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Plan of Lectures

I. StandardNeutrinoPropertiesandMassTerms(BeyondStandard)

II. Effectsof � Mass:NeutrinoOscillations(Vacuum)

III. MatterEffectsin NeutrinoOscillations

IV. TheEmerging PictureandSomeLessons
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Summary I+II+III

� In theSM: $ m� � 0

– neutrinosareleft-handed(� helicity -1): m� = 0 ) chirality � helicity

– No distinctionbetweenMajoranaor DiracNeutrinos

� m� 6= 0 ! Needto extendSM to addm�

– breakingtotal leptonnumber(L = L e + L � + L � ) ! Majorana � : � = � C

– conservingtotal leptonnumber! Dirac � : � 6= � C

– AlwaysLeptonMixing� breakingof L e � L � � L �

� Neutrinomassesandmixing ) Flavouroscillations
� � traveling throughmatter) Modi�cation of oscillationpattern

� Atmospheric,K2K andMINOS (+ negative SBL searches)
) � � ! � � with � m2 � 2 � 10� 3 eV2 andtan2 � � 1

� SolarandKamLAND
) � e ! � � ; � � with � m2 � 8 � 10� 5 eV2 andtan2 � � 0:4

� Canwe �t all toegether?Whatcanwe learnfrom all this?
Answer:Today
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Plan of Lecture IV

EmergingPictureandSomeLessons

3� Oscillations

SomeLessons:

TheNeedof New Physics

ThePossibilityof Leptogenesis
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� We have learned:

� Atmospheric� � disappear(> 15� ) mostlikely to � �

� K2K: accelerator� � disappearatL � 250Km with E-distortion(� 2:5–4� )

� MINOS: accelerator� � disappearatL � 735Km with E-distortion(� 5� )

� Solar� e convert to � � or � � (> 7� )

� KamLAND: reactor� e disappearat L � 200Km with E-distortion(& 3� CL)

� LSND foundevidencefor � � ! � e but it is not con�rmed

All this impliesthatneutrinosaremassive

� We have importantinformation(mostlyconstraints)from:

� Theline shapeof theZ: Nweak = 3

� Limits from ShortDistanceOscillationSearchesat ReactorandAccelerators

� Directmassmeasurements: 3H ! 3 H e+ e� + �� e and� -less� � decay

� FromAstrophysicsandCosmology:BBN, CMBR, LSS...
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Solar+Atmospheric+Reactor+LBL 3� Oscillations

U: 3 angles, 1 CP-phase
+ (2 Majoranaphases)
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3–� Neutrino Oscillations

� In generalonehasto solve: i
d~�
dt

= H ~� H = U � H d
0 � Uy + V

H d
0 =

1
2E�

diag
�
� � m2

21; 0; � m2
32

�
V = diag

�
�

p
2GF Ne; 0; 0

�

� Hierarchicalapproximation: � m2
21 � � m2

31 � � m2
32

� For � 13 = 0 solarandatmosphericoscillationsdecouple) Normal� Inverted

– SolarandKamLAND ! � m2
21 = � m2

� � 12 = � �

– AtmosphericandLBL ! � m2
31 = � M 2

atm � 23 = � atm

� For � 13 6= 0

– SolarandKamLAND: P3�
ee = c4

13P2�
ee (� m2

12; � 12) + s4
13

– CHOOZ: PC H
ee ' 1 � 4c2

13s2
13 sin2

�
� m 2

31 L
4E

�

– K2K+MINOS ProbabilitiesIndependentof � 12, � m2
21

4
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3–� Atmospheric Neutrino Oscillation: Effect of � 13

� In generalonehasto solve: i
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3–� Atmospheric Neutrino Oscillation: Effect of � 13

Ahkmedov,Dighe,Lipari,Smirnov 99;Petcov, Maris98; Palomares,Petcov, 03
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� m2
21 effectsin ATM Data

Smirnov, Peres99,01;Fogli, Lisi, Marrone01;MC G-G,Maltoni 02; MCG-G,Maltoni, Smirnov hep-ph/0408170

