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(No)History

Pauli(1930)

DearRadioactiveLadiesandGentlemen,

Asthebeareroftheselines,towhomIgraciouslyaskyoutolisten,

willexplaintoyouinmoredetail,howbecauseofthe“wrong”

statisticsoftheNandLi6nucleiandthecontinuousbeta

spectrum,Ihavehituponadesperateremedytosavethe

“exchangetheorem”ofstatisticsandthelawofconservationof

energy.Namely,thepossibilitythattherecouldexistinthenuclei

electricallyneutralparticles,thatIwishtocallneutrons,which

havespin1/2andobeytheexclusionprincipleandwhichfurther

differfromlightquantainthattheydonottravelwiththevelocity

oflight.Themassoftheneutronsshouldbeofthesameorderof

magnitudeastheelectronmassandinanyeventnotlargerthan

0.01protonmasses.Thecontinuousbetaspectrumwouldthen

becomeunderstandablebytheassumptionthatinbetadecaya
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(No)History

neutronisemittedinadditiontotheelectronsuchthatthesumof

theenergiesoftheneutronandtheelectronisconstant...

Iagreethatmyremedycouldseemincrediblebecauseone

shouldhaveseenthoseneutronsveryearlieriftheyreallyexist.

Butonlytheonewhodarecanwinandthedifficultsituation,

duetothecontinuousstructureofthebetaspectrum,islightedby

aremarkofmyhonoredpredecessor,MrDebye,whotoldme

recentlyinBruxelles:“Oh,It’swellbetternottothinkto

thisatall,likenewtaxes”.Fromnowon,everysolutiontothe

issuemustbediscussed.Thus,dearradioactivepeople,lookand

judge.Unfortunately,IcannotappearinTubingenpersonallysince

IamindispensablehereinZurichbecauseofaballonthenightof

6/7December.Withmybestregardstoyou,andalsotoMrBack.

Yourhumbleservant

W.Pauli
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PlanofTalk

PlanofTalks

1.TheStandardModeland(aLittle)Beyond

2.Neutrinos(Mainly)fromHeaven

3.TheNumbersandWhatTheyTellUs

4.TheFlavorPuzzle(s)

5.Leptogenesis
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PlanofTalk

PlanofTalkI

TheStandardModeland(aLittle)Beyond

1.TheSMasacompletetheory

2.NeutrinomassesintheSM

3.TheSMasaneffectivetheory

4.NeutrinomassesbeyondtheSM

5.Theseesawmechanism
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TheSMand(aLittle)Beyond

WhatAreNeutrinos?

1.Spin1/2-Fermions

2.SU(3)Csinglets-Nostronginteractions

3.U(1)EMsinglets-NoEMinteractions
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TheSMand(aLittle)Beyond

WhatAreNeutrinos?

1.Spin1/2-Fermions

2.SU(3)Csinglets-Nostronginteractions

3.U(1)EMsinglets-NoEMinteractions

4a.SU(2)doublets-Weakinteractions(active)

4s.SU(2)singlets-Noweakinteractions(sterile)
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TheSMand(aLittle)Beyond

TheStandardModel
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TheSMand(aLittle)Beyond

AParticlePhysicsModel

1.Symmetry

2.Mattercontent(spin1/2andspin0fields)

3.Spontaneoussymmetrybreaking
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TheSMand(aLittle)Beyond

AParticlePhysicsModel

1.Symmetry

2.Mattercontent(spin1/2andspin0fields)

3.Spontaneoussymmetrybreaking

TheStandardModel

1.GSM=LocalSU(3)C×SU(2)L×U(1)Y

2.(a)Spin1/2:3× {
Q(3,2)1/6+U(3,1)2/3+D(3,1)−1/3+L(1,2)−1/2+E(1,1)−1

}

(b)Spin0:φ(1,2)1/2

3.〈φ
0
〉6=0=⇒GSM→SU(3)C×U(1)EM
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TheSMand(aLittle)Beyond

FermionsoftheStandardModel

NameColorEM-charge

Q(3,2)1/6QuarkdoubletsYes+2/3,−1/3
U(3,1)2/3Up-quarksingletsYes+2/3

D(3,1)−1/3Down-quarksingletsYes−1/3
L(1,2)−1/2LeptondoubletsNo−1,0
E(1,1)−1ChargedleptonsingletsNo−1
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TheSMand(aLittle)Beyond

Interactionbasis

GiventheStandardModel

1.Symmetry

2.Particlecontent

3.Renormalizability(notermsofdimension>mass
4
)

=⇒LL=iLiγµ

(
∂
µ
+
i

2
gW

µ
bτb+

i

2
g′Bµ

)
Li−

(
Y
`
ijLiφEj+h.c.

)
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TheSMand(aLittle)Beyond

Massbasis

Interaction→Mass

Li(`−
i,νi)3activeν’s:νe,νµ,ντ

W
b
µ,BµW±

µ,Z
0
µ,γµZ

0
µ=cosθWW

3
µ−sinθWBµ

φ(φ
+
,φ

0
)φ

+
eatenbyW

+

=⇒Lν=iνiγ
µ
∂µνi−

g
√
2

(
νiγ

µ
W

+
µ`−

i+h.c.
)
−

g

2cosθW
νiγ

µ
Z
0
µνi

•Chargedcurrentinteractions(W±)

•Neutralcurrentinteractions(Z
0
)

•NoYukawainteractions(φ
0
)

•Nomassterms
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TheSMand(aLittle)Beyond

DiracandMajorana

DiracMajorana

νννν

νννν

LD=mDνRνL+h.c.LM=
mL

2(νL)cνL+h.c.

∆L=0∆L=±2

•ν
c
=Cν̄

T
,C=chargeconjugationmatrix

•ν,νcannihilateν,createν
•ν,ν

c
createν,annihilateν
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TheSMand(aLittle)Beyond

mν=0

mννc
LνL?

GiventheStandardModel

1.Symmetry

2.Particlecontent

3.Renormalizability(notermsofdimension>mass
4
)
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TheSMand(aLittle)Beyond

mν=0

mννc
LνL?

GiventheStandardModel

1.Symmetry

2.Particlecontent

3.Renormalizability(notermsofdimension>mass
4
)

⇓ AccidentalB−LSymmetry

⇓
mν=0

(toallordersinperturbationtheoryandbeyond!)

Neutrinos14/117



TheSMand(aLittle)Beyond

BeyondtheStandardModel
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TheSMand(aLittle)Beyond

ReasonsNottoBelievetheStandardModel

1.Thefine-tuningproblem

2.ThestrongCPproblem

3.Baryogenesis

4.Gaugecouplingunification

5.Theflavorpuzzle

6.Gravity
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TheSMand(aLittle)Beyond

ReasonsNottoBelievetheStandardModel

1.Thefine-tuningproblem

2.ThestrongCPproblem

3.Baryogenesis

4.Gaugecouplingunification

5.Theflavorpuzzle

6.Gravity

1.Supersymmetry

2.Peccei-Quinnsymmetry

3.Heavysterileneutrinos

4.GUT

5.Horizontalsymmetry

6.Stringtheory
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TheSMand(aLittle)Beyond

ReasonsNottoBelievetheStandardModel

1.Thefine-tuningproblem

2.ThestrongCPproblem

3.Baryogenesis

4.Gaugecouplingunification

5.Theflavorpuzzle

6.Gravity

1.Supersymmetry

2.Peccei-Quinnsymmetry

3.Heavysterileneutrinos

4.GUT

5.Horizontalsymmetry

6.Stringtheory

Verylikely,thereisnewphysics

ΛEW¿ΛNP≤MPlanck
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TheSMand(aLittle)Beyond

SM=LEET

Verylikely,theStandardModelisalowenergyeffectivetheory

(LEET)validonlybelowascaleΛNP(ÀΛEW)

=⇒Renormalizabilityisnolongerrequired

L=L
SM

+
1

ΛNPOd=5+
1

Λ2
NP
Od=6+···

•B−Lisviolatedbynonrenormalizableterms
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TheSMand(aLittle)Beyond

Interactionbasis

GiventheStandardModel

1.Symmetry

2.Particlecontent

LL=L
SM
L+

Z
ν
ij

ΛNPφφLiLj+O
(1
Λ2

NP

)
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TheSMand(aLittle)Beyond

Massbasis

Lν=iνiγ
µ
∂µνi−

g

2cosθW
νiγ

µ
Z
0
µνi

−
g
√
2
`iγ

µ
UijW−

µνj+h.c.

