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Plan of Lectures

I. StandardNeutrinoPropertiesandMassTerms(BeyondStandard)

II. Effectsof � MassandNeutrinoOscillations(Vacuum)

III. NeutrinoOscillationsin Matter

IV. TheEmerging PictureandSomeLessons
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Plan of Lecture I

StandardNeutrinoPropertiesandMassTerms(BeyondStandard)

HistoricalIntroduction

TheStandardModelof MasslessNeutrinos

Mass-relatedNeutrinoProperties:
Helicity versusChirality, MajoranaversusDirac

NeutrinoMassTermsBeyondtheSM:
Dirac,Majorana,theSee-Saw Mechanism. . .
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Discovery of � 's

� At endof 1800's radioactivity wasdiscoveredandthreetypesidenti�ed: � , � , 

� : anelectroncomesoutof theradioactive nucleus.

� Energy conservation) e� shouldhave hada �x edenergy

(A; Z ) ! (A; Z + 1) + e� ) Ee = M (A; Z + 1) � M (A; Z )

But 1914JamesChadwick showedthattheelectronenergy spectrumis continuous

Do we throw away theenergy conservation?
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Discovery of � 's

� Theideaof theneutrinocamein 1930,whenW. Pauli triedadesperatesaving
operationof ”the energy conservationprinciple”.

In his letter addressedto the “Liebe Radioaktive Damenund Her-

ren” (Dear Radioactive Ladies and Gentlemen),the participants

of a meeting in Tubingen. He put forward the hypothesisthat

a new particle exists as “constituentof nuclei”, the “neutron” � ,

able to explain the continuousspectrumof nuclear beta decay

(A; Z ) ! (A; Z +1)+ e� + �

� The� is light (in Pauli's words: “the massof the � shouldbe
of thesameorderasthee mass”),neutralandhasspin1/2
� In orderto distinguishthemfrom heavy neutrons,Fermipro-
posedto namethemneutrinos.
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First Detectionof � 's

In 1934,HansBetheandRudolf Peierlsshowed that the cross
sectionbetween� and mattershouldbe so small that a � go
throughtheEarthwithoutdeviation

In 1953 FrederickReinesand Clyde Cowan
placea neutrinodetectornearanuclearplant

400littersof water
andcadmiumchloride.

� e + p ! e+ + n

e+ annihilatese� of thesurroundingmaterialgiving two simultaneous
 's.
neutroncapturedby acadmiumnucleuswith emissionof 
 's some15 msecafter

Theneutrinowasthere.Its tagwasclearlyvisible
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Neutrino Helicity

� Theneutrinohelicity wasmeasuredin 1957in a experimentby Goldhaberetal.

� Usingtheelectroncapturereaction e� + 152Eu ! � + 152Sm�

! 152Sm + 


with J (152 E u) = J (152 Sm) = 0 andL (e� ) = 0

� Angularmomentum
conservation)

8
>><

>>:

Jz (e� ) = Jz (� ) + Jz (Sm� )

= Jz (� ) + Jz (
 )
+
�

1
2 = +

�
1
2

+
� 1 ) Jz (� ) = � 1

2 Jz(
 )

� Nucleiareheavy ) ~p(152Eu) ' ~p(152Sm) ' ~p(152Sm� ) = 0

Somomentumconservation) ~p(� ) = � ~p(
 ) ) � helicity= 
 helicity

� Goldhaberet al found
 hadnegative helicity ) � hashelicity � 1
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The Other Flavours
� comingoutof anuclearreactoris � e becauseit is emittedtogetherwith ane�

Question:Is it differentfrom themuontypeneutrino� � thatcouldbeassociatedto
themuon? Or is thisdifferencea theoreticalarbitraryconvention?

In 1959 M. Schwartz thought of
producingan intense� beamfrom
� 's decay(producedwhena proton
beamof GeVenergy hitsmatter)

Schwartz, Lederman, Steinberger
andGaillard built a sparkchamber
(a10 tonsof neongas)to detect� �

They observe 40 � interactions:in 6 ane� comesoutandin 34a � � comesout.

If � � � � e ) equalnumbersof � � ande� ) Conclusion:� � is adifferentparticle

In 1977Martin Perldiscoverstheparticletau� thethird leptonfamily.

