun?
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Robustnessof solar-nu oscillationsagainstnoise
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neutrino propagation strongly
affectedby densitynoise
Balantekinetal 95
Nunokawa etal NPB472(1996)495
Burgessetal 97
Burgessetal, Ap.J.588:L65,2003
Guzzoetal, Balantekinetal

despitesubstantialdistortion

robust determination

Burgessetal, JCAP0401(2004)007
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Do weunderstandneutrinos?
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Oscillation vsNSI

e,u, d e,u, d

�
�

���Non-standardinteractions

FC or NU sub-weakstrengthdim-6 terms"G F

caninduceoscillationsof masslessneutrinosin matter,
whichareE-independent,convertingbothneutrinos&
anti-nu's,canberesonantin SNovae
VallePLB199(1987)432,
Roulet91;Guzzoetal 91;Bargeretal 91

excellentdescriptionof solardata Guzzoetal NPB629(2002)479

KamLAND impliesnot theleadingmechanism
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fragility of solar-nu oscillationsagainstNSI?-1
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no robustdetermination,yet

O. Mirandaetal, hep-ph/0406280

afterNu04

degeneratedark-sidesoln,not resolvedby futureKamLAND
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fragility of solar-nu oscillationsagainstNSI?-2

sin2 � sol � m2
sol [eV2] " "0 � 2

OSCanalysis

LMA-I 0.30 8.3� 10� 5 ± ± 83.0

OSC+NSIanalysis

LMA-I 0.30 8.3� 10� 5 -0.15 -0.15 81.9
LMA-D 0.70 8.3� 10� 5 -0.15 0.95 83.1
LMA-0 0.30 1.4� 10� 5 0.00 0.30 85.0

Best®t solarneutrinooscillationpointswith andwithoutnon-standardinteractions
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Robustnessof solar-nu oscillationsagainstSFP-1
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current solar data alone still
do not allow the reconstruction
of the of � e -survival probabil-
ity pro®le,but KamLAND lifts
degeneracy ... ruling out SFPas
mainsolution

despitesubstantialdistortion...

anti-nu limit implies robust determination
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Robustnessof solar-nu oscillationsagainstSFP-2
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Futuresolar-nuexperiments
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probing non-satnadrd interactions
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KamLAND ideal

a chancefor Hiper-K andBorexino?
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probing neutrino magneticmomentsat LMA-MSW

H

0.1 1

tan
2
q

10
-5

10
-4

10
-3

Dm
2  [eV

2 ]

5
4

3

3

2.5

2.2

1.9

1.9

1.6
1.21

A

C

D

B

H

0.1 1

tan
2
q

10
-5

10
-4

10
-3

Dm
2  [e

V2 ]

0.2450.270.3

0.3
50.4

0.4
50.50.5

5

0.3

0.27

0.35
0.4

0.245
presentsensitivity

Grimus,etal , NPB648,376(2003)

Nu04±updateneeded,but notessential

expectedBorexino sensitivity
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Neutrinosassolarprobe
Canweuseprecisionsolar-nudatato probethesunbeyondcurrentastro-knowledge?
e.g.R-zoneMHD physicsleadingto density�uctuations

Burgessetal, Mon.Not.Roy.Astron.Soc.348(2004)609[astro-ph/0304462] �
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neutrinos asdeepsolar probe
Burgessetal, JCAP0401(2004)007& Astrophys.J.588:L65,2003
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NeutrinooscillationsandSNovae

ISAPP04 – p.26/??
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LMA-MSW statuswrt SN1987A

In 1987,afew neutrinosweredetectedfromthenearbysupernova1987Agalaxyabout
170,000light-yearsaway pre-KamLAND/pre-salt
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LMA oscillationsmaystronglyaffect �� e SN-signal
Smirnov, Spergel, Bahcall 94; Raffelt et al 96,
Kachelriessetal JHEP0101(2001)030,Lunardini
& Smirnov

E �� e =14MeV,
Ebind = 3 � 1053 erg
� � T� h =T�� e =1.4
Keil, Raffelt & Janka,APJ590(2003)971

solar+SN1987Aanalysis

Kachelriessetal PRD65(2002)073016

LMA-MSW mayremainbest

ISAPP04 – p.27/??
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neutrinos asfutur eSupernova probe
Minakataetal, PLB542(2002)239
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The measurementof a
large numberof neutrinos
from a future galactic su-
pernova will give us im-
portantastroinformation

assume 10 kpc galactic
SN, simulate data with
givenastroparam

seealsoBarger, Marfatia& Wood

impr ovedsupernova parameter determination
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atmneutrinos

thediscoveryof neutrinomass

ISAPP04 – p.29/??
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Atmospheric Neutrinos

areproducedin decaycascadesinitiatedby collisionsof cosmicrays(p, He,. . . ) with
theEarth's atmosphere

arisemainly from pion decay, andthesubse-
quentmuondecay
� ! � + � � and� ! e+ � e + � �

oneexpectsroughlytwo � � per� e

The� e �ux measuredby undergroundexper-
imentsis in agreementwith thepredictions.

