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\Plan of Lectures |

|. Standard Neutrino Properties and Mass Terms (Beyond Sténda

1. Effects ofr Mass. Neutrino Oscillations in Vacuum and Matter

1. The Data and The Emerging Picture. Some Implications
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— neutrinos aréeft andm, = 0 = chirality = helicity = spinorsu_ or v,

e IntheSM: <~ m, =0

— No distinction betweeiviajoranaor Dirac Neutrinos

e m, #+# 0 — Need to extend SM to ada,

— breakingtotal lepton numberi = L. + L, + L,) — Majoranav: v = v¢
— conservingotal lepton number— Diracv: v # v©
— AlwaysLepton Mixing= breaking ofL, x L, x L

e From direct searches ofmass:mn, < O(eV)

e Neutrino masses and mixirg Flavour oscillations
e EXperiments observing oscillatioas measurement cxl&m?j andd;;

e v traveling throughmatter=- Modification of oscillation pattern
e Mattereffect iscrucialto interpretation ofolar data
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The Data and Its Interpretation
Atmospheric Neutrinos

Solar Neutrinos

Accelerator Neutrinos at Long Baselines
Reactor Neutrinos

Fitting all Together

Some Implications
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‘Atmospheric Neutrinos I

Atmosphericv, ,, are produced by the interaction@smic rays (p, He .. .With the
atmosphere

N p,He
AN
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Atmospheric Neutrinos

down-going

[not to scale]

Complete SKI+II+I+1V data:
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Atmospheric Neutrinos
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Atmospheric Neutrinos
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e Oscillations are due to:
— Misalignment between CC-int and propagation statéging = Amplitude
47 B

— Difference phases of propagation statesVavelength For Am?2-OSC)\ = N
m
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e Oscillations are due to:
— Misalignment between CC-int and propagation statéging = Amplitude

: . 4T E
— Difference phases of propagation statesVavelength For Am?2-OSC)\ = A2
m
e  masses are not the only mechanism for oscillations
A
Violation of Equivalence Principle (VEP{asperini 88, Halprin,Leung 01 A = E4[o7
Non universal coupling of neutrines # - to gravitational potentiab
Violation of Lorentz Invariance (VLI)Coleman, Glashow 97 A = EQX
2
Non universal asymptotic velocity of neutrines# co = E; = Tgp + c;ip ¢
Interactions with space-time torsiogabbata, Gasperini 81 A = %
Non universal couplings of neutrin@s +# k- to torsion strength) ¢
Violation of Lorentz Invariance (VLI olladay, Kostelecky 97; Coleman, Glashow 99
' ' e xe’ B _ mf 2m
due to CPT violating termszg' b0 7y,,vy = E; = 5+ £, A=+

Non-standard interactions in mattemnvolfenstein 78
- _— _ 27
GF6a5(Va’YMVB)(f'VMf) A= 2v/2G; Ny \/835+(€aa—556)2/4




0.5

0.9
0.8

0.7 F
060"

0.5

0 0.5 1
g LA
3 '_|:§ 12}
o]
= "I" E 0.8F .
E SKstop (W1 [ SK thru (p) |
041708 06 04 02 0°%1 08 06 04 -02

Neutrinos

Concha Gonzalez-Garcia

\ATM v’'s. Subdominant NP Effects |

e Using atmospheric neutrino data these effect can be camstia

—— Oscillations
——— VLI CPT even
-—-— TORSION
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105 ¢
SK sub-GeV () i

1F

0.4

cos 6

At 90% CL.:
|Ac|

<1.2x10"%
C

¢ Ay <59 x107%°

Ab| < 3.0 x 107%* GeV
QAk| <4.8 x 107%° GeV
et —et, ] <0.012

g% <0.038
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K2K/T2K v, at KEK SK L=250 km
MINOS v, at Fermilab| Soundan| L=735 km

