Physicsof Massve Neutrinos ConchaGonzalez-Garcia

\ Plan of Lectures |

|. Standard\NeutrinoPropertieandMassTerms(Beyond Standard)

Il. Effectsof Mass:NeutrinoOscillations(Vacuum)
lll. MatterEffectsin NeutrinoOscillations

V. The Emeging PictureandSomelLessons
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‘Summary |+11+11] I

IntheSM: $ m 0

—neutrinosareleft-handed helicity-1): m = 0) chirality helicity

— No distinctionbetweenViajoranaor Dirac Neutrinos

m 6 0! NeedtoextendSMtoaddm

— breakingtotalleptonnumber(L = Lo+ L + L )! Majorana
— conservingotal leptonnumberl Dirac : 6 ©
— AlwayslLeptonMixing breakingof L. L L

Neutrinomassesndmixing) Flavouroscillations
traveling throughmatter) Modi cation of oscillationpattern

AtmosphericK2K andMINOS (+ negative SBL searches)

) ! with  m? 2 10 3eV? andtan? 1
SolarandKamLAND
) e - with m? 8 10 *eV2andtan? 04

Canwe t all toegetherAWhatcanwe learnfrom all this?
Answer: Today
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Emeging PictureandSomelessons

3 Oescillations

SomelLessons:
The Needof New Physics

ThePossibilityof Leptogenesis
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K2K: accelerator disappeantL 250Km with E-distortion( 2:54 )
MINOS: accelerator disappeantL  735Km with E-distortion( 5 )
Solar cconvertto or (> 7))
KamLAND: reactor ¢ disappeaatL  200Km with E-distortion(& 3 CL)

LSND foundevidencefor — ! ~2 butit iIs notcon rmed

All thisimpliesthatneutrinosaremassve

We have importantinformation(mostly constraintsjrom:
Theline shapeof theZ: Nyeak = 3

Limits from ShortDistanceOscillationSearchest ReactorandAccelerators
Directmassmeasuremenis®H ! 3He+ e + . and -less decay

FromAstrophysicsandCosmology:BBN, CMBR, LSS...
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Generic3 mixing effects:
— Effectsdueto 13
— DifferencebetweennvertedandNormal
— Interferenceof two wavelengthoscillations
— CPviolation dueto phase
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. d~
In generalbnehasto solve: I H ~ H=U HJ U+V
q 1 . 5 5 . P
Hy = ——diag m5.;0; m3, V = diag 2GE Ng; 0;0

2
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\3— Neutrino Oscillations |

.d~
In generalbnehasto solve: IE = H~ H=U HJ U+V
. 1 . 5 5 . P
Hf = s=—diag ~ m3;;0; mj  V=diag = 2GrNe;0;0
Hierarchicalapproximation m3; m3, m=>

For 13 = Osolarandatmospherioscillationsdecouple) Normal Inverted

—SolarandKamLAND ! ms;, = m? 5=
— AtmosphericandLBL ! mi; = M2, 23= am
For 36 0

— SolarandKamLAND: P2, = c3P2 ( m%,; 10) + si,

~CHOOZ PEH' 1 4c%,s?,si? —Tab

— K2K+MINOS Probabilitiesndependenof 15, m2, 4
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3— AtmospherlcNeutrlno Oscillation: Effect of 13

. o~
In generalbnehasto solve: e H~ H=U HJ UV+V

L

. | p_
> diag m3,;0; m3, V = diag 2GE Ng; 0;0

HE =

-Garcia
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.d~
In generalbnehasto solve: |a = H~ H=U HJ UV+V
HY= — dia m2,:0; m3 V = dia piG Ne;0; 0
(O 2E g 211 ™ 32 - g F e VY
Hierarchicalapproximation m3, m3, m%, ) neglect m3, in ATM
Pee = 1 4S%B;m C%S;m S31
P = 1 45%3;m C%S;m S33 Sa1 45%3;m S53C53 S 4C§3;m S53C53 Saz
Pe — 48%B;m C%S;m S%?, Sa1
_ 2 Pantaleon®4; Usedby mary ...
Sj = sin? 4E—”L ymary
2 .
2 _ m sin 2
21— 7 sin 2 131;3m 1 E Ve
2 .
2 _ m sin 2
32 232 sin 2 131;3”, +1 +E Ve
2 _ 2 sin?2
31 - m32 sin 2 1313m
. sin2
sin2 1am = g L