� In generalonehasto solve: i
d~�
dt

= H ~� H = U � H d
0 � Uy + V

H d
0 =

1
2E�

diag
�
� � m2

21; 0; � m2
32

�
V = diag

�
�

p
2GF Ne; 0; 0

�

� Neglecting� 13:

Pee = 1 � Pe2

Pe� = c2
23Pe2

P�� = 1 � c4
23Pe2 � 2s2

23c2
23

�
1 �

p
1 � Pe2 cos�

�

Pe2 = sin2 2� 12;m sin2
�

� m 2
21 L

4E �

sin 2� 12
sin 2� 12 ;m

�

sin2� 12;m =
sin2� 12q

(cos2� 12 � 2E � Ve
� m 2

21
)2 + sin2 2� 12

� � (� m2
31 + s2

12 � m2
21) L

2E �



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

� m2
21 effectsin ATM Data

Smirnov, Peres99,01;Fogli, Lisi, Marrone01;MC G-G,Maltoni 02; MCG-G,Maltoni, Smirnov hep-ph/0408170

� In generalonehasto solve: i
d~�
dt

= H ~� H = U � H d
0 � Uy + V

H d
0 =

1
2E�

diag
�
� � m2

21; 0; � m2
32

�
V = diag

�
�

p
2GF Ne; 0; 0

�

� Neglecting� 13:

Pee = 1 � Pe2

Pe� = c2
23Pe2

P�� = 1 � c4
23Pe2 � 2s2

23c2
23

�
1 �

p
1 � Pe2 cos�

�

Pe2 = sin2 2� 12;m sin2
�

� m 2
21 L

4E �

sin 2� 12
sin 2� 12 ;m

�

sin2� 12;m =
sin2� 12q

(cos2� 12 � 2E � Ve
� m 2

21
)2 + sin2 2� 12

� � (� m2
31 + s2

12 � m2
21) L

2E �



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

� m2
21 effectsin ATM Data

-1 -0.5 0 0.5 1
0.8

0.9

1

1.1

1.2

1.3

N
e / 

N
e0

SK sub-GeV (e)

Normal

-1 -0.5 0 0.5 1
0.8

0.9

1

1.1

1.2

1.3

SK sub-GeV (e)

Inverted

-1 -0.5 0 0.5 1

cos q

0.8

0.9

1

1.1

1.2

1.3

N
e / 

N
e0

SK multi-GeV (e)

Normal

-1 -0.5 0 0.5 1

cos q

0.8

0.9

1

1.1

1.2

1.3

SK multi-GeV (e)

Inverted

Ne

Ne0
� 1 = Pe2 �r (c2

23 � 1
�r )

Pe2 = sin2 2� 12;m sin2
�

� m 2
21 L

4E �

sin 2� 12
sin 2� 12 ;m

�

sin 2� 12;m =
sin2 2� 12r

(cos2� 12 � 2E Ve
� m 2

21
)2 + sin2 2� 12

For Sub-GeV:

Pe2 =
(� m2

21 )2

(2E Ve)2
sin2 2� 12 sin2 VeL

2

� 23 < �
4 ) c2

23 > 1
2 ) Ne(� 13) > Ne0

� 23 > �
4 ) c2

23 < 1
2 ) Ne(� 13) < Ne0

) Sensitiv to Deviationsfrom Maximal � 23

) Sensitivity to Octantof � 23

(evenfor vanishing� 13)

) Effectproportionalto (� m2
21)2



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

� m2
21 effectsin ATM Data

-1 -0.5 0 0.5 1
0.8

0.9

1

1.1

1.2

1.3

N
e / 

N
e0

SK sub-GeV (e)

Normal

-1 -0.5 0 0.5 1
0.8

0.9

1

1.1

1.2

1.3

SK sub-GeV (e)

Inverted

-1 -0.5 0 0.5 1

cos q

0.8

0.9

1

1.1

1.2

1.3

N
e / 

N
e0

SK multi-GeV (e)