K2K 2004 spectral distortion
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K2K/T2K v, at KEK SK L=250 km
MINOS v, at Fermilab| Soundan| L=735 km

K2K 2004 spectral distortion MINOS 2006—: detail spectral distortion
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e Sun=Main sequence sta6 x 10 yr old

e Solar Models describes the Sun based on:
Surface Luminosity: Lo = 3.9 x 10%2 erg/sec
Surface Temperature: Tso = 5.8 x 10° K
Solar Mass: Mes =2 x 10°3 gr
Solar Radius: Ro =7 x 10° km

e Basic assumptions:

The Sun is spherically symmetric
Hydrostatic and Thermal equilibrium
Equation of state of an ideal gas

¢ The total energy emitted per nucleon

(4.6 x 109 y1) x (3.86 x 1033 erg/sec)
(2 x 1033 gr) x Nay

Energy is Produced by Nuclear Reactions

~ 3 x 10°;eV

e Composition~70.5 % p, 27.5 % He
and 2% heavier elements
e The Sun consists of 3 zones:
—Core: R < 0.3Rs where nuclear reacti
— Radiation Zone: 0.3Rs < R < 0.7R5
— Convective Zone: 0.7R S R
e Heavier elements in the core

Ne/N,, ~ 2(core) — 6(surface)
e The Solar density distribution

log(N./N,)

7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0O 0.1 0203040506 07 08 09 1

R/RSUN
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e The Sun shines converting protons imtpe™ andy’s

4p — *He + 2et + 21, + ~

dm, — mage — 2m,. ~ 26 MeV Thermal energy mostly iry
e Two major chains of nuclear reactions
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\Solar Neutrinos. Fluxes |

e The Sun shines converting protons imtpe™ andy’s
4p — *He + 2et + 21, + ~
dm, — mage — 2m,. ~ 26 MeV Thermal energy mostly iry
e Two major chains of nuclear reactions
pp chain

[(Mp+p—=+D+et +u] [2)p+e +p =D+
(99.75%) | | (0.25%)

T

D+ p—“He +7

3He+‘1He'—>a + 2p ‘1He+"He'—> Be + 7 | (5) 3He+p'—> He + e + v, |
(p-p I: 86%) | (0.00002%)
} ]
[ (3) "Be + e~ — "Li + ve | Be4+p—+° B+~
} !
i + p = 20 [ (4)°B = *Be" + et + 1|
(p-p I : 14%) |

fBe* — 20
(p-p III 0.015%)
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\Solar Neutrinos. Fluxes |

e The Sun shines converting protons imtpe™ andy’s
4p — *He + 2et + 21, + ~
dm, — mage — 2m,. ~ 26 MeV Thermal energy mostly iry
e Two major chains of nuclear reactions
pp chain CNO cycle o

o
[Dp+p—+D+ef +u,] [(2)p+e +p—D+ul . Y <E ,>=0.707MeV
(99.75%) | | | (025%) ‘\/\(
i
D+p —|> He + v
! | ! p o~
*He 4+ *He — a + 2p ‘He + 'He — "Be + v | (5) *He + p — "He + &* + v, | He* /
(p-p I: 86%) | (0.00002%) p p
-‘N D

l | v
[ (3) ™Be + e — "Li+ v, | "Be+ p— 5B + v He
N
! |
Li+p— 2 | (4) °B = *Be” + e + 1| - Y <E ,>=0.997MeV [O7]
(o-p IT: 14%) | \ \
fBe* — 20 /
(p-p III 0.015%)

v <E ,>=0.999MeV
Pt

Present Solar Modek- pp-chain dominates by 99%
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PP CHAIN E, (MeV)
(pP)

p+p—2 H+el +re < 0.42
(pep)

pte  +p—2 H+ v, 1.552
("Be)

7Be—|—e_ 7 Li+ ve

0.862(90%)
0.384 (10%)

Neutrino Energy

in MeV

(hep)