(C082 13 2Em—2Ve)2 + sin2 2 13
31

ptrinog ConchaCGonzalez_-Garcia



1.3 11.3
Normal Inverted
1.2 ++ + + —41.2 ++ + +
Zz' 1 :'_"_'_':'_‘_'_"_‘_ . Jr;::':j 1 Z'_"_'_'ZZ'_‘_‘_"_‘_ = J,_.___-.__:
09 F —409F .
SK sub-GeV ()] | SK sub-GeV (e)
0'8-1 0.5 0 0.5 10'8-1 0.5 0 0.5 1
1.3 T LA R 1.3 I R T T
- Normal| - - Inverted
1.2 F 412 F
il | L
E b | —— E —e—|
O _ollp] Tt~ 111,71 N
=z T |.’;I ] T -';L ]
~ o= 1 . ]
Z 1FF _,_____,L'|',‘_'::--—- 1FE ‘ _':L_'-_-_-— -
09 F T T 4 =409 F T T 4 ]
SK multi-GeV e1 SK multi-GeV (e)
0'8-1 05 0 05 10'8-1 05 0 05 1
cosq cos q

Physicsof Massve Neutrinos

ConchaGonzalez-Garcia

‘3— Atmospheric Neutrino Osclllation: Effect of 13|
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‘ m3, effectsin ATM Data I

Smirnoy, Pere€99,01;Fogli, Lisi, Marrone01; MC G-G, Maltoni 02; MCG-G, Maltoni, Smirnos hep-ph/0408170

In generabnehasto solwe: = H~ H=U HJ U+V

i
dt
1

. | p_
HY = T m5.;0; m3, V = diag 2GE Ng; 0; 0
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Smirnoy, Pere€99,01;Fogli, Lisi, Marrone01; MC G-G, Maltoni 02; MCG-G, Maltoni, Smirnos hep-ph/0408170
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m3, effectsin ATM Data
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‘ ms5, effectsin ATM Data I
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Beyond Hierar chical: Effect 13 m3;in ATM

Smirnov, Pere91,03,MC G-G, Maltoni 02
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Global Analysis: ThreeNeutrino Oscillations ==

M.C. G-G, M.Maltoni, ArXiV/0704.1800

10 [ T LI T T TT TTTT | TTTT | T I_ _I TTT TTTT TTTT TTTT 1T I_
Ry ] ]
(9] - - -
> [ ] ]
q" - - =
0 - . -
S 8 ] .
NSN C ] ]
7E =h- =
6 C 1 | | I | | I | | 1111 | 1111 | 1 I_ _I 111 | 1111 | | I | | 1111 | | . I_

0.3 04 05 06 07 0 001 002 003 004 005

tan’ d,., sin’ O3

4 _I T | L | T T 17T | TTT I_ TTTT TTTT | TTTT | TTTT TTT I_
B < ° ’ ] ]
O 20 — —
> L . 4
] - - .
o C ] ]
S o - _
~® F . -
5§ L[ _ -
DD :
-4 _I 11 | 1 | | 1 | I | | | . I_ 111 | 1111 | | I | | 1111 | | . I_

03 05 1 2 3 0 001 002 003 004 005

tan’ Oypq sin’ U5

360 - .
300 |- -
240 —
$ a0 3
120 |- —
60 —
0 C 1]