However, theseexperimentsobserveastrong
de®cit of �� 's, especiallyof thosecoming
from “below”

de�cit is very well explainedby the � � ! � � oscilllation hypothesis

ISAPP04 – p.30/??
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Atmospheric zenith distribution
Maltoni etal, PRD67(2003)013011
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Accelerator Neutrinos

Neutrinosarealsoproducedin parti-

cleaccelerators

well controlledneutrinosource

checkatmosphericneutrinooscillationhypothesis

The K2K accelerator experiment

con®rms neutrino oscillation with

botha � � de®citandthedistortionof

the energy spectrum,thuscon®rmingatmosphericneutrinooscillation inter-

pretation.
ISAPP04 – p.32/??
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atmosphericneutrino parameters-1
� sterility rejection Maltoni etal, NJPreview [hep-ph0405172]vsPRD68(2003)113010
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How robust areatmosphericoscillations?

very goodcontainedatm-®t Gonzalez-Garciaetal, PRL82(1999)3202
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probing non-standard interactions with atm data

Fornengoetal, PRD65(2002)013010[hep-ph/0108043]
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Impr ovedFC-NSI-testsat NuFact �
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ISAPP04 – p.36/??



http://i�c.uv.es/˜ahep

3-nuphysics

thebasicparameters
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minimal setof basicparameters
� 3 masses

� 3 angles� ij 23=atm 12=sol 13=reac

� 3 phases

1 KM-lik ephase oscillations �
2 Majoranaphases� � 0� � ; �

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

�

K = ! 23! 13! 12

with eachfactor
�

c12 ei� 12 s12

� e� i� 12 s12 c12

�
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minimal setof basicparameters
� 3 masses
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minimal setof basicparameters
� 3 masses

� 3 angles� ij 23=atm 12=sol 13=reac
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minimal setof basicparameters
� 3 masses

� 3 angles� ij 23=atm 12=sol 13=reac

� 3 phases

1 KM-lik ephase oscillations �
2 Majoranaphases� � 0� � ; �

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

�

K = ! 23! 13! 12

with eachfactor
�

c12 ei� 12 s12

� e� i� 12 s12 c12

�
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3-nuleptonmixing matrix

!

0

@
c12c13 s12c13 s13e� i � CP

� s12c23 � c12s13s23ei� CP c12c23 � s12s13s23ei� CP c13s23

s12s23 � c12s13c23ei� CP � c12s23 � s12s13c23ei� CP c13c23

1

A

neglectingthe2 Majoranaphaseswhichdonotenter“normal” oscillations
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3-nu parameters,beforeNu04
Maltoni etal, hep-ph/0309130v2
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3-nu Oscillation Parameters,after Nu04
M. Maltoni etal, hep-ph/0405172Focus � �
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3-nu Oscillation Parameters,after Nu04
M. Maltoni etal, hep-ph/0405172Focus �

parameter best �t 2� 3�

� m2
21 [10� 5eV2] 7.9 7.3{8.7 7.1{9.1

� m2
31 [10� 3eV2] 2.3 1.7{2.9 1.4{3.3

sin2 � 12 0.28 0.24{0.34 0.22{0.37

sin2 � 23 0.50 0.38{0.64 0.34{0.68

sin2 � 13 0.002 � 0.028 � 0.047

Table I: Best-�t values, 2� and 3� intervals (1 d.o.f.) for the three-
a vour neutrino oscillation

parameters from global data including solar, atmospheric, reactor (KamLAND and CHOOZ) and

accelerator(K2K) experiments.

1

parameter best �t 2� 3�

� m2
21 [10� 5eV2] 6.9 6.0{8.4 5.4{9.5

� m2
31 [10� 3eV2] 2.6 1.8{3.3 1.4{3.7

sin2 � 12 0.30 0.25{0.36 0.23{0.39

sin2 � 23 0.52 0.36{0.67 0.31{0.72

sin2 � 13 0.006 � 0.035 � 0.054

Table I: Best-�t values, 2� and 3� intervals (1 d.o.f.) for the three-
a vour neutrino oscillation

parameters from global data including solar, atmospheric, reactor (KamLAND and CHOOZ) and

accelerator(K2K) experiments.