+miνiνi+h.c.+···

•CCinteractionsinvolvethemixingmatrixU

•Majoranamassterms:mi=
Z
ν
i〈φ〉

2

ΛNP

•U+mi=⇒3masses,3mixingangles,3phases
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TheSMand(aLittle)Beyond

InteractionsofSM=LEET

InteractionSM+
1
ΛLLφφ

CC

 

νi 

W 
li  

 

νj 

W 
li  Uij 

NC

 

νi 

Z
 

νi  
 

νi 

Z
 

νi  

YukawaNone
νi

νi

φ

φ

MassesNoneνiνi

(Majorana)
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TheSMand(aLittle)Beyond

mν6=0

IftheSMisaneffectivetheory,validonlybelowascaleΛNPÀ〈φ〉

⇓
•Neutrinosaremassive-mν∼〈φ〉

2

ΛNP

•Neutrinosarelight-〈φ〉
2

ΛNP¿〈φ〉
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TheSMand(aLittle)Beyond

mν6=0

IftheSMisaneffectivetheory,validonlybelowascaleΛNPÀ〈φ〉

⇓
•Neutrinosaremassive-mν∼〈φ〉

2

ΛNP

•Neutrinosarelight-〈φ〉
2

ΛNP¿〈φ〉

Examples:

•〈φ〉
2

ΛGUT∼10−2eV

•〈φ〉
2

MPlanck∼10−5eV.

Cosmology:

•mν≤O(eV)=⇒ΛNP≥O(10
14
GeV)
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TheSMand(aLittle)Beyond

TheSee-SawMechanism(I)

SM+N

•AddtotheSMGSM-singletfermions,N(1,1)0

=⇒LN=YLφ†N+MNN

=⇒Mν=




0Y〈φ〉
Y〈φ〉M




•AssumeMÀ〈φ〉=⇒mN=M,mν=
Y

2
〈φ〉

2

M
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TheSMand(aLittle)Beyond

TheSee-SawMechanism(I)

SM+N

•AddtotheSMGSM-singletfermions,N(1,1)0

=⇒LN=YLφ†N+MNN

=⇒Mν=




0Y〈φ〉
Y〈φ〉M




•AssumeMÀ〈φ〉=⇒mN=M,mν=
Y

2
〈φ〉

2

M

•With3LiandnNj:

•Y=3×nmatrix,M=n×nsymmetricmatrix

•M
light
ν=〈φ〉

2
YM−1YT
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TheSMand(aLittle)Beyond

TheSee-SawMechanism

•AdiagramintheSM+N:

 

N N 

φ φ 

ν ν 
Y Y 

M 

•AtenergyscalesE¿M:

 
φ φ 

ν ν 
Y

2
/M 

 
ν ν 

Y
2
‹φ›

2
/M 
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TheSMand(aLittle)Beyond

TheSee-SawMechanism(III)

mν=
Y

2
〈φ〉

2

M

•TheheavierN,thelighterν=⇒“Thesee-sawmechanism”

•AspecificrealizationofSM=LEET,ΛNP=M/Y
2

•ArisesinmanyextensionsoftheSM:SO(10),LRS...

Gell-Mann,Ramond,Slansky(1979)

Yanagida(1979)

Neutrinos24/117



TheSMand(aLittle)Beyond

Summary

TheoreticalExpectations

SMmν=0

NP10−5eV≤mν≤eV′s
mν∼〈φ〉

2
/ΛNP

Next

Q:Howtosearchformν<eV?

A:Neutrinos(mainly)fromHeaven!
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TheSMand(aLittle)Beyond

CountingPhysicalPhases(Quarks)

1.Aunitary3×3matrix,V†V=1=⇒3angles+6phases;

2.Massbasis≡M
diag
qisdiagonalandreal;

3.Freedominchoosingphases(Pf=diag(e
iα

f
1,eiα

f
2,eiα

f
3))

⇓
1.DL→PdDL,DR→PdDR=⇒M

diag
d→M

diag
d

UL→PuUL,UR→PuUR=⇒M
diag
u→M

diag
u;

2.V→P∗
uVPd=⇒remove5phases:6−5=1

3.Analternativeproofininteractionbasis:

Mu,Md:U(3)Q×U(3)U×U(3)D→U(1)B=⇒18−18+1=1
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TheSMand(aLittle)Beyond

CountingPhysicalPhases(Leptons)

1.Aunitary3×3matrix,U†U=1=⇒3angles+6phases;

2.Massbasis≡M
diag
`isdiagonalandreal;

3.Freedominchoosingphases(Pf=diag(e
iα

f
1,eiα

f
2,eiα

f
3))

⇓
1.EL→PeEL,ER→PeER=⇒M

diag
e→M

diag
e;

νL→PννL=⇒M
diag
ν→PνM

diag
νPν=⇒notallowed;

2.U→P∗
eU=⇒remove3phases:6−3=3

3.Analternativeproofininteractionbasis:

Me,Mν:U(3)L×U(3)E→nothing=⇒15−12+0=3
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PlanofTalk

PlanofTalks

1.TheStandardModeland(aLittle)Beyond

2.Neutrinos(Mainly)fromHeaven

3.TheNumbersandWhatTheyTellUs

4.FlavorModels

5.Leptogenesis
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PlanofTalk

PlanofTalkII

Neutrinos(Mainly)fromHeaven

1.Vacuumoscillations

•Atmosphericneutrinos(AN)

•Reactorneutrinos(RN)

•Solarneutrinos(SN)

2.TheMSWeffect

•Solarneutrinos(SN)
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Neutrinos(Mainly)fromHeaven

VacuumOscillations

Pontecorvo,1957
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Vacuumoscillations

FlavorTransitions(I)

•Flavorbasis(productionanddetection):νe,νµ,ντ

•Massbasis(freepropagationinspace-time):ν1,ν2,ν3

•Ingeneral,flavoreigenstates6=masseigenstates

•U(ν1,ν2,ν3)
T
=(νe,νµ,ντ)

T

⇓
•Flavorisnotconservedduringpropagationinspace-time

•ναisproducedbutνβ6=αmightbedetected(α,β=flavors)
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Vacuumoscillations

FlavorTransitions(II)

 

Source Detector 

l� l� 

ν� ν� 
GF 
 

GF 
 

=
∑
i

 

Source Detector 

l� l� 

νi 
GF 
 

GF 
 

U�i
*
 U�i 
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Vacuumoscillations

FlavorTransitions(III)

TheprobabilityPαβofproducingneutrinosofflavorαand

detectingneutrinosofflavorβiscalculableintermsof

•TheneutrinoenergyE

•ThedistancebetweensourceanddetectorL

•Themass-squareddifferences∆m
2
ij≡m

2
i−m

2
j

–(Pαβisindependentoftheabsolutemassscale)

•Uparameters(mixinganglesandphase)

–(PαβisindependentoftheMajoranaphases)
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Vacuumoscillations