0 001 002 003 004 0.05

in?
sin-qy,

15 T TTT T | T T ™WT | T T 1T TTTT IIII|III |IIII
- | 4 F I -
L 1 4L I .
' =
L 8 4k .
— 1 — - —]
10 i 5 10 ]
\3
L =2 AL .
- \ [ -
L \ 4k .
51— ‘\ = —]
- \ - -
L \ 4L ]
\
L \ 4k .
0 1 1 1 I\|\L e 1 11 I IIIII\ (’IIIIIlIIIIlIIII
0 5 15 0.3 0.4 05 0.6 0.7 0.8
2 5\ 2 tanzq
Dm,, [10~ eV] 12
15
_I\‘l L L I I:I T I T I||I i TTT ]
L ] 1 L .
L 1 ! L 4
1 1
L \ L .
10 — : 1 - ]
o | o .
. 1
L & \ L .
- S‘ \ - -
L < | L ]
51— § \ — —
1
L \ L .
- 1 - -
- \ - =
- / ! - =
0 1 I L1 rl L1 I 111 r\ 111 I 1 II|

4 2 0 2
2 -3 2
Dmy, [107 eV’]

Dc?

0.3 2 3
15 L
10 — —
5 —
C KL
0 » ‘|’A|—‘|‘.|— Lo by 0 ]
0 0.05 0.1 0.15



Physicsof Massve Neutrinos

ConchaGonzalez-Garcia

‘Global Analysis: ThreeNeutrino Oscillations I

Thedervedranges:

5 _ —5.540:22 +0:67 5 .\ /2
ms; = 7777551 oel 10 > eV

00791 08 050! 061

jUe pjs = @0:25! 0:53 0:47! 0:73
0:21! 051 0:42! 0:69

m3, = 2:37 0:17(0:46) 10 3 eV?
0:00! 0201
0:56! 0:79A
0:61! 0:83
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‘Global Analysis: ThreeNeutrino Oscillations I

Thedervedranges:

m3, = 7.7%%52 0% 10 Sev?  m3, = 237 0:17(0:46) 10 %eV?

O0:79! 0:86 0:50! 0:61 0:00! 0:20l

jUe pjs = @0:251 053 047! 073 056! 0:79A
0:21! 051 042! 069 061! 0:83

with structure 0
Pb(1+0()) 5@ O())

1
Uerj' @ 3@ O()+ ) i@a+o() ) K 02
l@ o() ) ita+o() ) & . 02
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‘Global Analysis: ThreeNeutrino Oscillations I

Thedervedranges:

m3, = 7.7%%52 0% 10 Sev?  m3, = 237 0:17(0:46) 10 %eV?

0 0:79! 0:86 0:50! 0:61 0:00! 0:20l
jUEe pjs = @0:25! 0:53 0:47! 0:73 0:56! 0:79A
0:21! 051 0:42! 0:69 0:61! 0:83

with structure
0o : 4
L1+ 0()) L O()) _
Uerj' @ 3@ O()+ ) i@a+o() ) K 02
i@ o() ) ia+o() ) s . 02
0

1 o() oy
very differentfrom quarks jucm j' @ O( ) 1 O( 2)A 0:2
o(° o(% 1
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‘Open Questions |
(1) Is 13 6 0? How small?
(2)Is 23 = z?If not,isit> or<?
(3) IsthereCPviolationin theleptons(is 6 0; )?
(4) Whatis the orderingof the neutrinostates?

We still ignore: (5) Are neutrinomasses:
hierarchicalm; m; m;+ m; ?
degeneratedm; m; m;+ m; ?

(6) Dirac or Majorana?

To answer(1)—(4)Proposeden generation oscexperiments

— MediumBaselineReactorExperiment:Double-ChoozDayaBay
— Corventional(=from decay)Superbeamsi2K, Nova (?)
— -factory:clean beamfrom decay

— ¢ Or ¢ beamfrom nuclear decay( beam)
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‘SomeLessons:New Physics I

A fermionmasscanbeseenasatalLeft-Righttransition

m:f, fr (thisisnotSU(2) . gaugeinvariant)

If the SM is the fundamentatheory (
gaugeinvariant

— All termsin lagrangianincludingmassesinustbe _ _
renormalizable(dim 4)

— A gaugeinvariantfermionmasss generated
by interactionwith theHiggs eld  f, f g ! m; = v
(v Higgsvacuumexpectatiorvalue 250GeV)
— But thereareno right-handedeutrinos
) Norenormalizablegauge-ivariantoperatoifor treelevel mass

— SM gaugeinvariancealsoimpliesthe accidentasymmetry
c¥ = ul)g U@)., U@L U@ ) m = Otoallorders

Thusthe moststriking implicationof masses:
Thereis New PhysicsBeyondthe SM

And it is alsotheonly solid evidence! To gofurtheronehasto becautious..