The� � wasobservedby DONUT experimentatFNAL in 1998(of�cially in Dec.2000).
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p

Sourcesof � 's

ConchaGonzalez-Garcia

TheBig Bang

� � = 330=cm3

E� = 0.0004eV
SN1987
E� � MeV

TheSun
� e

� E ar th
� = 6 � 1010� =cm2s

E� � 0:1–20MeV
Atmospheric� 0s
� e; � � ; � e; � �

� � � 1� =cm2sHumanBody
� � = 340� 106� /day

NuclearReactors

� e

E� � few MeV

Accelerators
E� ' 0.3–30GeV

Earth's radioactivity
� � � 6 � 106� /cm2s
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� in the SM

� TheSM is a gaugetheorybasedon thesymmetrygroup

SU(3)C � SU(2)L � U(1)Y ) SU(3)C � U(1)E M

� 3 Generationsof Fermions:

(1; 2; � 1
2 ) (3; 2; 1

6 ) (1; 1; � 1) (3; 1; 2
3 ) (3; 1; � 1

3 )

L L Qi
L ER Ui

R D i
R

�
� e
e

�

L

�
ui

di

�

L
eR ui

R di
R

�
� �
�

�

L

�
ci

si

�

L
� R ci

R si
R

�
� �
�

�

L

�
t i

bi

�

L
� R t i

R bi
R

� Spin-0particle� : (1; 2; 1
2 )

� =

 
� +

� 0

!
SSB!

1
p

2

 
0

v + h

!

QE M = TL 3 + Y

� � 's are TL 3 = 1
2 compo-

nentsleptondoubletL L

� � 's have no strongor EM
interactions

� No � R (they aresingletsof
gaugegroup)
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SM Fermion Lagrangian

L =
3X

k=1

3X

i;j =1

Qi
L 
 �

�
i@� � gs

� a;ij

2 Ga
� � g� a

2 � ij W a
� � g0Y

2 � ij B �

�
Qj

L;k

3X

k=1

3X

i;j =1

+ Ui
R ;k 
 �

�
i@� � gs

� a;ij

2 Ga
� � g0Y
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) Eachlepton�a vour, L i , is conserved
) Total leptonnumberL = L e + L � + L � is conserved



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

SM Fermion Lagrangian

L =
3X

k=1

3X

i;j =1

Qi
L 
 �

�
i@� � gs

� a;ij

2 Ga
� � g� a

2 � ij W a
� � g0Y

2 � ij B �

�
Qj

L;k

3X

k=1

3X

i;j =1

+ Ui
R ;k 
 �

�
i@� � gs

� a;ij

2 Ga
� � g0Y

2 � ij B �

�
Uj

R ;k

3X

k=1

3X

i;j =1

+ D i
R ;k 
 �

�
i@� � gs

� a;ij

2 Ga
� � g0Y

2 � ij B �

�
D j

R ;k

3X

k=1

+ L L;k 
 �
�
i@� � g� i

2 W i
� � g0Y

2 B�
�

L L;k + ER ;k 
 �
�
i@� � g0Y

2 B�
�

ER ;k

�
3X

k;k 0=1

�
� u

kk 0QL;k (i� 2)�U R ;k 0 + � d
kk 0QL;k �D R ;k 0+ � l

kk 0L L;k �E R ;k 0 + h:c:
�

� Invariantunderglobalrotations
qi ! ei� B =3qi l i ! ei� L i =3l i � i ! ei� L i =3� i

) Accidental(� not imposed)globalsymmetry: B � L e � L � � L �

) Eachlepton�a vour, L i , is conserved
) Total leptonnumberL = L e + L � + L � is conserved



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

SM Fermion Lagrangian

L =
3X

k=1

3X

i;j =1

Qi
L 
 �

�
i@� � gs

� a;ij

2 Ga
� � g� a

2 � ij W a
� � g0Y

2 � ij B �

�
Qj

L;k

3X

k=1

3X

i;j =1

+ Ui
R ;k 
 �

�
i@� � gs

� a;ij

2 Ga
� � g0Y

2 � ij B �

�
Uj

R ;k

3X

k=1

3X

i;j =1

+ D i
R ;k 
 �

�
i@� � gs

� a;ij

2 Ga
� � g0Y

2 � ij B �

�
D j

R ;k

3X

k=1

+ L L;k 
 �
�
i@� � g� i

2 W i
� � g0Y

2 B�
�

L L;k + ER ;k 
 �
�
i@� � g0Y

2 B�
�

ER ;k

�
3X

k;k 0=1

�
� u

kk 0QL;k (i� 2)�U R ;k 0 + � d
kk 0QL;k �D R ;k 0+ � l

kk 0L L;k �E R ;k 0 + h:c:
�

� Invariantunderglobalrotations
qi ! ei� B =3qi l i ! ei� L i =3l i � i ! ei� L i =3� i

) Accidental(� not imposed)globalsymmetry: B � L e � L � � L �

) Eachlepton�a vour, L i , is conserved
) Total leptonnumberL = L e + L � + L � is conserved