1
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0-nu doublebetadecayand the neutrino spectra
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giventhatneutrinosaremassive,oneex-
pects� � 0� to occur with an amplitude
governedby theaveragemassparameter
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K 2
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hm� i = c2
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13ei � m2 + s2
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hierarchicalvs (quasi)-degenerate
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curr ent laboratory testsof absoluteneutrino mass

Currentsol-atm,� � 0� andTritium sensitivities thanksto Martin Hirsch

� Currentneutrinooscillationdata
� Upperlimit for hm� i � 0:3 eV with factor� 2 uncertaintyband
� Upperlimit from Tritium experiments:m1 � 2:2 eV

normalversusinversehierarchy Log hm� i /eV vsLog m1/eV
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0-nu doublebetadecaysensitivities
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Relevanceof 0-nu doublebetadecay
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gaugetheories� � 0� $ majoranamass

In any gaugetheoryof theweakinteractionanon-
zero� � 0� rate implies at leastoneneutrinois a
Majoranaparticle

SchechterandJV, PRD25(1982)2951

nosuchtheoremfor ¯avor violation!
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LSND
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LSND global

hints of neutrinoconversionsalso from the
detectionof accelerator-producedneutrinos
in theLSND experiment

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

Caldwell-MohapatraPRD48(1993)325

barelypossibleat3.2 � if 3+1

Maltoni etal NPB643(2002)321

updof PRD65(2002)093004
�

http://www.to.infn.it/˜giunti/neutrino/
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4-nusdo not really �t LSND with the rest
� M. Maltoni etal, hep-ph/0405172;NPB643(2002)321

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

Neutrinoswerecopiouslyproduced
in theearlyhotanddenseuniverse

thereare336 neutrinosof the three
�a vourspercm3, abit morethanthe
CMB photons

Neutrinosimportant in the produc-
tion of the relic abundancesof light

elements: BBN

Althoughtoolight to beasigni®cant
componentof the dark matter, neu-
trinos might still have playeda role
in theformationof large-scalestruc-

ture: LSS

ISAPP04 – p.50/??
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Cosmologyclosesin on LSND

3+1schemestill OK at3sigma,highermassesexcluded
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2df + WMAP + HST+ SNIa Schwetzetal hep-ph/0305312

Spergeletal, astro-ph/0302209;Hannestad,astro-ph/0303076;Elgaroy & Lahav, astro-ph/0303089,

Crotty, Lesgourgues& PastorPRD67(2003)123005
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probing3-nuoscillationeffects
LeptonicCPViolation

“Dirac” CPVsuppressed,since� disappearswhenany � ij ! 0

SchechterandJV, PRD21(1980)309

correlationwith � m2
sol and� 13
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determining � = � m2
sol =� m2

atm and � 13
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constraint on � 13 after Nu04

M. Maltoni etal, hep-ph/0405172Focus
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NeutrinoFactories

will probes13 andCPphase�
Cerveraetal, De Rujula,Gavela,Hernandez
Freund,Huber, Lindner, Albright etal, Bargeretal...

only if Non-Standardnu-Intercations(NSI) canberejected...

Huber, Schwetz& JV PRL88(2002)101804& PRD66,013006(2002) �
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FCI-oscillation confusiontheorem
�
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FCI-oscillation confusiontheorem-2
Huberetal, PRD66,013006(2002)
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futuresolar-nuexptsto probe� 13?
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day-night effectasa probeof � 13-1
Akhmedov, Tortola,JV, JHEP05(2004)057 relevanceof centralvalue �
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Theory

whatis aMajorananeutrino?
originalold notationfrom

Schechter, JV PRD22(1980)2227& PRD24(1981)1883D25 (1982)283
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Dirac and Majorana Masses-1
The®rst basickinematicalconceptis thatof aMajoranafermionandhow it contrasts
with themorefamiliar oneof a Dirac fermion. A massive Majoranafermionhasjust
half of thenumberof degreesof freedomof a conventionalmassive spin1=2 Dirac
fermionandcorrespondsto thelowestrepresentationof theLorentzgroup.Thebasic
Lagrangeandescribingsuchparticleis