Physicsof Massve Neutrinos ConchaGonzalez-Garcia

‘ Lessons:The Scaleof New Physics |




Physicsof Massve Neutrinos ConchaGonzalez-Garcia

‘ Lessons:The Scaleof New Physics |

If SM is aneffective low enegy theory, for E NP
— The sameparticlecontentasthe SM andsamepatternof symmetrybreaking
— But therecanbenon-renormalizable L= L +X 1 5

] - SM n 4 >N
(dim> 4) operators n NP




Physicsof Massve Neutrinos ConchaGonzalez-Garcia

‘ Lessons:The Scaleof New Physics |

If SM is aneffective low enegy theory, for E NP

— The sameparticlecontentasthe SM andsamepatternof )s(ymmetrybreaking

— But therecanbenon-renormalizable _
| L =Lgyt - 4On
(dim> 4) operators n NP

First NP effect) dim=5operator i~y =
: Ls = —— Lo Li
Thereis only one! NP



Physicsof Massve Neutrinos ConchaGonzalez-Garcia

‘ Lessons:The Scaleof New Physics |

If SM is aneffective low enegy theory, for E NP
— The sameparticlecontentasthe SM andsamepatternof symmetrybreaking
— But therecanbenon-renormalizable _ X
(dim> 4) operators n NP

First NP effect) dim=5operator g _

Thereis only one! NP :
which aftersymmetrybreaking (M ) = VARE

ij =

Inducesa Majoranamass 2 NP



Physicsof Massve Neutrinos ConchaGonzalez-Garcia

‘ Lessons:The Scaleof New Physics |

If SM is aneffective low enegy theory, for E NP
— The sameparticlecontentasthe SM andsamepatternof symmetrybreaking
— But therecanbenon-renormalizable _ X
(dim> 4) operators n NP
First NP effect) dim=5operator _
. ) p L5 — 1 ~y|_|_J ﬁ ~

Thereis only one! NP :
which aftersymmetrybreaking VARE

| - (M) =

Inducesa Majoranamass 2 NP

L 5 breakstotal leptonandlepton a vour numbers



Physicsof Massve Neutrinos ConchaGonzalez-Garcia

‘ Lessons:The Scaleof New Physics |

If SM is aneffective low enegy theory, for E NP
— The sameparticlecontentasthe SM andsamepatternof symmetrybreaking
— But therecanbenon-renormalizable _ X
(dim> 4) operators n NP
First NP effect) dim=5operator S
. ) p L5 — 1 ~y|_|_J ﬁ ~

Thereis only one! NP :
which aftersymmetrybreaking VARE

| - (M) =

Inducesa Majoranamass 2 NP

L 5 breakstotal leptonandlepton a vour numbers

Implications:
— It is naturalthat masgs the rst evidenceof NP

— Naturallym otherfermionsmasses v

P
-m > m2., 0:05eV) p < 10" GeV




Physicsof Massve Neutrinos ConchaGonzalez-Garcia

‘ Lessons:The Scaleof New Physics |

If SM is aneffective low enegy theory, for E NP
— The sameparticlecontentasthe SM andsamepatternof symmetrybreaking
— But therecanbe non-renormalizable _ A
(dim> 4) operators n NP
First NP effect) dim=5operator S
. ) p L5 — 1 ~y|_|_J ﬁ ~

Thereis only one! NP :
which aftersymmetrybreaking VARE

| - (M) =

Inducesa Majoranamass 2 NP

L 5 breakstotal leptonandlepton a vour numbers

Implications:
— It is naturalthat masgs the rst evidenceof NP

— Naturallym otherfermionsmasses v
P
-m > m2., 0:05eV) p < 10" GeV

But thisis scalewasalreadyknown to particlephysicists...
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m