2He—{—p—>4 He+e++ye < 18.77
(®B)

8p .8 Be*+e++ye < 15
CNO CHAIN E, (MeV)
A3N)

BNy =183 o4 et +0e < 1.199
150

150 515 N et + ve < 1.732
G

17 p —>17O—|—e+—|—ye <1.74
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\Solar Neutrinos; Data |

Experiment Detection Flavour E.y, (MeV)
® Homestake 37Cl(v, e~ )37Ar Ve E, > 0.81

% gsage + 1Gav,e” )" Ge Ve E, > 0.23
S5 Gallex+GNO

Kam=SK ES vge™ — vie e, VT (U’” ~ %) Ee >5

Oe

EVENTS/SSM

()
= SNO CC ved — ppe™ Ve Te > 5
% NC vyd — vypn Ve, V), /r Ty > 5
L ES ve,e”™ — ve™ Ve, Vyy /r Te > 5
Borexino Ve  — Uge Ve, Vyy /v FE, = 0.862
1 ]
- SNO NC | . . .
5 BOREXINO 1 Experiments measuring. observe a deficit
05 . { ; | Deficit is energy dependent
CALLEX ; SK' 4 | Deficit disappears in NC
. GNO HOMESTAKE SNO CC
O:
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e Real Time experiments can also give information on Energly2inection ofv’s
and can search for Energy and Time variations of the effect
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e Real Time experiments can also give information on Energly2inection ofv’s
and can search for Energy and Time variations of the effect

e From SK (also from SNO)

Energy Dependence
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Real Time experiments can also give information on Energlyinection ofv’s
and can search for Energy and Time variations of the effect

From SK (also from SNO)

Energy Dependence Day-Night Variation
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2. s + ' }
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g \ 524 : ; TlLL ;N} »LT %

T T E PRI

04 W% ""22 % ‘ _
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0210 15 20 2> oz 0 1» o=z

Energy(MeV) = .E:’tg e = .&’ag_

Deficit indepE, 2 5 MeV Not significant
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Real Time experiments can also give information on Energlyinection ofv’s
and can search for Energy and Time variations of the effect

From SK (also from SNO)

Energy Dependence Day-Night Variation Seasonal Variation
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L L E T B -
r . Day Night : 1
09 v 2 cod T . 1998 2000 2002 2004 _ 2006
5 10 15 20 > O=-1 0 1 Oz YEAR
Energy(MeV) = .&ng_ e = .&’ag_

- 1
L . Noth
Deficit indepE, > 5 MeV Not significant othing beyond}?
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\Solar Neutrinos. LMA |

Neutrinos
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Terrestrial Test of LMA: KamLAND

e Search oy, atL~ 180 km reactorsf; ~ few MeV: (E/L ~ 10~° eV?)
Ve +p—n-+et
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\How the Sun Shines? Present Answer |

Results of Oscillation fit with solar flux normalizations dre

D o> o
b E o bO 0D i Q )\ F;resent limit on CNO:
e e %<32%(30)
b - b 1« T Test of Lum Constraint:
i B 0 3 D R Lo (v —inferred) 1.0+0.14 (1
Lo -
) With Borexino (\ f"“

. f,
.............................................. Before Borexino "
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Ne‘ Solar Neutrinos:the Solar Composition Problem PI

— Newer determination of abundance of heavy- Two sets of SSM:
elements |n Solar Surface glve |Ower Values Starting from BahcalétalOS,nOW Serenelletal090¢

— Solar Models with these lower metaliciies ~ ©S98 uses older metalicities
fail in reproducing helioseismology data AGSXX uses newer metalicities
e ] Flux GS98 AGSS09
AGSS09 ‘ 2 S—l

[ ossoopn - ] cm-
k pp/10'°  5.97(1+0.006) 6.03(1 =+ 0.005)

_ pep/10°  1.41(1+£0.011) 1.44(1+0.010)
N § hepll 03 7.91(1+0.15

oc/c

0.005

) 8.18(1+0.15)