Oscillations

|να〉=U∗
αi|νi〉|να(t)〉=

∑
iU∗

αi|νi(t)〉
|νi(t)〉=e−iEit

|νi(0)Ei=
√
p2+m2

i'p+
m

2
i

2E

Pαβ=|〈νβ|να(t)〉|
2

=
∑

i

|〈νβ|νi〉〈νi|να(t)〉|
2

=δαβ−4
∑

j>i

Re(UαiU∗βiU∗αjUβj)sin2[
(∆m

2
ijL)/(4E)

]

+2
∑

j>i

Im(UαiU∗
βiU∗

αjUβj)sin
[
(∆m

2
ijL)/(2E)

]
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Vacuumoscillations

TwoGenerations

•Asinglemixingangle:U=




cosθsinθ

−sinθcosθ




•Asinglemass-squareddifference:∆m
2
=m

2
2−m

2
1

⇓
Pαβ=sin

2
2θsin

2(∆m
2
L

4E

)
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Vacuumoscillations

L/Emustberight

•Experimentalparameters:E,L

•Theoryparameters:∆m
2
,θ

•Pαβ=sin
2
2θsin

2[
1.27

∆m
2

eV2
L/E

m/MeV

]
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Vacuumoscillations

L/Emustberight

•Experimentalparameters:E,L

•Theoryparameters:∆m
2
,θ

•Pαβ=sin
2
2θsin

2[
1.27

∆m
2

eV2
L/E

m/MeV

]

-1

-0.5

0.5

1

1.5

2

-1

-0.5

0.5

1

1.5

2

-1

-0.5

0.5

1

1.5

2

∆m
2
L/E¿1

Pαβ→0

∆m
2
L/E∼1

Pαβsensitiveto∆m
2

∆m
2
L/EÀ1

Pαβ→
1
2sin

2
2θ
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Vacuumoscillations

Exploringθand∆m
2

Toallowobservationofneutrinooscillation,

•Naturehastobegenerous:sin
2
2θ6¿1

•Toprobesmall∆m
2
weneedlargeL/E

•Inparticular,toprobe∆m
2
∼10−11eV2

withE∼MeV

neutrinos,weneedthereactoratL∼10
8
km

SourceE[MeV]L[km]∆m
2
[eV

2
]

SN110
8

=⇒10−11−10−9

RN110
2

=⇒10−5−10−3

AN10
3

10
1−4=⇒10−4−1
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Neutrinos(Mainly)fromHeaven

TheMSWEffect

Wolfenstein(1978);MikheevandSmirnov(1985)
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TheMSWEffect

MatterEffects

•Invacuum,inmassbasis(ν1,ν2):H=p+



m

2
1

2E0

0
m

2
2

2E




•Invacuum,ininteractionbasis(νe,νa):

H=p+
m

2
1+m

2
2

4E+


−

∆m
2

4Ecos2θ
∆m

2

4Esin2θ

∆m
2

4Esin2θ
∆m

2

4Ecos2θ




•Inmatter(e,p,n),ininteractionbasis(νe,νa):

H=p+Va+
m

2
1+m

2
2

4E+



(Ve−Va)−

∆m
2

4Ecos2θ
∆m

2

4Esin2θ

∆m
2

4Esin2θ
∆m

2

4Ecos2θ




•AllactiveneutrinoshaveNCinteractions,butonlyνehasCC

interactionswithmatter:Ve−Va=
√
2GFne
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TheMSWEffect

CC↔NC

 
νe 

W 

e
-

 
 

e
-

 νe 

ChargedCurrentInteractions

νeonly

 
νa 

Z 

n  n 

νa 

NeutralCurrentInteractions

νa,a=e,µ,τ
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TheMSWEffect

(i)θm6=θ

H∼



√
2GFne−

∆m
2

4Ecos2θ
∆m

2

4Esin2θ

∆m
2

4Esin2θ
∆m

2

4Ecos2θ




⇓
•Themixinganglerelating(νe,νa)to(ν

m
1,ν

m
2)dependsonthe

matterdensity:

tan2θm=
∆m

2
sin2θ

∆m2cos2θ−2√
2GFneE

•Example:
√
2GFneÀ

∆m
2

2E=⇒θm→π/2

=⇒νeisveryclosetotheheaviermasseigenstateν
m
2
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TheMSWEffect

(ii)θm=θm(t)

Foraneutrinopropagatinginvaryingdensityne(x)

•Themixinganglechanges:θm=θm(ne(x))

•tan2θm(x)=
∆m

2
sin2θ

∆m2cos2θ−2√
2GFne(x)E

•Asne(x)↓:θm↓
•Inparticular,

–AtneÀn
R
e:θm≈π/2

–Atn
R
e=

∆m
2
cos2θ

2
√
2GFE:θ

R
m=π/4

–Atne=0(vacuum):θm=θ

⇓
ν
m
2propagatinginne↓ismostlyνeaboven

R
e,andmostlyνabelown

R
e
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TheMSWEffect

(iii)ν
m
1↔ν

m
2transitions

Forvaryingdensity,H=H(t),

•e−iH(t)t
6=e−i

∫
H(t

′
)dt

′

•Instanteneousmasseigenstates6=eigenstatesoftimeevolution

•Thetransitionsν1m↔ν2moccur

Forslowlyvaryingdensity,Ḣt¿H,

•e−i
∫
H(t

′
)dt

′

=e−i(Ht+Ḣt
2
+···)≈e−iHt

•Thetransitionsν1m↔ν2mcanbeneglected

•Theadiabaticcondition:
1
n
dn
dx¿

∆m
2

E
sin

2
2θ

cos2θ
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TheMSWEffect

EÀ
∆m

2

GFn
prod
e

 

ne 

2
i m ν 

Productionwithn
prod
eÀn

R
e

ν=ν
m
2(θm=π/2)
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TheMSWEffect

EÀ
∆m

2

GFn
prod
e

 

ne 

2
i m 

ν 

Adiabatic
(
E¿

∆m
2

1
n
dn
dx

sin
2
2θ

cos2θ

)
propagationatne∼n

R
e

ν=ν
m
2(θm=π/4)
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TheMSWEffect

EÀ
∆m

2

GFn
prod
e

 

ne 

2
i m 

ν 

ApproachingthesurfaceoftheSun

ν=ν
m
2(θm=θ)=ν2=⇒Pee=|〈νe|ν2〉|

2
=sin

2
θ
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TheMSWEffect

∆m
2

1
n
dn
dx

sin
2
2θ

cos2θÀEÀ
∆m

2

GFn
prod
e

Pee=|〈νe|ν2〉|
2
=sin

2
θ

1.Highsensitivitytoθ;

2.Theonlywaytoprobesmallangles

(sin
2
θ∼>10−4for∆m

2
∼10−4eV2

)

3.Pee<
1
2ispossible

Inconstrasttoaveragedvacuumoscillations,

Pee=1−
1
2sin

2
2θ>

1
2
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TheMSWEffect

E¿
∆m

2
cos2θ

GFn
prod
e

 

ne 

2
i m 

 
ν  

ν 

Productionwithn
prod
e¿n

R
e

ν=sinθν
m
2+cosθν

m
1
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TheMSWEffect

E¿
∆m

2
cos2θ

GFn
prod
e

 

ne 

2
i m 

 
ν  

ν 

ApproachingthesurfaceoftheSun

ν=sinθν2+cosθν1=νe=⇒Pee(R¯)=1=⇒Pee(Earth)=1−
1
2sin

2
2θ
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TheMSWEffect

MSWintheSun,Qualitatively

 
Pee 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

E 

sin
2
θ 

1-sin
2
2θ/2 

MeV 
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TheMSWEffect

MSWintheSun,Quantitatively

•TheSunisasourceofMeVνe’s

•Tohaveresonance:n
prod
e>n

R
e=

∆m
2
cos2θ

2
√
2GFE

=⇒Toprobe∆m
2
upto∼10−5eV2

,weneed

n
prod
e∼4×10−25cm−3

•Tohaveadiabaticpropagation:
∆m

2

E
sin

2
2θ

cos2θ

∣∣dlnne
dx

∣∣−1
resÀ1

=⇒Toprobe∆m
2
downto∼10−9eV2

,weneed

r0∼3×10
9
cm[ne(x)≈2n0exp(−x/r0)]

Sourcen0[cm−3]r0[cm]∆m
2
[eV

2
]

SN6×10−257×10
9

=⇒10−9−10−5
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Neutrinos(Mainly)fromHeaven

Summary:Whatcanwesee?