Normal

-1 -0.5 0 0.5 1

cos q

0.8

0.9

1

1.1

1.2

1.3

SK multi-GeV (e)

Inverted

Ne

Ne0
� 1 = Pe2 �r (c2

23 � 1
�r )

Pe2 = sin2 2� 12;m sin2
�

� m 2
21 L

4E �

sin 2� 12
sin 2� 12 ;m

�

sin 2� 12;m =
sin2 2� 12r

(cos2� 12 � 2E Ve
� m 2

21
)2 + sin2 2� 12

For Sub-GeV:

Pe2 =
(� m2

21 )2

(2E Ve)2
sin2 2� 12 sin2 VeL

2

� 23 < �
4 ) c2

23 > 1
2 ) Ne(� 13) > Ne0

� 23 > �
4 ) c2

23 < 1
2 ) Ne(� 13) < Ne0

) Sensitiv to Deviationsfrom Maximal � 23

) Sensitivity to Octantof � 23

(evenfor vanishing� 13)

) Effectproportionalto (� m2
21)2



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

Beyond Hierar chical: Effect � 13 � � m2
21 in ATM

Smirnov, Peres01,03,MC G-G,Maltoni 02
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M.C. G-G,M.Maltoni, ArXiV/0704.1800
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Global Analysis: Thr eeNeutrino Oscillations
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OpenQuestions

We still ignore: f
(1) Is � 13 6= 0? How small?

(2) Is � 23 = �
4 ? If not, is it > or < ?

(3) Is thereCPviolation in theleptons(is � 6= 0; � )?

(4) Whatis theorderingof theneutrinostates?

(5) Are neutrinomasses:
hierarchical: mi � mj � mi + mj ?
degenerated: mi � mj � mi + mj ?

(6) Dirac or Majorana?

To answer(1)–(4):Proposednew generation� oscexperiments:

– MediumBaselineReactorExperiment:Double-Chooz,DayaBay

– Conventional(=from � decay)Superbeams:T2K, Nova (?)

– � -factory:clean� beamfrom � decay

–� e or �� e beamfrom nuclear� decay(� beam)
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SomeLessons:NewPhysics

A fermionmasscanbeseenasata Left-Right transition

mf f L f R
(this is notSU(2)L gaugeinvariant)

If theSM is thefundamentaltheory:

– All termsin lagrangian(includingmasses)mustbe

(
gaugeinvariant
renormalizable(dim � 4 )

– A gaugeinvariantfermionmassis generated
by interactionwith theHiggs�eld � f f L �f R ! mf = � f v

(v � Higgsvacuumexpectationvalue� 250GeV)

– But thereareno right-handedneutrinos
) No renormalizablegauge-invariantoperatorfor treelevel � mass

– SM gaugeinvariancealsoimpliestheaccidentalsymmetry
Gglobal

SM = U(1)B � U(1)L e � U(1)L � � U(1)L � ) m� = 0 to all orders

Thusthemoststriking implicationof � masses:

Thereis New PhysicsBeyondtheSM

And it is alsotheonly solidevidence! To go furtheronehasto becautious.. .
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Lessons:The Scaleof NewPhysics

If SM is aneffective low energy theory, for E � � NP

– ThesameparticlecontentastheSM andsamepatternof symmetrybreaking
– But therecanbenon-renormalizable

(dim> 4) operators
L = L SM +

X

n

1
� n � 4

NP

On

First NPeffect ) dim=5operator
Thereis only one!