S "Be/l0°  5.08(140.06)  4.64(1 =+ 0.06)

o, =T 8B/10° 588(140.11)  4.85(1+0.12)
- N/10% 2.82(1+0.14) 2.0711513)
St 50/10° 2.09(1%519) 1.47 (11972
ok TR 5.65(11017)  3.48(11017)

1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
R/R_
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Ne‘ Solar Neutrinos:the Solar Composition Problem I

Comparing the empirically determined fluxes with GS98 and5&B9 Models
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‘ L ong Baseline Experiments. v, Appearance |

T2K
MINOS

v, at KEK
v, at Fermilab

SK
Soundan

L=250 km
L=735 km

e Observation of/,, — v, transitions withE'/L ~ 107% eV?



Neutrinos

Concha Gonzalez-Garcia

‘ L ong Baseline Experiments. v, Appearance |

T2K
MINOS

v, at KEK
v, at Fermilab

SK
Soundan

L=250 km
L=735 km

e Observation of/,, — v, transitions withE'/L ~ 107% eV?
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‘ L ong Baseline Experiments. v, Appearance |

T2K v, at KEK SK L=250 km
MINOS | v, at Fermilab| Soundan| L=735 km

e Observation of/,, — v, transitions withE'/L ~ 107% eV?
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s ] 5
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c P e
g & i
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i Z.
-
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e Searches for, disappearance dt ~ Km (E/L ~ 107 eV?)
e Relative measurememear and far detectors
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e Searches for, disappearance dt ~ Km (E/L ~ 107 eV?)
e Relative measurememear and far detectors
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e Searches for, disappearance dt ~ Km (E/L ~ 107 eV?)
e Relative measurememear and far detectors
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e By 2013 we have observed with high (or good) precision:

+ Solarv, convert tov, /v, (Cl, Ga,SK, SNO, Borexino)

x Reactolv, disappear aL. ~ 200 Km (KamLAND)

+ Atmosphericv,, & v, disappear most likely to, (SK,MINOS)

+ Acceleratorv,, & v, disappear al. ~ 250[700] Km (K2K,T2K, [MINOS])

x+ Some accel,, appear ag. at L ~ 250[700] Km (T2K (NEW 2013), [MINOS])
x Reactorr, disappear at. ~ 1 Km (D-Chooz,Daya-Bay, Reno) (NEW 2012)
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e By 2013 we have observed with high (or good) precision:

+ Solarv, convert tov, /v, (Cl, Ga,SK, SNO, Borexino)
x Reactolv, disappear aL. ~ 200 Km (KamLAND)
+ Atmosphericv,, & v, disappear most likely to, (SK,MINOS)
+ Acceleratorv,, & v, disappear al. ~ 250[700] Km (K2K,T2K, [MINOS])
x+ Some accel,, appear ag. at L ~ 250[700] Km (T2K (NEW 2013), [MINOS])
x Reactorr, disappear at. ~ 1 Km (D-Chooz,Daya-Bay, Reno) (NEW 2012)
e \We have confirmed;
e Vacuum oscillation’./ £ pattern
o SK MSW conversion in Sun
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e By 2013 we have observed with high (or good) precision:
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+ Atmosphericv,, & v, disappear most likely to, (SK,MINOS)
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All this implies that neutrinos are massive
and There is Physics Beyond SM
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e By 2013 we have observed with high (or good) precision:

+ Solarv, convert tov, /v, (Cl, Ga,SK, SNO, Borexino)

x Reactolv, disappear aL. ~ 200 Km (KamLAND)

+ Atmosphericv,, & v, disappear most likely to, (SK,MINOS)

+ Acceleratorv,, & v, disappear al. ~ 250[700] Km (K2K,T2K, [MINOS])

x+ Some accel,, appear ag. at L ~ 250[700] Km (T2K (NEW 2013), [MINOS])
x Reactorr, disappear at. ~ 1 Km (D-Chooz,Daya-Bay, Reno) (NEW 2012)