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

Number of Neutrinos
� Thecountingof light active left-handedneutrinosis basedon thefamily structure
of theSM assumingauniversaldiagonalNC coupling:

n

nZ j �
Z =

X

�

�� �L 
 � � �L

� For m� i < mZ =2 onecanusethetotal Z -width � Z to extractN�

!N� =
� in v

� �
�

1
� �

(� Z � � h � 3� ` )

=
� `

� �

" s
12� Rh`

� 0
h m2

Z
� Rh` � 3

#

� inv = theinvisible width
� h = thetotalhadronicwidth
� l = width to chargedlepton

Leads N� = 2:9840� 0:0082
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Fermon Massesin SM
� A fermionmasscanbeseenasata Left-Right transition

mf f L f R + h:c: (this is notSU(2)L gaugeinvariant)

� In theStandardModelmasscomesfrom spontaneoussymmetrybreakingvia
Yukawa interactionof theleft-handeddoubletL L with theright-handedsingletER :

L l
Y = � � l

ij L Li ER j � + h:c: � = thescalardoublet

� After spontaneoussymmetrybreaking

� SSB!

8
<

:
0

v+ Hp
2

9
=

;
) L l

mass = � �L L M ` ER + h:c:

M ` = 1p
2
� l v � Diracmassmatrix for chargedleptons

� � 's donotparticipatein QEDor QCD andonly � L is relevantfor weakinteractions
) thereis nodynamicalreasonfor introducing� R , so

In SM NeutrinosareStrictly Massless



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

Fermon Massesin SM
� A fermionmasscanbeseenasata Left-Right transition

mf f L f R + h:c: (this is notSU(2)L gaugeinvariant)

� In theStandardModelmasscomesfrom spontaneoussymmetrybreakingvia
Yukawa interactionof theleft-handeddoubletL L with theright-handedsingletER :

L l
Y = � � l

ij L Li ER j � + h:c: � = thescalardoublet

� After spontaneoussymmetrybreaking

� SSB!

8
<

:
0

v+ Hp
2

9
=

;
) L l

mass = � �L L M ` ER + h:c:

M ` = 1p
2
� l v � Diracmassmatrix for chargedleptons

� � 's donotparticipatein QEDor QCD andonly � L is relevantfor weakinteractions
) thereis nodynamicalreasonfor introducing� R , so

In SM NeutrinosareStrictly Massless



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

Fermon Massesin SM
� A fermionmasscanbeseenasata Left-Right transition

mf f L f R + h:c: (this is notSU(2)L gaugeinvariant)

� In theStandardModelmasscomesfrom spontaneoussymmetrybreakingvia
Yukawa interactionof theleft-handeddoubletL L with theright-handedsingletER :

L l
Y = � � l

ij L Li ER j � + h:c: � = thescalardoublet

� After spontaneoussymmetrybreaking

� SSB!

8
<

:
0

v+ Hp
2

9
=

;
) L l

mass = � �L L M ` ER + h:c:

M ` = 1p
2
� l v � Diracmassmatrix for chargedleptons

� � 's donotparticipatein QEDor QCD andonly � L is relevantfor weakinteractions
) thereis nodynamicalreasonfor introducing� R , so

In SM NeutrinosareStrictly Massless



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

Fermon Massesin SM
� A fermionmasscanbeseenasata Left-Right transition

mf f L f R + h:c: (this is notSU(2)L gaugeinvariant)

� In theStandardModelmasscomesfrom spontaneoussymmetrybreakingvia
Yukawa interactionof theleft-handeddoubletL L with theright-handedsingletER :

L l
Y = � � l

ij L Li ER j � + h:c: � = thescalardoublet

� After spontaneoussymmetrybreaking

� SSB!

8
<

:
0

v+ Hp
2

9
=

;
) L l

mass = � �L L M ` ER + h:c:

M ` = 1p
2
� l v � Diracmassmatrix for chargedleptons

� � 's donotparticipatein QEDor QCD andonly � L is relevantfor weakinteractions
) thereis nodynamicalreasonfor introducing� R , so

In SM NeutrinosareStrictly Massless



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

Fermon Massesin SM
� A fermionmasscanbeseenasata Left-Right transition

mf f L f R + h:c: (this is notSU(2)L gaugeinvariant)

� In theStandardModelmasscomesfrom spontaneoussymmetrybreakingvia
Yukawa interactionof theleft-handeddoubletL L with theright-handedsingletER :

L l
Y = � � l

ij L Li ER j � + h:c: � = thescalardoublet

� After spontaneoussymmetrybreaking

� SSB!