SourceEffect∆m
2
[eV

2
]

SNVO10−11−10−9

SNMSW10−9−10−5

KNVO10−5−10−3

ANVO10−4−1

•Ifθ6¿1,weshouldbeabletodiscoverneutrinomassesinthe

entiretheoreticallyinterestingrange:10−11eV2
<∆m

2
<eV

2

•If10−2∼<θ¿1wecouldstilldiscoveritviatheadiabaticMSW

effectfor∆m
2
∼10−5eV2

Next

Whatdowesee?
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TheMSWEffect

ν
m
1↔ν

m
2transitions



νe

νa


=




cosθmsinθm

−sinθmcosθm





ν
m
1

ν
m
2




∂
∂t



νe

νa


=U̇(θm)



ν
m
1

ν
m
2


+U(θm)



ν̇
m
1

ν̇
m
2




i



ν̇
m
1

ν̇
m
2


=

1
4E



(m

m
1)

2
−(m

m
2)

2
−4iEθ̇m

4iEθ̇m(m
m
2)

2
−(m

m
1)

2





ν
m
1

ν
m
2




θ̇m(t)=
√
2GFE∆m

2
sin2θṅe

[(m
m
2)2−(mm

1)2]2
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PlanofTalk

PlanofTalks

1.TheStandardModeland(aLittle)Beyond

2.Neutrinos(Mainly)fromHeaven

3.TheNumbersandWhatTheyTellUs

4.TheFlavorPuzzle(s)

5.Leptogenesis
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PlanofTalk

PlanofTalkIII

TheNumbersandWhatTheyTellUs

1.AtmosphericNeutrinos(AN)

2.ReactorNeutrinos(RN)

3.SolarNeutrinos(SN)

4.NewPhysics

5.GrandUnifiedTheories(GUTs)
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TheNumbersandWhatTheyTellUs

TheNumbers...
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AtmosphericNeutrinos

CanIDetectAN?
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AtmosphericNeutrinos

CanIDetectAN?

Q.HowmanyANinteractwithahuman?

Nint=Φν×σ
νp
×N

human
p×T

human

•Φν=
1ν

cm2×sec

•σνp∼10−38cm
2

•N
human
p=

M
human

gram×NA∼6×10
28

•T
human

∼3×10
9
sec

1-2interactionsperlifetime

Exposure(human)∼10Ton-Year

=⇒NeedHuge(Kton-Year)Detectors
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AtmosphericNeutrinos

AN-results

ZenithangledistributionofSK

Saji,NOON2004
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AtmosphericNeutrinos

AN-theoreticalinterpretation

★

0.1110

tan
2

θatm

10
-3

10
-2

∆
m

2atm
 [eV

2]

Allowedregions(at90,95,99%,3σCL)fromtheanalysisofthe

fulldatasampleofANforoscillationchannelνµ→ντ

Gonzalez-Garcia,NOON2004
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AcceleratorNeutrinos

K2K-resultsandinterpretation

Acceleratorνµ’swithE∼1.3GeVandL∼250km

Ishii,NOON2004
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ReactorNeutrinos

RN-results

Reactorνe’swithE∼fewMeV:

•CHOOZ

L∼1km

Nobs

Nno−osc=1.01±0.028±0.027

•KamLAND

L∼180km

Nobs

Nno−osc=0.611±0.085±0.041
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ReactorNeutrinos

RN-theoreticalinterpretation

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

11010
2

tan
2
θ

∆
m

2 (eV
2)

Allowedregions(at90,95,99%,3σCL)fromtheanalysisof

KamLANDandCHOOZdata

Gonzalez-Garcia,NOON2004
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SolarNeutrinos

SN-Thetotalflux

1Chlorine0.30±0.03

1Sage+Gallex/GNO0.53±0.03

44Super-Kamiokande0.403±0.013

SNOICC0.30±0.02

34SNOINC0.88±0.11

SNOIES0.41±0.04

1SNOIICC0.28±0.02

1SNOIINC0.89±0.08

1SNOIIES0.38±0.05

Thebeginning:Bahcall,Davis(1964)
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SolarNeutrinos

SN-SNO(PhaseI)

νe+d→p+p+e−φCC=1.76
+0.06+0.09
−0.05−0.09

νa+d→p+n+νaφNC=5.09
+0.44+0.46
−0.43−0.43

νa+e−→νa+e−φES=2.39
+0.24+0.12
−0.23−0.12
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SolarNeutrinos

SN-SNO(PhaseI)

νe+d→p+p+e−φCC=1.76
+0.06+0.09
−0.05−0.09

νa+d→p+n+νaφNC=5.09
+0.44+0.46
−0.43−0.43

νa+e−→νa+e−φES=2.39
+0.24+0.12
−0.23−0.12

•5.3σsignalforsolarνe→νµ,τtransformation

φµ,τ=(3.41
+0.66
−0.64)×10

6
cm−2s−1

•Confirmationofthestandardsolarmodel
φNC

φSSM=1.01±0.12

•Consistencycheck

φNC=[φES−(1−r)φCC]/r,(r≡σµ,τ/σe)
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SolarNeutrinos

SNO:SSMTestandConsistencyCheck

Graham,NOON2004
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SolarNeutrinos

SN-theoreticalinterpretation

Allowedregions(at90,95,99%,3σCL)fromtheanalysisofsolar

neutrinodata

Gonzalez-Garcia,NOON2004
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SolarandReactorNeutrinos

SN+RN-theoreticalinterpretation
∆

m
2 (eV

2)

tan
2
θ

Allowedregions(at90,95,99%,3σCL)

Gonzalez-Garcia,NOON2004
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Solar,ReactorandAtmosphericNeutrinos

Athreegenerationanalysis

Allowedregions(at90,95,99%,3σCL)

Gonzalez-Garcia+Pena-Garay,PRD68:093003,2003[hep-ph/0306001]
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TheNumbers

AllowedRangesforNeutrinoParameters

Bestfit3σrange

∆m
2
32[eV

2
]2.4×10−3(1.4−3.4)×10−3

∆m
2
21[eV

2
]7.1×10−5(5.2−9.8)×10−5

tan
2
θ231.00.49−2.2

tan
2
θ120.420.29−0.64

sin
2
θ130.006≤0.054
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TheNumbers

MixingandHierarchy

 

3 

2 

1 
∆m

2
sol 

∆m
2
atm 

sin
2
θ12 
 

sin
2
θ23 
 

sin
2
θ13 
 

νe ν� ν� 

NormalHierarchy

 

3 

sin
2
θ23 
 

sin
2
θ13 
 

2 

1 

sin
2
θ12 
 

νe ν� ν� 

∆m
2

sol 

∆m
2

atm 

InvertedHierarchy

sin
2
θ12=0.3,sin

2
θ13=0.05,0.33<sin

2
θ23<0.67
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TheNumbers

Whatwedonotknow

•Thespectrum:

HierarchicalorDegenerate?

•Thehierarchy:

NormalorInverted?