All this implies that neutrinos are massive
and There is Physics Beyond SM

e The importantquestion:
What is the BSM theory?

e Thedifficult path:
Detailed determination of the new low energy parametorati
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\The New Minimal Standard M odel |

e Minimal Extensions to give Mass to the Neutrino:

x Introducerr AND imposeL conservation= Diracv # v°.
L=Lsy — M,vrvg + h.c.

x NOT imposeL conservationr= Majoranary = v¢
L=_Lsym— sMrv§ + hee.
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\The New Minimal Standard M odel |

e Minimal Extensions to give Mass to the Neutrino:

x Introducerr AND imposeL conservation= Diracv # v°.
L=Lsy — M,vrvg + h.c.

x NOT imposeL conservationr= Majoranary = v¢
L=_Lsym— sMrv§ + hee.

e The charged current interactions of leptons are not didgsame as quarks)
9 i+ ij i ' ij T3 '
—W Uibep 00 L) + U, U~ L D?) + h.c.
Vo EM ( LEP ¢ CkKM Y " )

\)j Uj

ok
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e Forfor 3v's : 3 Mixing anglest 1 Dirac Phase 2 Majorana Phases

1 0O O C13 0 813€i5Cp ca21 S12 O e 0 0
ULegp = | 0  ca23 s93 0 1 0 —S192 ¢c12 0O 0 e'2 (
0 —so3 co3) \—si3e 9P 0 ¢y3 0 01 0 0 1
NORMAL INVERTED L
(7]
Ms; 8 2 =
e
N ml <
=
<

e Two Possible Orderings

2
A msolar
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e Forfor 3v's : 3 Mixing anglest 1 Dirac Phase 2 Majorana Phases

1 0 0 C13 0 813€i5Cp C21 S12 0
Uep = |0 C23 S23 0 1 0 —s12 ¢12 O
0 —s23 c23 —813€_i5CP 0 C13 0O 01
NORMAL
m3 g
E
e Two Possible Orderings 5
cH—
Experiment Dominant Dependence Important Dependenc
SolarExperiments — B9 Am3, , 013
Reactor LBL(KamLAND) — Am3, 015 , 013
Reactor MBL(Daya-Bay, Reno, D-Chooz) — 6,5 Am?,
AtmosphericExperiments — 03 AmZ, ., 013 0cp
Accelerator LBLv,, Disapp(Minos) — Am?2__ 023
Accelerator LBLv, App (Minos, T2K) — 013 Ocp » 023
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3 v Flavour Parameters; Present Status
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Maltoni, Schwetz, Salvado, MCGG
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Neutrin| Flavour Parameters: Present Status 1o (30): IG

Am3, = 745 +0.18 (F969) x 1075 eV? 6y, = 33.5°F98 (+23)
(N) 41. 80+1 859 (i}lgégc
(1) 50,2750 (4155 )
AmBl(D) = 2425307 (*319) x 1072 eV? 0y = 870G (1)
o siser E%?;og

5CP— o
(1) 270°+29, (+99,.

Am3 (N) = 24270% (F0T5) x 1073 eV? s =

0.799 — 0.844 0.515 — 0.581 0.129 — 0.173
UlLepsey = | 0.212 — 0.527 0.426 — 0.707 0.598 — 0.805
0.233 — 0.538 0.450 — 0.722 0.573 — 0.787



Neutrin| Flavour Parameters: Present Status 1o (30): IG

Am3, = 745 +£0.18 (%) x 1072 eV? 612 =33.5°703 (F37)
(N) 41.8°F7 %5 (ifgf

2 _ +0.06 (+0.21 3 12 B
Amz(N) = 2427, ¢ (—0.18) x 107" eV 023 = (1) 50 go+1.7° (+4.3° )
. —2.5° —12.6°
[Am3,|(I) = 2427007 (F512) x 1073 eV? 613 = 8.7°7 5 (ﬂi‘%z)
ol 315°735 (355
(1) 270°78%. (590