Also thegeneratedheutrinomassermis Majorana:

)

>

ConchaGonzalez-Garcia

New Physics Scale

p__
m?2 0:05eV) 10 < < 10"°GeV .
atm ) NP closeto GrandUni-
cation scale
5 I Assuming
‘—solL | supersymmetry...
‘E Grand
o= Unification
S 40 L
U L]
290 | I
S Ordied
. : Force?
U 1[]15

Recent
hdeasurements

It violatestotal leptonnumber

1In "
Energy (GeV)



Physicsof Massve Neutrinos ConchaGonzalez-Garcia

\The See-Saw |




Physicsof Massve Neutrinos ConchaGonzalez-Garcia

\The See-Saw |

SimplestNP: addright-hnanded r (=SM singlet)neutrinos




Physicsof Massve Neutrinos ConchaGonzalez-Garcia

\The See-Saw |

SimplestNP: addright-hnanded r (=SM singlet)neutrinos

Well above theelectraveak(EW) scale

1
| — c
Np = sMRij R Rj T

> i Ri ’Lr; + hc



Physicsof Massve Neutrinos ConchaGonzalez-Garcia

\The See-Saw |

SimplestNP: addright-hnanded r (=SM singlet)neutrinos

Well above theelectraveak(EW) scale

1
L np = EMRij Ri Rj* j Ri Lrj + hic:

r ISAaEWsinglet) Mg >> EWscale



Physicsof Massve Neutrinos

\The See-Saw |

SimplestNP: addright-hnanded r (=SM singlet)neutrinos

Well above theelectraveak(EW) scale

1
L np = EMRij Ri Rj* j Ri Lrj + hic:

r ISAaEWsinglet) Mg >> EWscale

Below EW symmetrybreakingscale(E  MR):
a)mp = v masf otherfermionsis generated
b) r aresoheay thatcanbe“integratedout”

ConchaGonzalez-Garcia



Physicsof Massve Neutrinos ConchaGonzalez-Garcia

\The See-Saw |

SimplestNP: addright-hnanded r (=SM singlet)neutrinos

Well above theelectraveak(EW) scale

1
L np = éMRij Ri Rj* j Ri Lrj + hic:

r ISAaEWsinglet) Mg >> EWscale
Below EW symmetrybreakingscale(E  MR):

a)mp = v masf otherfermionsis generated
b) r aresoheay thatcanbe“integratedout” 2
N—’ %
E Mg OJQJ
@
NP 5 M . L j L i D M - ?(Q\



Physicsof Massve Neutrinos ConchaGonzalez-Garcia

\The See-Saw |

SimplestNP: addright-hnanded r (=SM singlet)neutrinos

Well above theelectraveak(EW) scale

1
L np = EMRij Ri Rj* j Ri Lrj + hic:

r ISAaEWsinglet) Mg >> EWscale

Below EW symmetrybreakingscale(E  MR):

a)mp = v masf otherfermionsis generated
b) r aresoheay thatcanbe“integratedout” 2
N—’ %
E Mg OJQJ
@
(" )i e e 7 1 &
Lnep ) Ls= Ly Li ) M =mMp——Mp &
Mg Mg ,QQ
Lessons

— L np containsl8 parametersvhich we wantto know

— L 5 containsd parametersvhichwe canmeasure

) SameOs cangive very differentL np

) ltis dif cult to “imply” bottom-up(modelindependently)
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Baryogenesiandthe SM

FromNucleosytesyandCMBR data) Yg = b s p - % 10 10

Yg canbedynamicallygeneratedf The SM veri es theseconditions:
ThreeSakhare Conditionsareveri ed:

— Baryonnumberis violated I ConseresB L butviolatesB + L

— C andCP areviolated I CPviolationdueto ck wm

— Departurérom thermalequilibrium ! Departurerom thermalequilibrium

at ElectraveakPhasélransition
But the SM fails on two points:

— With theboundof SM Higgsmassthe EWPT is not strong rst orderPT
— CKM CPviolationis too suppressed