•|Ue3|:
SmallorTiny?
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TheNumbersandWhatTheyTellUs

...andWhatTheyTellUs
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Lessonsfortheory

NewPhysics

TheStandardModelisNOT

thecompletepictureofNature

Neutrinos67/117



Lessonsfortheory

NewPhysics

TheStandardModelisNOT

thecompletepictureofNature

Mostlikely,theSMisonlyalowenergyeffectivetheoryandlepton

numberisbrokenatsomehighenergyscale

Aspecificrealization:TheSee-SawMechanism

HeavySM-singletfermions,MÀΛEW

L=Yφ†νLνR+MνRνR=⇒Mν=




0Y〈φ〉
Y〈φ〉M




=⇒mν=
Y

2
〈φ〉

2

M
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Lessonsfortheory

TheScaleofNewPhysics

•SM=lowenergyeffectivetheory

•LNR∼
1

ΛNPφφLL

=⇒
ΛNP∼〈φ〉

2

mν

•AN:mν∼>0.04eV

=⇒
ΛNP∼<10

15
GeV
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Lessonsfortheory

TheScaleofNewPhysics

•SM=lowenergyeffectivetheory

•LNR∼
1

ΛNPφφLL

=⇒
ΛNP∼〈φ〉

2

mν

•AN:mν∼>0.04eV

=⇒
ΛNP∼<10

15
GeV

1.ThereisnewphysicsatascalewellbelowthePlanckscale

2.TheupperboundisintriguinglyclosetotheGUTscale
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Lessonsfortheory

GUT

WhyBelieveinGUT?

1.Couplingunification

2.Multipletunification

3.Flavorunification
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Lessonsfortheory

GUT

WhyBelieveinGUT?

1.Couplingunification

2.Multipletunification

3.Flavorunification

WhyBeCautiousAboutGUT?

1.Protondecay

2.Doublet-Tripletsplitting

3.Flavorsplitting

4.Supersymmetry
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Lessonsfortheory

AN:ThreeNewFactsinFavorofGUT

1.mν6=0

InSO(10):1.Singletfermionsexist2.MνrelatedtoMu

=⇒mν6=0
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Lessonsfortheory

AN:ThreeNewFactsinFavorofGUT

1.mν6=0

InSO(10):1.Singletfermionsexist2.MνrelatedtoMu

=⇒mν6=0

2.mν∼0.05eV

InSO(10):1.M
Dirac
ν=Mu2.ΛSO(10)∼10

16
GeV

=⇒mν3∼
m

2
t

ΛSO(10)∼10−3eV
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Lessonsfortheory

AN:ThreeNewFactsinFavorofGUT

1.mν6=0

InSO(10):1.Singletfermionsexist2.MνrelatedtoMu

=⇒mν6=0

2.mν∼0.05eV

InSO(10):1.M
Dirac
ν=Mu2.ΛSO(10)∼10

16
GeV

=⇒mν3∼
m

2
t

ΛSO(10)∼10−3eV

3.|Vµ3|∼1

InSU(5):1.M`=M
T
d(2.|Vcb|∼0.04,ms/mb∼0.03)

=⇒|Vµ3Vcb|∼ms/mb=⇒|Vµ3|∼1
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TheNumbersandWhatTheyTellUs

Summary

•Thenumbers:

∆m
2
32∼2.4×10−3eV2

,∆m
2
21∼7.1×10−5eV2

,

tan
2
θ23∼1.0,tan

2
θ12∼0.42,sin

2
θ13≤0.054.

•Themainlessonsfortheory:

•ThereisNewPhysics

•Mostlikely,theSMisonlyalowenergyeffectivetheory

•ΛNP∼10
15
GeV(¿mPl)

•Theresults(mν6=0,m3∼10−2eV,|Vµ3|∼1)fitGUT

expectationsnicely
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TheNumbersandWhatTheyTellUs

Supersymmetry(withR-Parity)

MSSM

•B−L=accidentalsymmetry=⇒mν=0

MSSM=LEET

•
1

ΛNPLLφφallowed(Rpconserving)=⇒mν6=0butsmall

•Thesupersymmetricpartnerofsee-sawneutrinomasses:

Sneutrino-antisneutrinomixing=⇒sneutrinooscillations

Grossman+Haber(1997)

MSSM+N

•Interestingnewmechanisms(a-laGiudice-Masieromechanism

forsuppressingµ)formN∼m3/2butverylightmν

Arkani-Hamedetal(2000);Borzumatietal(2000)
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TheNumbersandWhatTheyTellUs

SupersymmetrywithoutR-Parity

AGenericProblem
Naively,onemassatΛEWandtwosuppressedonlybyaloopfactor.

•Musthaveamechanismtoensureapproximateleptonsymmetry.

AnInterestingPoint

Manydifferentsourcesforneutrinomasses,allowinghierarchy

simultaneouslywithlargemixing.

1.µandBmisaligned:
m2

m3∼
g
2

64π2.

2.µandBalignedatahighscale:RGE-inducedmisalignment

givesappropriatehierarchy.

3.Onlytrilinearcouplings(λandλ′)significant:m2

m3∼
m

2
τ

3m2
b

.
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TheNumbersandWhatTheyTellUs

ExtraDimensions

LargeExtraDimensions

IfthereisnoΛNPÀTeV,thesee-sawmechanismcannotbeimplemented

=⇒Therebetterbenosingletfermionsconfinedtothebrane.

(i)Couplingtobulkfermions:Arkani-Hamedetal(2002),Dienesetal(1999)

m
Dir
ν=

Y〈φ〉 √VnMn
∗

=Y〈φ〉
M∗

MPl

(ii)Leptonnumberbreakingonadistantbrane:Arkani-Hamedetal(2002)

m
Maj
ν∼〈φ〉

2

M∗e−mr

TheRandall-SundrumScenario

(iii)Warpfactorsuppression:Grossman+Neubert(2000)

Ifthezero-modeofabulk,singletneutrino(ofmassm)islocated

onthehiddenbrane,

mν∼〈φ〉
(〈φ〉
MPl

)m/k−1/2
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NeutrinoExperiments

SummaryofExperimentalSearches
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ReactorNeutrinos

RN-results

Reactorνe’swithE∼MeVandL∼1km(CHOOZ)

or∼200km(KamLAND)
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ReactorNeutrinos

KamLAND-results
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PlanofTalk

PlanofTalks

1.TheStandardModeland(aLittle)Beyond

2.Neutrinos(Mainly)fromHeaven

3.TheNumbersandWhatTheyTellUs

4.TheFlavorPuzzle(s)

5.Leptogenesis
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PlanofTalk

PlanofTalkIV

TheFlavorPuzzle(s)

1.TheSMflavorpuzzle

2.ApproximateHorizontalSymmetries

3.Neutrinoflavorpuzzles

•Largemixingandstronghierarchy

•Anarchy
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TheFlavorPuzzles

QuarkHierarchy
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TheFlavorPuzzles

TheSMFlavorPuzzle

TheSMflavorparametersaresmallandhierarchical

UYt∼1Yc∼10−2Yu∼10−5

DYb∼10−2Ys∼10−3Yd∼10−4

EYτ∼10−2Yµ∼10−3Ye∼10−6

CKM|Vus|∼0.2|Vcb|∼0.04|Vub|∼0.004

CPVδKM∼1
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TheFlavorPuzzles

ApproximateHorizontalSymmetries

•Horizontalsymmetries=differentgenerationscarrydifferent

charges(unlikeGSM)

•Approximatesymmetry=brokenexplicitlybyasmallparameter

ofwelldefinedcharge(similartotheisospinsymmetryofstrong

interactions)=⇒‘Selectionrules’

•Approximatehorizontalsymmetriescannaturallyexplainthe

hierarchyinthequarkandchargedleptonYukawacouplings

•Themeasuredneutrinoparameterstestsuchflavormodelsand

mayshednewlightontheflavorpuzzles
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TheνFlavorPuzzles

NeutrinoFlavorParameters

•WiththreeactiveneutrinosthathaveMajorana-typemasses,

thereareninenewflavorparameters:threeneutrinomasses,three

leptonmixinganglesandthreephasesinthemixingmatrix.