0.799 — 0.844 0.515 — 0.581 0.129 — 0.173
UlLepsey = | 0.212 — 0.527 0.426 — 0.707 0.598 — 0.805
0.233 — 0.538 0.450 — 0.722 0.573 — 0.787

e Good progress but still precision very far from:

0.97427 +0.00015  0.22534 +0.0065 (3.51 4+ 0.15) x 1073
Viexy = | 0.225240.00065 0.97344 +0.00016  (41.2711) x 1073
(8.671929) x 1073 (40.4F1 1) x 1073 0.99914677:000021



Neutrinos Concha Gonzalez-Garcia

‘Implications |

The two arising questions

e \WWhy are neutrinos so light?

The Origin of Neutrino Mass

e Why are lepton mixing so different from quark’s?

The Flavour Puzzle
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‘Implications: New Physics I

A fermion mas<an be seen as at&ft-Right transition

mff_LfR (this is notSU (2) L gauge invariant)

If the SM isthe fundamental theory

_ All terms in lagrangian (including masses) mustjpe>* 8¢ varant
renormalizable (dim < 4 )

— A gauge invariant fermion mass is generated
by interaction with the Higgs field\ ¢ fr ¢ fr — ms = v
(v = Higgs vacuum expectation value 250 GeV)

— But there are no right-handed neutrinos
= No renormalizable gauge-invariant operator for tree levelass
— SM gauge invariance also implies the accidental symmetry
GEXPM = U(1)g x U(1), ¥ U(1)r, x U(1).= m, =0 to all orders

Thus the most striking implication ef masses:

There is New Physics Beyond the SM

And it is also the only solid evidence! To go further one has to make assumptions. ..



Neutrinos Concha Gonzalez-Garcia

\u Mass Terms, Dirac M ass |

e A fermion masss aleft-Rightoperator :.£,,,, = —my¢ frfr + h.c.
e One introduces; which can couple to the lepton doublet by Yukawa interaction

~

LqugT + h.c. (qb = ’iTQQb*)

LY = —\.vR;

e Under spontaneous symmetry-brealdh@ — [(Dirac)

irac — AV L,_ v T Ne asV c —
£Pirac) — _ oMYy + he. = —§(VRMDVL—|—(VL>CMDT(VR) )+h.c. = — kaukDukD
k

M}, = —=\" v =Dirac mass for neutrinos VgTMpV* = diag(mi, ma,ms)

= The eigenstates ¥/, are Dirac particle¢same as quarks and charged leptons)
vP = Vv + VE g
o £{0015%) involves the four chiral fields;, , vr , (v2)C , (vi)©

= Total Lepton numbels conservedy constructior{not accidentally
= lightness of neutrinos unexplaned



Neutrinos ‘ 1) M ass Ter ms: M aJ or ana M ass Ioncha Gonzalez-Garcia

e Onedoes nointroducery but uses that the field ;)¢ is right-handed, so that one
can write aLorentz-invarianimass term

: 1— 1
r(Maj) _ ——vi My,vr, +hc = —5 kavyyiM
k

mass 2

v =Majorana mass far's is symmetric VV' My V¥ = diag(m1, ma, ms)

= The eigenstates adf/;, are Majorana particles
vM = VViy + (VPTup)e (verify vM; = My