L M = � i� y� � @� � �
m
2

� T � 2� + H :C:

givenin termsof a2-componentspinor� . HereI usethe2 � 2 � matrices,with � i
beingtheusualPauli matricesand� 4 = � i I , I beingtheidentitymatrix. As before,I
alsousePauli's metricconventionfor Minkowski coordinates,wherethedot productof two four vectorsis

a:b � a� b� � ~a � ~b+ a4b4, wherea4 = ia 0. Undera Lorentztransformation,x ! � x, the
spinor� transformsas� ! S(�) � (� � 1x) whereS obeys

Sy� � S = � �� � �

Thekinetic termis clearlyinvariant.Similarly, themasstermis invariant,asa result
of unimodularpropertydet S = 1. However, it is not invariantunderaphase
transformation

� ! ei� �

Thus the Majoranamassterm is only possiblein a theory of electrically neutral

fermionssuchasneutrinos,or othermoreexotic fermionsof the typepresentin su-

persymmetrictheories,eg neutralgauginosandHiggsinos
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Dirac and Majorana Masses-2
Theresultingequationof motionis

� i� � @� � = m� 2� �

As a resultof theconjugationandClifford propertiesof the� -matrices,onecan
verify thateachcomponentof thespinor� obeys theKlein-Gordonwave-equation.
In orderto displayclearlytherelationshipbetweenour theory, andtheusualtheory
of a massive spin1=2 Dirac fermion,de®nedby thefamiliarLagrangean

L D = � �	 
 � @� 	 � m �		 ;

weconstructthesolutionsto theMajoranaequationin termsof thoseof theDirac
eqn,whicharewell known. For thiswecanuseany representationof theDirac
algebra
 � 
 � + 
 � 
 � = 2 � �� . To developtheweakinteractiontheory, however, it is
convenientto usethechiral representation,in which 
 5 is diagonal,


 i =
�

0 � i� i

i� i 0

�

 4 =

�
0 I
I 0

�

 5 =

�
I 0
0 � I

�

ISAPP04 – p.62/??



http://i�c.uv.es/˜ahep

Dirac and Majorana Masses-3
In this representationthechargeconjugationmatrixC obeying

CT = � C

Cy = C� 1

C� 1 
 � C = � 
 T
�

is simplygivenby

C =
�

� � 2 0
0 � 2

�

A Dirac spinormaythenbewrittenas

	 D =
�

�
� 2 � �

�

sothatthecorrespondingcharge-conjugatespinor	 c
D = C �	 T

D is thesameas	 D

but exchanging� and� , i.e.,

	 c
D =

�
�

� 2 � �

�
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Dirac and Majorana Masses-4
A 4-componentspinoris saidto beMajoranaor self-conjugateif 	 = C �	 T which

amounts,to setting � = � . Wecanrewrite theD-Lagrageanasfollows

L D = � i
2X

� =1

� y
� � � @� � � �

m
2

2X

� =1

� T
� � 2� � + H :C:

where

� = 1p
2
(� 2 + i� 1)

� = 1p
2
(� 2 � i� 1)

aretheleft handedcomponentsof 	 D andof thecharge-conjugate®eld 	 c
D ,

respectively. Thisway theDirac fermionis shown to beequivalentto two Majorana
fermionsof equalmass.
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Dirac and Majorana Masses-5
As a resultof thismassdegeneracy, theD-theoryis invariantunderacontinuous
rotationsymmetrybetween� 1 and� 2

� 1 ! c� 1 + s� 2

� 2 ! � s� 1 + c� 2

Thiscorrespondsto thephasesymmetry

	 D ! ei� 	 D

associatedto fermionnumberconservationin theDirac theory.

Notethatthemasstermin theM-theoryLagrangeanvanishesunless� and� � are
anti-commuting,soweconsidertheMajoranafermion,right from thestart,asa
secondquantiz ed®eld.
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quantum theory of Majorana Masses-1
In orderto obtainsolutionsof theM-theorywestartfrom theusualFourier
expansionfor theDiracspinor,

	 D = (2� )� 3=2
Z

d3k
2X

r =1

(
m
E

)1=2[eik :x ar (k)ur (k) + e� ik :x by
r (k)vr (k)]

whereu = C �vT andE(k) = (~k2 + m2)1=2 is themass-shellcondition.Fromour
decompositionwe thenderive thecorrespondingexpansionfor oneof our
2-componentMajoranaspinors.For example,for 	 M = � 2 we®nd

	 M = (2� )� 3=2
R

d3k
P 2

r =1 ( m
E )1=2[eik :x Ar (k)uLr (k) + e� ik :x Ay

r (k)vLr (k)]

with a similarexpressionfor � 1. HereL denotesleft-handedchiral projection,and
theoperatorsA arede®nedareA = (a + b)=

p
2, for eachvalueof r andk, from

whereit follows thatthey obey canonicalanticommutationrules.Thisgivesthe

expansionfor massive 2-componentM-spinors
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quantum theory of Majorana Masses-2
Notethat

� themassive Majorana®eld operatoris givenin termsof thechiral projections
of theordinarymassive Dirac wave functionsu andv.