•Fourhavebeenmeasured.

•Areflavormodelsconsistentwith

|Uµ3Uτ3|∼0.47−0.50

|Ue1Ue2|∼0.42−0.49

|Ue3|≤0.23
∆m

2
21

|∆m2
32|∼0.02−0.04

•(Inconsistenciesmightbeintheeyeofthebeholder.)
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TheFlavorPuzzles

NeutrinoHierarchy
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TheFlavorPuzzles

Abelianornon-Abelian?(I)

•SU(3)withQ(3),Ū(3̄):=⇒mu=mc=mt

•SU(3)otherwise:=⇒mt¿〈φ〉

•SU(2)withQ(2+1),Ū(2+1):=⇒mu=mc

•Thedata:mu¿mc¿mt∼〈φ〉

=⇒Thesimplestnon-Abelianmodelsareexcluded
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TheFlavorPuzzles

HorizontalU(1)Symmetry

•U(1)brokenbyλ(−1)with|λ|∼0.2

Froggatt+Nielsen(1979)

•Q(3,2,0),Ū(5,2,0),D̄(3,2,2)

=⇒Mu∼〈φu〉





λ
8

λ
5

λ
3

λ
7

λ
4

λ
2

λ
5

λ
2

1



,Md∼〈φd〉





λ
6

λ
5

λ
5

λ
5

λ
4

λ
4

λ
3

λ
2

λ
2





•Reproducesthedatanicely

•Thesimplestmodelssuccessfullypredictforquarks:

sinθ13∼sinθ12sinθ23,mi/mj∼<sinθij,V∼1

Leurer,Nir,Seiberg(1994)

•Thesimplestmodelspredictforneutrinos:

sinθ13∼sinθ12sinθ23,mi/mj∼sin
2
θij
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TheνFlavorPuzzles

Abelianornon-Abelian?(II)

•ThesimplestmodelsofAbelianhorizontalsymmetriespredict:

mνi/mνj∼sin
2
θij,sinθ13∼sinθ12sinθ23

•Thedata:

sinθ23∼1,sinθ12∼1,sinθ13<0.2,m2/m3∼0.2

=⇒ThesimplestAbelianmodelsareexcluded

•Itisparticularlydifficulttoexplainsinθ23∼1withm2/m3¿1

(largemixing↔stronghierarchy)
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TheνFlavorPuzzles

Abelianornon-Abelian?(III)

Thedata:sinθ23∼1,sinθ12∼1,sinθ13<0.2,m2/m3∼0.2

Someoptions:

•L(1,0,0)withanO(λ)accidentalcancellation:
m2/m3∼1(→λ),sinθ12∼λ(→1)

•L(0,0,0)withanO(λ)accidentalcancellation:
m2/m3∼1(→λ),sinθ13∼1(→λ)

•VeryspecificAbelianmodels

•AcombinationofAbelian(chargedfermion)andnon-Abelian

[neutrino(andsfermion)]symmetries
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LargeMixing↔StrongHierarchy

TheData

Inthe2-3generationsector,thereislargemixing,

butthecorrespondingmassesarehierarchical

•|Uµ3Uτ3|=O(1).
•∆m

2
21/∆m

2
32¿1suggestsm2/m3¿1.
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LargeMixing↔StrongHierarchy

ThePuzzle

M
2−3
ν=〈φ〉

2

ΛNP



AB

BC




•tan2θ23=
2B
C−A

Largemixing=⇒|B|∼|C−A|

•
m2m3

(m2+m3)2=
AC−B

2

(A+C)2

Stronghierarchy=⇒|AC−B
2
|¿|A+C|

2

•Largemixing+stronghierarchy:=⇒AC−B
2
¿AC,B

2

FineTuning?
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LargeMixing↔StrongHierarchy

Solutions

1.Accidentalhierarchy

2.Severalsourcesforneutrinomasses

(a)Asingleright-handedneutrinodominance

(b)SupersymmetricmodelswithoutR-parity

3.Largemixingfromthechargedleptonsector

4.Largemixingfromthesee-sawmechanism

5.(Athreegenerationmechanism(Le−Lµ−Lτsymmetry))
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LargeMixing↔StrongHierarchy

Le−Lµ−Lτ(I)

•AnexampleofanapproximatehorizontalAbeliansymmetry:

•U(1)e−µ−τbrokenbyε+(+2)andε−(−2),with|ε±|¿1.

•Mν∼〈φ〉
2

ΛNP





ε−11

1ε+ε+

1ε+ε+



,M`∼〈φ〉





λeλµε−λτε−

λeε+λµλτ

λeε+λµλτ





•λe,µ,τaffectneithermixinganglesnorneutrinomasses

•Canestimateallν-parametersintermsofm∼〈φ〉
2

ΛNP,ε+,ε−.
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LargeMixing↔StrongHierarchy

Le−Lµ−Lτ(II)

 

∆m
2

sol=O(ε)∆m
2

atm 

∆m
2

sol 

∆m
2

atm 

2 

1 

sin
2
θ12=0.5+O(ε) 

 

νe ν� ν� 

3 

sin
2
θ23=O(0.5) 

 

sin
2
θ13=O(ε

2
) 

 

m1,2=m[1±O(ε±)],m3=mO(ε+)

|Uµ3Uτ3|=O(1),|Ue1Ue2|=1/2−O(ε
2
±),|Ue3|=O(ε±)
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LargeMixing↔StrongHierarchy

Le−Lµ−Lτ(III)

m1,2=m[1±O(ε±)],m3=mO(ε+)
|Uµ3|=O(1),|Ue3|=O(ε±),|Ue1Ue2|=1/2−O(ε

2
±)

•Largemixing(|Uµ3|∼1)withstronghierarchy(
∆m

2
21

∆m2
23∼ε±)

•Onesmall+twolargeangles:sinθ13¿sinθ12sinθ23

•Pseudo-DiracSN(θ12≈π/4,∆m
2
21¿m

2
2,1)

•Invertedhierarchy(m1,2Àm3)

•Relationsbetween∆m
2
SN/∆m

2
AN,|Ue1Ue2|−

1
2,|Ue3|.

•Solarmixingnear-maximal:

|Ue1Ue2|=
1
2−O

[(
∆m

2
SN

∆m2
AN

)2]
=0.500(2)

=⇒EXCLUDED
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TheFlavorPuzzles

NeutrinoAnarchy
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Neutrinomassanarchy

TheData

Noneofthemeasuredneutrinoflavorparametersis¿1

•|Uµ3Uτ3|=O(1)

•
m2

m3≥
√∆m2

21

∆m2
32

=O(0.15)

•|Ue1Uµ1|=O(1)
•|Ue3|≤0.23

Futuretests:

•|Ue3|¿1?

•m3À
√
∆m2

AN?

•|Uµ3Uτ3|−1/2¿1?
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Neutrinomassanarchy

TheIdea

Thechargedfermionflavorparametershaveaspecial

structure,thatis,theyaresmallandhierarchical

m
Coulditbethattheneutrinoflavorparametershaveno

specialstructure,thatis,theyareanarchical?

Hall,Murayama,Weiner(2000)
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Neutrinomassanarchy

LessonsforTheory

Asimple(but,perhaps,disappointing)explanation:

•Alldoublet-leptonfieldsLicarrythesamehorizontalcharge

=⇒TheYukawacouplingsandthesinglet-neutrinomassesare

hierarchical,butm
light
ν∼〈φ〉

2
YM−1YTisnot.

Anintriguingpossibility:

•Thespecial,Majorananatureofν’smakesthemflavorblind

Goswami,Indumathi,Shadmi,Nir(inprogress)

Anexplicitexample:

•HorizontalsymmetriesbrokenatthesamescaleasL

=⇒Y,M(and,consequently,m
light
ν)areallanarchical.
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TheFlavorPuzzle(s)

Summary

•Neutrinoflavorparametershavefeaturesthatareverydifferent

fromthechargedfermionparameters.