8
<

:
0

v+ Hp
2

9
=

;
) L l

mass = � �L L M ` ER + h:c:

M ` = 1p
2
� l v � Diracmassmatrix for chargedleptons

� � 's donotparticipatein QEDor QCD andonly � L is relevantfor weakinteractions
) thereis nodynamicalreasonfor introducing� R , so

In SM NeutrinosareStrictly Massless



Physicsof Massive Neutrinos ConchaGonzalez-Garcia

Helicity versusChirality

� Wede�ne thechiral projections PR ;L = 1 � 
 5
2

 =  L +  R  L =
1 � 
 5

2
  R =

1 + 
 5

2
 

� In theSM theneutrinointeractionterms

L int =
i g
p

2
[j +

� W �
� + j �

� W +
� ] +

i g
p

2cos� W
j Z

� Z�

j �
� = �l � 
 � PL � � � = e;�; � j +

� = j �
�

y
j Z

� = �� � 
 � PL � �

) � L interactand� R donot interact

) chirality statesarephysicalstatesfor weakinteractions

� However whatGoldhabermeasuredwasthehelicity not thechirality of �
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Helicity versusChirality

� TheLagrangianof a massive freefermion is L =  (x)(i
 � @� m) (x)

� TheEquationof Motion is: i
@
@t

 = H  = 
 0 (~
 :~p + m)  

� In momentumspacethisequationhas4 possiblesolutions

(
 � p � m)us(~p) = 0 (
 � p + m)vs(~p) = 0

s = � 1
2 andus(~p) andvs(~p) arethefour componentDirac spinors.

� For this freefermion[H ; ~J ]=0 and[~p; ~J :~p]=0 with ~J = ~L +
~�
2

(� i = � 
 0 
 5 
 i )

) wecanchoseus(~p) andvs(~p) to beeigenstatesalsoof thehelicity projector

P� =
1 � 2~J

~p
jpj

2 =
1 � ~�

~p
jpj

2

Only for masslessfermionsHelicity andchirality statesarethesame.
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Dirac versusMajorana Neutrinos

� In theSM neutralbosonscanbeof two type:
– Theirown antiparticlesuchas
 , � 0 ...
– Differentfrom their antiparticlesuchasK 0; �K 0...

� In theSM � aretheonly neutralfermions

) OPENQUESTION: areneutrinoandantineutrinothesameor differentparticles?

� ANSWER1: � differentfrom anti-� ) � is a Diracparticle(like e)

) It is describedby a Dirac �eld � (x) =
X

s; ~p

h
as(~p)us (~p)e� i px + by

s (~p)vs (~p)ei px
i

) And thechargedconjugateneutrino�eld � theantineutrino�eld

� C = C� C� 1 = � ?
C

X

s; ~p

h
bs(~p)us(~p)e� i px + ay

s (~p)vs (~p)ei px
i

= � � �
C C � T

(C = i
 2 
 0 )

whichcontaintwo setsof creation–annihilationoperators

) Thesetwo �elds canrewritten in termsof 4 chiral �elds
� L ; � R ; (� L )C ; (� R )C with � = � L + � R and � C = (� L )C + (� R )C
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L int =
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) Weakinteractioncannotdistinguishif neutrinosareDirac or Majorana

Thedifferencearisesfrom themassterm
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� MassTerms
� A fermionmasscanbeseenasata Left-Right transition

mf f L f R + h:c: (this is notSU(2)L gaugeinvariant)

� In theStandardModelmasscomesfrom spontaneoussymmetrybreakingvia
Yukawa interactionof theleft-handeddoubletL L with theright-handedsingletER :

L l
Y = � � l

ij L Li ER j � + h:c: � = thescalardoublet

� After spontaneoussymmetrybreaking

� SSB!

8
<

:
0

v+ Hp
2

9
=

;
) L l

mass = � �L L M (` ) ER + h:c:

M ` = 1p
2
� l v � Diracmassmatrix for chargedleptons

� � 's donotparticipatein QEDor QCD andonly � L is relevantfor weakinteractions
) thereis nodynamicalreasonfor introducing� R , so

How canwe generatea massfor theneutrino?
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� MassTerms: Dirac Mass

OPTION1:
� Oneintroduces� R whichcancoupleto theleptondoubletby Yukawa interaction

L (� )
Y = � � �

ij � R i L Lj
e� y + h:c: ( e� = i� 2� � )