� thesame creationandannihilationoperatorsappearin 	 M showing explicitly
thatthereareonly half thenumberof degreesof freedomin theMajorana
®eld.

ThisgivesaconsistentFock-spaceparticleinterpretationof theMajoranatheory.
Anotherimportantconceptof theMajoranatheoryarethe2 typesof propagators(L
conservingandviolating) thatfollow from Lorentzinvariance

h0 j � (x) � � (y) j 0i = i� � @� � F (x � y; m)

h0 j � (x) � (y) j 0i = m � 2 � F (x � y; m)

where� F (x � y; m) is theusualFeynmanfunction.The®rst is the"normal"
propagatorthatintervenesin total leptonnumberconserving(j � L j= 0) processes,
while theseconddescribesthevirtual propagationof Majorananeutrinosin
j � L j= 2 processessuchasneutrinolessdouble-betadecay.
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quantum theory of Majorana Masses-3

It is instructive to considerthe masslesslimit of theMajoranatheory . For this

purposewede®nehelicity eigenstatewavefunctionsby

~� � ~k u�
L (k) = � j ~k j u�

L (k)

~� � ~k v�
L (k) = � j ~k j v�

L (k)

Theold 2-componentmasslessneutrinotheoryof LeeandYangis recoveredfrom
thisby notingthat,outof the4 linearly independentwave functionsu�

L (k) and

v�
L (k), only twosurvive asthemassapproacheszero,namely, u�

L (k) and v+
L (k)

In summary, wehave a perfectlyconsistentsolutionof thesecondquantized
2-component®eld equations,implying aconsistent

Lorentzinvariantquantum®eld theoryof a massive Majorana®eld
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quantum theory of Majorana Masses-4
It caneasilybegeneralizedfor asystemof anarbitrarynumberof Majorana
neutrinos.In thiscasethemostgeneralLagrangeanallowedby Lorentzinvarianceis
of thetype

L M = � i
nX

� =1

� y
� � � @� � � �

1
2

nX

�;� =1

M �� � T
� � 2� � + H :C:

wherethesumrunsover � and� . By Fermistatisticsthemasscoef®cientsM��

mustform a symmetricmatrix , in generalcomplex. Thismatrix canalwaysbe

diagonalizedby a complex n � n unitarymatrixU

M diag = UT M U :

WhenM is takento bereal(CPconserving)its diagonalizingmatrixU maybe
chosento beorthogonaland,in general,themasseigenvaluescanhave different
signs.Thesemaybeassembledasasignaturematrix

� = diag(+ ; + ; :::; � ; � ; ::)
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quantum theory of Majorana Masses-5
� notethatwhenwedecomposedtheD-spinorwechoseto getrid of thesesigns

by introducingappropriatefactorsof i in thewave functions.This is perfectly
consistent,aslongasoneonly hasthefreetheory.

� In thepresenceof interactions,thesesignsarephysical,e. g.

� = diag(+ ; +) and � = diag(+ ; � ) areinequivalent

A D ir ac neutrinobelongsto thesecondclass.For example,theconditionfor
CPinvarianceis differentfor thesetwo cases.As emphasizedby Wolfenstein,
thesesignsplayanimportantrole in thediscussionof neutrinolessdoublebeta
decayseePRD25(1982)283

� in general, no reason to expecta conservedfermionnumbersymmetryto
arisein a gaugetheorywherethebasicbuilding blocksare2-component
massive electricallyneutralfermions,suchasneutrinosor thesupersymmetric
inos.