•Someofthefeaturesaresurprising:

–Largemixing↔stronghierarchyinthe2−3sector;

–Near-maximal2−3mixing;

–Twolarge(s12,s23)andonesmall(s13)mixingangles.

•Mostofthesimplestandmostpredictiveflavormodels-

excluded.

•Quitelikely,theneutrinoflavorstructureinvolvestheheavy,

singletneutrinosinasignificantway(theLEETisnotenough)

•Neutrinomassanarchy?

InterplaybetweenflavorandMajorana/Dirac?
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TheFlavorPuzzle(s)

Prospects

Thereisstillalottobelearnt:

1.|Ue3|¿1?

Smallortiny?

2.|Uµ3Uτ3|6=
1
2?

Largeormaximal?

3.mi=?

Hierarchicalordegenerate?

4.∆m
2
32>0?

Normalorinverted?

5.mee=?

MajoranaorDirac?
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TheFlavorPuzzles

TheNPFlavorPuzzle

•Generically,noGIMmechanismtoexplainthesmallnessofFCNC

•InSUSY,manynewsourcesofflavorviolationandofCPV

K−K̄mixing:=⇒
1TeV
m̃

m̃
2
d2−m̃

2
d1

m̃2K
d
12≤10−3.

=⇒Theflavor(andphase)structureofSUSYishighlynon-generic

•Universality:degeneracybetweensfermiongenerations

•Alignment:smallnessofsupersymmetricmixingangles

•Heaviness:firsttwosquarkgenerationsheavierthanTeV

•(ApproximateCP:CPVphasesaresmall)

•Universality↔non-Abelian

•Alignment↔Abelian
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LargeMixing↔StrongHierarchy

L2,L3,singleN

Mν=





00Y2〈φ〉
00Y3〈φ〉

Y2〈φ〉Y3〈φ〉M





=⇒Oneheavy[O(M)]andtwolight[O(〈φ〉
2
/M)]neutrinos:

mN=M,m
light
ν=〈φ〉

2

M



Y

2
2Y2Y3

Y2Y3Y
2
3




=⇒Stronghierarchyand(forY2/Y3=O(1))largeangle:

tan2θ23=
2Y2Y3

Y2
3−Y2

2
=O(1),m2=0,m3=

(Y
2
2+Y

2
3)〈φ〉

2

M

•∆m
2
326=0and∆m

2
216=0=⇒atleasttwoN’srequired

=⇒‘Singleright-handedneutrinodominance’
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PlanofTalk

PlanofTalks

1.TheStandardModeland(aLittle)Beyond

2.Neutrinos(Mainly)fromHeaven

3.TheNumbersandWhatTheyTellUs

4.FlavorPuzzle(s)

5.Leptogenesis

Neutrinos95/117



PlanofTalk

PlanofTalkV

Leptogenesis

1.Baryogenesis

2.Leptogenesis

3.Softleptogenesis
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baryogenesis

Baryogenesis

Sakharov,1967
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Baryogenesis

SakharovConditions

Nucleosynthesis,CMBR=⇒YB≡
nb−nb
s=

nb
s∼10−10

Thebaryonasymmetrycanbedynamicallygenerated

(‘baryogenesis’)providedthat

1.Baryonnumberisviolated;

2.CandCPareviolated;

3.Departurefromthermalequilibrium.

Neutrinos98/117



Baryogenesis

SMBaryogenesis

SakharovconditionsaremetwithintheSM:

1.B−Lisconserved,butB+Lisviolated;

2.CPisviolatedbyδKM;

3.DeparturefromthermalequilibriumattheEWPT.
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Baryogenesis

SMBaryogenesis

SakharovconditionsaremetwithintheSM:

1.B−Lisconserved,butB+Lisviolated;

2.CPisviolatedbyδKM;

3.DeparturefromthermalequilibriumattheEWPT.

TheSMfailsontwoaspects:

1.TheHiggssectordoesnotgiveastronglyfirstorderPT;

2.KMCPviolationistoosuppressed.
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Baryogenesis

KM↔Baryogenesis

TheSMviolatesCPifandonlyif

1.Nodegeneracyineitherquarksector;

2.Allmixingangles6=0,π/2;

3.TheKMphase6=0,π.
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Baryogenesis

KM↔Baryogenesis

TheSMviolatesCPifandonlyif

1.Nodegeneracyineitherquarksector;

2.Allmixingangles6=0,π/2;

3.TheKMphase6=0,π.

Thebaryonasymmetryisproportionalto:

εCPV=
1

m12
W

(m
2
t−m

2
c)(m

2
t−m

2
u)(m

2
c−m

2
u)

×(m
2
b−m

2
s)(m

2
b−m

2
d)(m

2
s−m

2
d)

×sinθ12cosθ12sinθ23cosθ23sinθ13cosθ13sinδKM

∼10−18
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Baryogenesis

SMandBaryogenesis

TheSMB+Lviolating(butB−Lconserving)processesarevery

fastintheEarlyUniverse(10
12
GeV∼>T∼>10

2
GeV)

⇓
1.IfNPprocessesgenerateB+L6=0butB−L=0,theSM

processeswillwashoutabaryonasymmetry=⇒B=0

2.IfNPprocessesgenerateB−L6=0(evenwithB=0,thatis,

onlyL6=0),theSMprocesseswillmaintain/generateabaryon

asymmetry=⇒B6=0
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Baryogenesis

AlternativeScenarios

MSSMbaryogenesisis(hardly)viable:

•Newscalars=⇒firstorderPTispossible;

•Atleasttwonewphases=⇒diagonalCPviolation;

•Pushedtoacornerofparameterspace:

mh<115GeV,mt̃1<mt,tanβ<6,mχ<250GeV.

GUTbaryogenesisnotquitedead:

•MinimalSU(5)isdead(again)becauseB−L=0;

•InflationwilleraseB;

•TRH¿MGUTisaproblem,butpreheatingmighthelp.
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Leptogenesis

Leptogenesis

FukugitaandYanagida,1986
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Leptogenesis

NeutrinoMasses

•Atmospheric+SolarNeutrinos=⇒mν3∼>0.05eV

•TheSeesawMechanism=⇒mν∼
Y

2
〈φ〉

2

MN

=⇒MN3/Y
2
3∼<10

15
GeV

•Implications:

1.Leptonnumberisviolated(MN)

2.NewsourcesofCPviolation(Y)

3.IfΓN1<H(T=MN1)(=⇒MN1/Y
2
1∼>10

15
GeV)

=⇒N1decaysoutofequilibrium
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Leptogenesis

NeutrinoMasses

•Atmospheric+SolarNeutrinos=⇒mν3∼>0.05eV

•TheSeesawMechanism=⇒mν∼
Y

2
〈φ〉

2

MN

=⇒MN3/Y
2
3∼<10

15
GeV

•Implications:

1.Leptonnumberisviolated(MN)

2.NewsourcesofCPviolation(Y)

3.IfΓN1<H(T=MN1)(=⇒MN1/Y
2
1∼>10

15
GeV)

=⇒N1decaysoutofequilibrium

⇓
LEPTOGENESIS
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Leptogenesis

LeptogenesisatWork

Nj

Li

H

Nj

H

L

N

H

Li
L,L̄

H,H
†

N
Nj

Li

H

•Leptonnumberviolationattreelevel,

•DirectCPviolationatoneloop,

•Requires3generations+2N’s.