L 5 =
Z �

ij

� NP

�
~� yL L j

� �
L c

L i
~� �

�

which aftersymmetrybreaking
inducesa � Majoranamass

(M � )ij =
Z �

ij

2
v2

� NP

L 5 breakstotal leptonandlepton�a vournumbers

Implications:
– It is naturalthat� massis the�rst evidenceof NP

– Naturallym� � otherfermionsmasses� � f v

– m� >
p

� m2
atm � 0:05eV ) � NP < 1015 GeV

But this is scalewasalreadyknown to particlephysicists...
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New Physics Scale
closeto GrandUni-
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Also thegeneratedneutrinomasstermis Majorana:
) It violatestotal leptonnumber
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ij
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The See-Saw

SimplestNP:addright-handed� R (=SM singlet)neutrinos

Well above theelectroweak(EW) scale

�L NP =
1
2

M R ij � R i � R
c
j + � �

ij � R i
~� yL L j + h:c::

� R is a EW singlet) M R ij >> EW scale

Below EW symmetrybreakingscale(E � M R ):
a)mD = � � v � massof otherfermionsis generated
b) � R aresoheavy thatcanbe“integratedout”)

E � M R

L NP ) L 5 =
(� � T � � )ij

M R

�
~� yL L j

� �
L c

L i
~� �

�
) m� = mT

D
1

M R
mD

Th
is

is
th

es
ee

-s
aw

Lessons:
– L NP contains18 parameterswhichwewantto know
– L 5 contains9 parameterswhichwecanmeasure
) SameO5 cangive verydifferentL NP

) It is dif�cult to “imply” bottom-up(modelindependently)
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Leptogenesis

BaryogenesisandtheSM

� FromNucleosytesysandCMBR data) YB =
nb � nb

s = nb
s � 10� 10

� YB canbedynamicallygeneratedif
ThreeSakharov Conditionsareveri�ed:

– Baryonnumberis violated

– C andCPareviolated

– Departurefrom thermalequilibrium

� TheSM veri�es theseconditions:

! ConservesB � L but violatesB + L

! CPviolationdueto � C K M

! Departurefrom thermalequilibrium
atElectroweakPhaseTransition

� But theSM fails on two points:

– With theboundof SM HiggsmasstheEWPTis notstrong�rst orderPT
– CKM CPviolation is toosuppressed

+
YB ;S M � 10� 10
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Leptogenesis

� Fromtheanalysisof oscillationdata) m� 3 & 0:05eV

� If m� is generatedvia theSee-saw mechanism

�L NP = 1
2 M R ij � R i � R

c
j + � �

ij � R i
~� yL L j ) m� � � 2h� i 2

M R
g(M � R 3 =� 2

3 . 1015 GeV)

) LeptonNumberis Violated(M R )

) New Sourcesof CPviolation �

) Decayof � R canbeoutof equilibrium
(if � � R � Universeexpansionrate) ) � � R � H

�
�
T = M � R

+
Leptogenesis� generationof leptonasymmetryYL

� At theelectroweaktransitionsphaleronprocesses:

) YL is transformedin YB ' � YL
2



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

Leptogenesis

� Fromtheanalysisof oscillationdata) m� 3 & 0:05eV

� If m� is generatedvia theSee-saw mechanism

�L NP = 1
2 M R ij � R i � R

c
j + � �

ij � R i
~� yL L j ) m� � � 2h� i 2

M R
g(M � R 3 =� 2

3 . 1015 GeV)

) LeptonNumberis Violated(M R )

) New Sourcesof CPviolation �

) Decayof � R canbeoutof equilibrium
(if � � R � Universeexpansionrate) ) � � R � H

�
�
T = M � R

+
Leptogenesis� generationof leptonasymmetryYL

� At theelectroweaktransitionsphaleronprocesses:

) YL is transformedin YB ' � YL
2



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

Leptogenesis

� Fromtheanalysisof oscillationdata) m� 3 & 0:05eV

� If m� is generatedvia theSee-saw mechanism

�L NP = 1
2 M R ij � R i � R

c
j + � �

ij � R i
~� yL L j ) m� � � 2h� i 2

M R

g(M � R 3 =� 2
3 . 1015 GeV)

) LeptonNumberis Violated(M R )

) New Sourcesof CPviolation �

) Decayof � R canbeoutof equilibrium
(if � � R � Universeexpansionrate) ) � � R � H