� D-M confusiontheorem
MajoranaandDiracneutrinoscanonly bedistinguishedin thestandardSU(2)

 U(1) electroweaktheory, to theextentthatneutrinosaremassive seePRD
(1981)1666
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Electroweak interactions of massive neutrinos
� onecangive a full explicit parametrizationof theleptonmixing matrixK for

themostgeneral(n; m) modelsseePRD25(1980)2227(todayweknow n = 3 but
westill donotknow m

� theleptonmixing matrix containsMajoranaphasesthatcannotbeeliminated
by rede®ningneutrino®eldsbecausemasstermnot invariant

� Theleptonmixing matrixcontainsmoremixing andphasesbecausethe
numberof SU(2)
 U(1) singletsm is arbitrary

� in generalwehave n(n+2m-1)/2 mixing angles� ij and n(n+2m-1)/2

phases.For thesimplestcasen=3,m=0wehave 3 angles,3 phases(2M and
1D phase)

K = ! 23! 13! 12

with eachfactor
 

c12 ei� 12 s12

� e� i� 12 s12 c12

!
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what is the origin of neutrino
mass?
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basicdim-5 operator �

�

� �

��

from Gravity Weinberg ....

� from seesaw schemes

Gell-Mann,Ramond,Slansky; Yanagida;
Mohapatra,Senjanovic PRL44(1980)91
Schechter, JV PRD22(1980)2227;PRD25(1982)774

pseudoscienceis homeopathic:thelesscontentit has,themorepopularit is

Phil Plait
Hopethis is not thecasewith theseesaw ...

ISAPP04 – p.73/??



http://i�c.uv.es/˜ahep

basicdim-5 operator �

�

� �

��

from Gravity Weinberg ....

� from seesaw schemes

Gell-Mann,Ramond,Slansky; Yanagida;
Mohapatra,Senjanovic PRL44(1980)91
Schechter, JV PRD22(1980)2227;PRD25(1982)774

pseudoscienceis homeopathic:thelesscontentit has,themorepopularit is

Phil Plait
Hopethis is not thecasewith theseesaw ...

ISAPP04 – p.73/??



http://i�c.uv.es/˜ahep

neutrinouni®cation?
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neutrino uni�cation: large-scaleseesaw

m� /eV vs. Log M X /GeV

2 3 4 5 6 7 8 9 10 11 12 13 14

1

�

Babu, Ma andValle,PLB552(2003)207

neutrinomassesunify asthey runup

Chankowski, Ioannisian,PokorskiandJV, PRL86(2001)3488

solar& atmsplittingsfrom RGE
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A4 modelof neutrino mass
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neutrinomassesunify dueto A4

sameorigin for leptonandKM mixing

atmsplittingvsneutrinomass

neutrinomassobservableeg in cosmol-
ogy, � and� � 0� decays

maximal� 23; large� 12 & � 13 = 0 or maximalCPviolation seealsoGrimus& Lavoura

observableLeptonFlavor Violation

ISAPP04 – p.76/??



http://i�c.uv.es/˜ahep

SUSYorigin for neutrinomasses?
M. Hirsch,JV, hep-ph0405015
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bilinear R parity violation: weak-scaleseesaw �
� DiazetalPRD68(2003)013009,PRD62(2000)113008;D65(2002)119901;PRD61(2000)071703

� weak-scaleseesaw atmscale
    M=0

0-0

� radiative nu-massessolarscale
LOOPS

"TREE"

0-0
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LSP decaylength [cm]: BRPV
� from Bartl et al NPB600(2001)39
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whatis therestill to bedone?
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many openissues
� Whatis theorigin of neutrinomass?Why areneutrinomassessosmall? Is it

a remnantfrom uni®cation? Or doesit follow from weak-scalephysics? Is
this relatedto theorigin of parity violation in theweakinteraction?

� Are neutrinosDirac or Majoranaparticles?Doesneutrinolessdoublebeta
decaytake place?

� how to explain thepatternof neutrinomixing?
� Is CPviolatedin theleptonsector?
� Do lepton�a vourviolatingprocesses,e.g., � ! e+ 
 , � ! 3e , � ! 3�

etc. , occurandatwhatrates?� ! e conversionoin nuclei,etcDoeslepton
�a vourviolation take placein thedomainof highenergy processes?

� arethereotherpropertiesof theneutrinos,suchasdecaysandelectromagnetic
interactions? whatis their effect in astrophysics?

� Following therecentdiscoverieswhichhave led to theNobelprizein physics
in 2002,andbecauseof its key role in science,

neutrinoshave becomea majorfocusin astro,particleandnuclearphysics

ISAPP04 – p.85/??
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No RoadMap to ultimate theory of neutrino mass

� top-bottom vs bottom-up

� whatis themechanism?
� treevs radiative
� B-L gaugedvs ungauged...

� 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

� not theend,nor thebeginningof theend,atbesttheendof thebeginning...

ISAPP04 – p.86/??
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