εL≡
Γ(N→LH)−Γ(N→LH†)

Γ(N→LH)+Γ(N→LH†)=
1

8π

∑

k

Im[(Y†Y)
2
k1]

(Y†Y)11×f
(
M

2
k

M2
1

)

YL=
2T

3

π2sdεL∼0.004dεL,YB=−
28

79
YL.
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Leptogenesis

See-sawCPV↔Leptogenesis

•Mν=




0mD

m
T
DM




•mD=Y〈φ〉=3×3matrix

•M=3×3symmetricmatrix

=⇒Mνhas6physicalphases
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Leptogenesis

See-sawCPV↔Leptogenesis

•Mν=




0mD

m
T
DM




•mD=Y〈φ〉=3×3matrix

•M=3×3symmetricmatrix

=⇒Mνhas6physicalphases

1.ItisnoproblemtohaveεL∼10−6withreasonableparameters

2.M
light
ν=mDM−1mT

Dhas3physicalphases

3.Neutrinooscillationexperimentsaresensitivetoonlyoneof

thesethreephases

4.ItcouldhappenthatCPV(leptogenesis)6=0while

CPV(low-energy)=0
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Leptogenesis

Implications

ThefinalYBdependsonfourparameters:

•εL,theCPasymmetry;

•M1,themassofthelightestN;

•m̃1≡
(Y

†
Y)11v

2

M1,theeffectiveneutrinomass;

•m̄
2
=m

2
1+m

2
2+m

2
3,thesumoflightneutrinomasses-squared.

Successfulbaryogenesisrequires

•M1∼>4×10
8
GeV(=⇒TRH∼>3×10

9
GeV);

•m3∼<0.12eV;

•Nomodel-independentboundonlowenergyphases.
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Leptogenesis

SupersymmetricLeptogenesis

•MSSM+N:W=MNN+YHuLN

•Theseesawmechanism=⇒MÀmZ

=⇒Supersymmetryisstronglymotivated

•ButthepictureisnotverydifferentfromSM+N:

•DirectCPviolation;

•NandÑgivesimilarcontributions,ε
MSSM
L≈2ε

SM
L;

•YB=−
32
92YL;
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Leptogenesis

SupersymmetricLeptogenesis

•εL∼>10−6⇔m̃/M∼10−8

SUSYbreakingeffectsnegligible

•NS:TRH∼<10
9
GeV⇔LG:TRH∼>3×10

9
GeV

Gravitinoproblem?
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Softleptogenesis

SoftLeptogenesis

Grossman,Kashti,Nir,Roulet,2003

D’Ambrosio,Giudice,Raidal,2003
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SoftLeptogenesis

SoftSupersymmetryBreaking

L
N
soft=BÑÑ+AHL̃Ñ

•AnewsourceofleptonnumberviolationB

•AnewsourceofCPviolationφN=arg(AMB∗Y∗)

SoftLeptogenesis?
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SoftLeptogenesis

Highlights

•IndirectCPviolation(conceptuallyinteresting!)

•εLfromonlyÑdecays(‘sleptogenesis’)

•Onegenerationisenough

•ThreeSUSY-breakingfactors,yetsignificanteffects(surprising!)

•B<m̃M

•Nogravitinoproblem
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SoftLeptogenesis

Implications

εLdependsonfourparameters:

•M,themassofthe(lightest)Ñ;

•Y,theYukawacoupling;

•A,thetrilinearscalarcoupling(wefixA∼m̃Y)

•B,thebilinearscalarcoupling.

Successfulsoftleptogenesisrequires:

•M∼
<5×10

8
GeV

•Y∼<10−4

•
B
M∼

MY
2

16π∼<GeV
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Leptogenesis

Summary

•Iftheseesawmechanismisresponsibleforthelightneutrino

masses,leptogenesisisunavoidable.

•Whetherleptogenesisaccountsfortheobservedbaryon

asymmetryisaquantitativequestionanddependsonseveral

unknownparameters.

•Parametersrelatedtothelightneutrinosectorarerequiredto

havevalueswithinveryreasonableranges.

•Softsupersymmetrybreakingtermsmayhavesignificanteffects

onleptogenesis.

Neutrinos114/117



Neutrinos

Conclusions
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Conclusions

Conclusions

Wehavelearntalotfromoursearchforneutrinomasses:

1.SMisnotacompletepictureofNature

2.NPatascaleΛNP≤10
15

GeV

3.SO(10)=⇒mν∼10−2eV-confirmed

4.SU(5)=⇒|Vµ3Vcb|∼
ms

mb-confirmed

5.Mostofthesimplestandmostpredictiveflavormodels-

excluded

6.Interestingimplicationsfor

(a)SupersymmetrywithoutR-parity

(b)Extradimensions

7.Leptogenesismayaccountforthebaryonasymmetry
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Conclusions

Conclusions

Thereisstillalottobelearnt:

1.Neutrinolessdoublebetadecay:mee

MajoranaorDirac?

2.Cosmology,directsearches,0ν2β:mi

Hierarchicalordegenerate?

3.LBL,ν-factory,AN:sign(∆m
2
32),|Ue3|,|Uµ3Uτ3|−1/2,δCPV

Normalorinvertedhierarchy?

Smallortiny1-3mixing?

Largeormaximal2-3mixing?

LeptonicCPviolation?

4.Leptonflavorviolation:µ→eγ,τ→µµµ,ν̃↔ν̃†,...

Solutionstotheflavorpuzzles?

5....
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SoftLeptogenesis

ÑL̃†H†

Ñ†

A

B

AMY∗

M∗Y

1

21

3

1.Indecay:Leptogenesis,ε′(K→ππ)

2.Inmixing:Softleptogenesis,ε(K→π`ν)

3.Ininterference:Softleptogenesis,SψK(B→ψKS)
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SoftLeptogenesis

SoftLeptogenesisatWork

ÑÑ†L̃†H†,LH̃

M∗
12∼B/M

Γ∗
12∼AY∗

εL∼δL̃L̄×Im
Γ12

M12
×

(∆m/Γ)
2

1+(∆m/Γ)2

•CPviolationisencodedinIm
Γ12

M12∼
∣∣
∣
AMY

∗

2πB

∣∣
∣sinφN

•Leptonnumberviolationisencodedin
∆m
Γ∼

8π|B|
|MY|2

•δL̃L̄=
|AL̃|

2
−|AL|

2

|AL̃|2+|AL|2vanishesinthesupersymmetriclimit

εL∼
32πABsinφN

M3Y3δL̃L̄
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SoftLeptogenesis

FiniteTemperatureEffects

•Inthesupersymmetriclimit,

Γ(Ñ†→L̃†H†)=Γ(Ñ†→LH̃)

Γ(Ñ†→L̃H)=Γ(Ñ†→LH̃)=0,

=⇒δL̃L̄=0

•AtT=0therelevanteffectisscalar-fermionmasssplitting,

δL̃L̄∼m̃
2
Ñ/M

2

=⇒δL̃L̄istiny

•AtT∼MPauliblocking/Bose-Einsteinstimulationgive

δL̃L̄=
(1+nB)

2
−(1−nF)

2

(1+nB)2+(1−nF)2wherenF,B=[exp(M/2T)±1]−1

=⇒δL̃L̄=O(1).
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SoftLeptogenesis

Howcan[susy-breaking]
3
berelevant?

•εL∼δL̃L
A
MY

32πB
M2Y2

•δL̃Lfromfinitetemperatureeffects,notasuppressionfactor;

•Naively,A∼m̃Y,B∼m̃M:εL∼
(m̃
M

)21
Y2

Forexample,M∼10
9
GeV,Y∼10−3=⇒εL∼10−6;

•However,forB/M∼
>MY

2
=⇒∆m/ΓÀ1=⇒suppression.
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