�
�
T = M � R

+
Leptogenesis� generationof leptonasymmetryYL

� At theelectroweaktransitionsphaleronprocesses:

) YL is transformedin YB ' � YL
2



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

Leptogenesis

� Fromtheanalysisof oscillationdata) m� 3 & 0:05eV

� If m� is generatedvia theSee-saw mechanism

�L NP = 1
2 M R ij � R i � R

c
j + � �

ij � R i
~� yL L j ) m� � � 2h� i 2

M R
g(M � R 3 =� 2

3 . 1015 GeV)

) LeptonNumberis Violated(M R )

) New Sourcesof CPviolation �

) Decayof � R canbeoutof equilibrium
(if � � R � Universeexpansionrate) ) � � R � H

�
�
T = M � R

+
Leptogenesis� generationof leptonasymmetryYL

� At theelectroweaktransitionsphaleronprocesses:

) YL is transformedin YB ' � YL
2



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

Leptogenesis

� Fromtheanalysisof oscillationdata) m� 3 & 0:05eV

� If m� is generatedvia theSee-saw mechanism

�L NP = 1
2 M R ij � R i � R

c
j + � �

ij � R i
~� yL L j ) m� � � 2h� i 2

M R
g(M � R 3 =� 2

3 . 1015 GeV)

) LeptonNumberis Violated(M R )

) New Sourcesof CPviolation �

) Decayof � R canbeoutof equilibrium
(if � � R � Universeexpansionrate) ) � � R � H

�
�
T = M � R

+
Leptogenesis� generationof leptonasymmetryYL

� At theelectroweaktransitionsphaleronprocesses:

) YL is transformedin YB ' � YL
2



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

Leptogenesis

� Fromtheanalysisof oscillationdata) m� 3 & 0:05eV

� If m� is generatedvia theSee-saw mechanism

�L NP = 1
2 M R ij � R i � R

c
j + � �

ij � R i
~� yL L j ) m� � � 2h� i 2

M R
g(M � R 3 =� 2

3 . 1015 GeV)

) LeptonNumberis Violated(M R )

) New Sourcesof CPviolation �

) Decayof � R canbeoutof equilibrium
(if � � R � Universeexpansionrate) ) � � R � H

�
�
T = M � R

+
Leptogenesis� generationof leptonasymmetryYL

� At theelectroweaktransitionsphaleronprocesses:

) YL is transformedin YB ' � YL
2



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

Leptogenesis

� Fromtheanalysisof oscillationdata) m� 3 & 0:05eV

� If m� is generatedvia theSee-saw mechanism

�L NP = 1
2 M R ij � R i � R

c
j + � �

ij � R i
~� yL L j ) m� � � 2h� i 2

M R
g(M � R 3 =� 2

3 . 1015 GeV)

) LeptonNumberis Violated(M R )

) New Sourcesof CPviolation �

) Decayof � R canbeoutof equilibrium
(if � � R � Universeexpansionrate) ) � � R � H

�
�
T = M � R

+
Leptogenesis� generationof leptonasymmetryYL

� At theelectroweaktransitionsphaleronprocesses:

) YL is transformedin YB ' � YL
2



Physicsof Massive Neutrinos ConchaGonzalez-Garcia
� In thetheSee-saw mechanism �L NP = 1

2 M R ij � R i � R
c
j + � �

ij � R i
~� yL L j

– In theEarlyUniversedecayof heavy � R : �( � R ! � lL ) =
1

8�

X

i

(�� y)2
ii M � Ri

– CPcanbeviolatedat 1-loop

l

� R

�

6=

�l

� R

��

(This requires 3 light

generationsandat least

2� R )

� L =
�( � R ! � lL ) � �( � R ! � lL )

�( � R ! � lL ) + �( � R ! � lL )
= �

1
8�

X

k

I m[(�� y )2
k 1]

(�� y )11
� f

�
M � Rk

M � R 1

�

) j� L j . 0:1
M � R 1

h� i 2
(m� 3 � m� 1 )