+
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‘ Leptogenesis |

Fromtheanalysisof oscillationdata) m , & 0:05eV

If m Is generatedria the See-s&v mechanism M .= 2. 10 GeV)
L np = %MRijTiRJ'(:+ i Ri JLij ) m 2|\;]Ri2
) LeptonNumberis Violated(MR)
) New Sourcesf CPviolation
) Decayof g canbeoutof equilibrium
(af Universeexpansionrate) ) . H ._\

+

Leptogenesis generatiorof leptonasymmetryy,

At theelectraveaktransitionsphaleromprocesses:

) Y. istransformedn Yg ' %
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In thethe See-s&v mechanism L \p = %MR” Ri Rj T

1 X
—IntheEarly Universedecayof heary r: ( r! IL) = 5 ( M)aM ,

i
— CPcanbeviolatedat 1-loop

(This requires 3 light
generationandat least

2 R)

(R W) (et ) AR M ] Mg,
(! )+ (r! L) 8 . ( Yu M g,
. M
) J LJ . 01 h iRzl (m 3 m l)
n .
YL = sR .d 10 3d | n . densityof g (d< 1 dilutionfacto)
Outof Equilibri dit H (Duhi® 5 13y
utof Equilibriumcondition T=M ) My v . e

R1



Physicsof Massve Neutrinos ConchaGonzalez-Garcia

IntheSee-sw mechanism L \p = sMgj ri rR{+ R 7LLj
0] Mp

M = T

mp = hiisa3 3 matrix

Mgr isa3d 3symmetricmatrix

) M has6 physicalphases



Physicsof Massve Neutrinos ConchaGonzalez-Garcia

IntheSee-sw mechanism L \p = sMgj ri rR{+ R 7LLj
0] Mp
M = T

mp = hiisa3 3 matrix

Mgr isa3d 3symmetricmatrix

) M has6 physicalphases

) Itiseasytogenerate, 10 °

) Mignt = mI M, *mp has3 physicalphases
Oscillationexperimentscanonly seeoneof thesethreephases

) NodirectcorrespondencieetweernCPV in leptogenesiandCPV in oscillations
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The nal Yg depend®n:
— L theCPasymmetry

—M ., themassof thelightest r

( Nhhi? : -
— 'y v the effective neutrinomass
R1

—m? + m? + m? thesumof thelight neutrinosmasssquared

To generateherequiredYg :

-M _, &4 10° GeV
-m . 0:12eV

— Large CPphases
The CPviolating phasaelevantfor leptogenesis
may not bethe sameasthe onerelevantfor oscillations
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‘Summary I

Neutrinooscillationsearchesave shavn us

- m3, 2 10°%eV?and m3; 8 10 °eV?) 'saremassie

1 .
P5(1+0()) 5L O()) 0:2
—JULep | %D 21 O()+ ) z(2+0O() ) pl_iﬁ . 0:2
2@ o() ) la+o() ) ¢ ) DifferentfromUckw
m 6 0) NeedtoextendSM It canbedone:
(a) breakingtotal leptonnumbert  Majorana : = ©
(b) conservingotal leptonnumbert Dirac : 6 ©

Majorana Y% aremoreNaturai appeamenericallyif SMis a LE effective theory

— NP - 10 GeV
— ResultsFit well with GUT expectations

— Leptogenesimayexplain the baryonasymmetry
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| Is 136 07?

Is thereCPviolationin theleptons(is 6 0; )?

Is »3 largeor maximal?

Normalor Invertedmassordering?

Are neutrinomasses:
hierarchicalm; m; m;+ m; ?
degeneratedm; m; m;+ m; ?

Dirac or Majoranawhataboutthe MajoranaPhases?

Still openguestions

To answer:
Proposedien generation oscexperiments

— LBL with CorventionalSuperbeamand/or beamsand/or -factory:
— Medium BaselineReactorExperiment

Also no-oscillationexperiments:

— -less decay’H betadecay
— Interestingnput from cosmologicatata

Richand ChallengingexperimentaProgram