� Underspontaneoussymmetry-breakingL (� )
Y ) L (Dirac)

mass

L (Dirac)
mass = � � R M �

D � L + h:c: � �
1
2

(� R M �
D � L + (� L )cM �

D
T (� R )c)+h :c: � �

X

k

mk � D
k � D

k

M �
D = 1p

2
� � v =Dirac massfor neutrinos V �

R
yM D V � = diag(m1; m2; m3)

� L (Dirac)
mass involvesthefour chiral �elds � L ; � R ; (� L )C ; (� R )C

) Theeigenstatesof M �
D areDiracparticles(sameasquarksandchargedleptons)

� D = V � y� L + V �
R

y� R

) Total Leptonnumberis conservedby construction(not accidentally):

U(1)L � = ei� � and U(1)L � = e� i� �

U(1)L � C = e� i� � C and U(1)L � C = ei� � C
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L (� )
Y = � � �

ij � R i L Lj
e� y + h:c: ( e� = i� 2� � )

� Underspontaneoussymmetry-breakingL (� )
Y ) L (Dirac)

mass

L (Dirac)
mass = � � R M �

D � L + h:c: � �
1
2

(� R M �
D � L + (� L )cM �

D
T (� R )c)+h :c: � �

X

k

mk � D
k � D

k

M �
D = 1p

2
� � v =Dirac massfor neutrinos V �

R
yM D V � = diag(m1; m2; m3)

� L (Dirac)
mass involvesthefour chiral �elds � L ; � R ; (� L )C ; (� R )C

) Theeigenstatesof M �
D areDiracparticles(sameasquarksandchargedleptons)

� D = V � y� L + V �
R

y� R

) Total Leptonnumberis conservedby construction(not accidentally):

U(1)L � = ei� � and U(1)L � = e� i� �

U(1)L � C = e� i� � C and U(1)L � C = ei� � C
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� MassTerms: Majorana Mass

OPTION2:
� Onedoesnot introduce� R but usesthatthe�eld (� L )c is right-handed,sothatone
canwrite aLorentz-invariantmassterm

L (Ma j)
mass = �

1
2

� c
L M �

M � L + h:c: � �
1
2

X

k

mk � M
i � M

i

M �
M =Majoranamassfor neutrinos is symmetric

V � T M M V � = diag(m1; m2; m3)

� But underany U(1) symmetry

U(1) � c = e� i� � c and U(1) � = e� i� �

) it canonly appearfor particleswithoutelectriccharge

) Total LeptonNumberis not conserved

) Theeigenstatesof M �
M areMajoranaparticles

� M = V � y� L + (V � y� L )c (verify � M c
i = � M

i )

) But SU(2)L gaugeinvarianceis broken!!!
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GeneralSU(2)L invariant � MassTerms

OPTION3:
� Introduce� R i (i = 1; m) andwrite all LorentzandSU(2)L invariantmassterm

L (� )
Y = � � �

ij � R ;i L L;j
e� y �

1
2

� R ;i M �
N ;ij � c

R ;j + h:c:

� After spontaneoussymmetry-breaking

L ( � )
mass = � � R M D � L �

1
2

� R M N � c
R + h:c: � �

1
2

~� cM � ~� + h:c:

with ~� =
�

� L

� c
R

�
andM � =

�
0 M T

D

M D M N

�

� L ( � )
mass = �

X

k

1
2

mk � M
k � M

k where V � T M � V � = diag(m1; m2; : : : ; m3+ m )

� In generalif M N 6= 0 ) 3+mMajorananeutrinostates

� M = V � y� L + (V � y� L )c (verify � M c
i = � M

i )

) Total LeptonNumberis not conserved
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The See-SawMechanism

� A particularrealizationof OPTION3: Add m � R i so

L ( � )
mass = � � R M D � L �

1
2

� R M N � c
R + h:c: � �

1
2

~� cM � ~� + h:c:

with ~� =
�

� L

� c
R

�
andM � =

�
0 M T

D

M D M N

�

� AssumeM N � mD )

– 3 light neutrinos� 'sof mass m� l ' M T
D M � 1

N M D

– m Heavy � 's of mass m� H ' M N

– Theheavier � H thelighter � l ) See-Saw Mechanism

– Naturalexplanationto m� � ml ; mq

– Arisesin many extensionsof theSM: SO(10)GUTS,Left-right...
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Summary I

� In theSM:

– Accidentalglobalsymmetry: B � L e � L � � L � $ m� � 0

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

– No distinctionbetweenMajoranaor DiracNeutrinos

� If m� 6= 0 ! Needto extendSM

! differentwaysof addingm� to theSM
– breakingtotal leptonnumber(L = L e + L � + L � ) ! Majorana � : � = � C

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

� Question:How to searchfor m� ?

Answer: Tomorrow....
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