YL =
n� R

s
� L d � 10� 3d � L n� R � densityof � R (d < 1 � dilution factor)

Out of Equilibriumcondition� � R � H
�
�
T = M � R

) ~m1 �
(�� y )2

11 h� i 2

M � R 1

. 5 � 10� 3eV
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mD = � h� i is a 3 � 3 matrix

M R is a 3 � 3 symmetricmatrix

) M � has6 physicalphases

) It is easyto generate� L � 10� 6

) m�
ligh t = mT

D M � 1
N mD has3 physicalphases

Oscillationexperimentscanonly seeoneof thesethreephases

) No directcorrespondencebetweenCPV in leptogenesisandCPV in oscillations
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� The�nal YB dependson:

– � L theCPasymmetry

– M � R 1 themassof thelightest� R

– ~m1 � ( �� y ) 2
11 h� i 2

M � R 1
theeffective neutrinomass

– m2
� 1

+ m2
� 2

+ m2
� 3

thesumof thelight neutrinosmasssquared

� To generatetherequiredYB :

– M � R 1 & 4 � 108 GeV

– m� 3 . 0:12eV

– LargeCPphases
TheCPviolatingphaserelevantfor leptogenesis
maynot bethesameastheonerelevantfor oscillations
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Summary

� Neutrinooscillationsearcheshave shown us
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) Differentfrom UC K M

� m� 6= 0 ) Needto extendSM It canbedone:

(a) breakingtotal leptonnumber! Majorana � : � = � C

(b) conservingtotal leptonnumber! Dirac � : � 6= � C

� Majorana� 0s aremoreNatural: appeargenericallyif SM is a LE effective theory

– � N P . 1015 GeV

– ResultsFit well with GUT expectations

– Leptogenesismayexplain thebaryonasymmetry
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Conclusions

� Still openquestions f
Is � 13 6= 0?
Is thereCPviolation in theleptons(is � 6= 0; � )?
Is � 23 largeor maximal?
Normalor Invertedmassordering?
Are neutrinomasses:

hierarchical: mi � mj � mi + mj ?
degenerated: mi � mj � mi + mj ?

Dirac or Majorana?whatabouttheMajoranaPhases?
. . .

� To answer:

Proposednew generation� oscexperiments:

– LBL with ConventionalSuperbeamsand/or� beamsand/or� -factory:
– MediumBaselineReactorExperiment

Also no-oscillationexperiments:

– � -less� � decay,3H betadecay
– Interestinginput from cosmologicaldata

RichandChallengingExperimentalProgram



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

Conclusions

� Still openquestions f
Is � 13 6= 0?
Is thereCPviolation in theleptons(is � 6= 0; � )?
Is � 23 largeor maximal?
Normalor Invertedmassordering?
Are neutrinomasses:

hierarchical: mi � mj � mi + mj ?
degenerated: mi � mj � mi + mj ?

Dirac or Majorana?whatabouttheMajoranaPhases?
. . .� To answer:

Proposednew generation� oscexperiments:

– LBL with ConventionalSuperbeamsand/or� beamsand/or� -factory:
– MediumBaselineReactorExperiment

Also no-oscillationexperiments:

– � -less� � decay,3H betadecay
– Interestinginput from cosmologicaldata

RichandChallengingExperimentalProgram



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

Conclusions

� Still openquestions f
Is � 13 6= 0?
Is thereCPviolation in theleptons(is � 6= 0; � )?
Is � 23 largeor maximal?
Normalor Invertedmassordering?
Are neutrinomasses:

hierarchical: mi � mj � mi + mj ?
degenerated: mi � mj � mi + mj ?

Dirac or Majorana?whatabouttheMajoranaPhases?
. . .� To answer:

Proposednew generation� oscexperiments:

– LBL with ConventionalSuperbeamsand/or� beamsand/or� -factory:
– MediumBaselineReactorExperiment

Also no-oscillationexperiments:

– � -less� � decay,3H betadecay
– Interestinginput from cosmologicaldata

RichandChallengingExperimentalProgram