= But SU(2) 1, gauge inv is brokee> £M2) not possible at tree-level in the SM

e Moreover under any/ (1) symmetry withU (1) v = ¢'“ v

Ul ve=e v and U(l)T=e U so U(1)v°=eve°

= £M2) preaksl/ (1) (so it can only appear for particles without electric charge
— Breaks Total Lepton Numbes £52%) not generated at any loop level in the SM

e in SM B — L is non anomalouss> £5a2) not generated non-perturbatively in SM
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‘Light Neutrino Mass. Typel See-Saw I

e Introducery. (i = 1,m) and write all Lorentz andU (2);, invariant mass term

1

e After spontaneous symmetry-breaking
,CEIQSS = —UVrMpry — %EMNV% + h.c. = —%ﬁMVﬁ—I— h.c.
. 1% 0 ML
Wlthﬁ:(L>andMV:< D)
V]C;i MD MN
Y 1 .
° El(rn&)tss = —Z §mk7£¢wy,ﬁw where V! MYV = diag(my,mao, ..., M31m)
k

e In general if My # 0 = 3+mMajorananeutrino states

vM = VViyp + (Vo) (verify M7 =uM)

1

= Total Lepton Numbers not conserved
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1 1—
,CESE)LSS = —UVrMpry — §EMNV% + h.c. = —§ﬁCMVﬁ+ h.c.

. 0 ML
Wlthﬁ:<VL>andM”:< D)
V%ﬁ MD MN

e AssumeMy > mp =

e Add m vp, SO

— 3 light neutrinos’s of mass m,, ~ ML My'Mp
—m Heavyr’s of mass m,,, ~ My
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‘Type | See-Saw I

1 1—
EE;QLSS = —UVrMpry — §EMNV% + h.c. = _§ﬁcMVﬁ_'_ h.c.

. 0 ML
Wlthﬁ:(VL>andM”:< D)
V]C;i MD MN

e AssumeMy > mp =

e Add m vp, SO

— 3 light neutrinos’s of mass m,, ~ ML My'Mp
—m Heavyr’s of mass m,,, ~ My

— The heaviery the lightery, = See-Saw Mechanism
— Naturalexplanation ton, < m;, m,

— Arises in many extensions of the SBO(10) GUTS, Left-right...
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‘Light Neutrino Mass. Typell See-Saw I

e Add aSU (2) triplet ScalarA = (1, 3);

e One can build a Gauge Invariant Yukawa Coupling
—L = fay;LLi ALE; + hec.
e The scalar potential:

V(g,A) = Ao[* — p?|of* + MZ AP + (k¢" AT¢ + h.c.)

2
itis minimum at  (¢) = %= = £ and(A) = £V

V2 V2 - 2M3R

2
= M, = fA% The heavierA the lighterv;, = See-Saw Mechanism

o If M% /k> v (A)< v = Naturalexplanation ton, < m;,m,
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‘u Mass from Non-Renor malizable Operator |

If SM is an effective low energy theoyyor £ < Anp
— The same particle content as the SM and same pattern of Syynoneaking

_ - ' 1
But there can beo.n renormalizable r— ESM+Z __0,
(dim> 4) operators — Anp
First NP effect=- dim=5 operator fe Zi; 72\ (3T [C
There is only one! > Anp ( L”‘qb) (¢ L’j)
which after symmetry breaking . v v?
induces a- Majorana mass (My)ij = Zi; fgs
Implications:

— It is naturalthat» mass is the first evidence of NP

— Naturallym, < other fermions masses M\ v if Axp >> v

— See-sawvith heavy fermions or scalar integrated out is a particalk@ample of this



Neutrinos

Concha Gonzalez-Garcia

‘Implications: The Scale of New Physics |

my, > \/Am2, . ~ 0.05eV = 101 < Axp < 101°GeV

L8]]
=

ko
=

(Coupling Ct::nst;zﬂunts]'1

Recent
kdeasurements

o Y
=

Q

New Physics Scale
close to Grand Uni-
fication scale

Assuming

supersymmetry...

Grand

Unification

GraId—

LInified
Force’?

1Iu L
Energy (GeV)

[ |
.“:.15

Also the generated neutrino mass term is Majorana

= It violates total lepton number

Z
Ls= 1
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Mohapatra,Senjanovich; Foot,Lew,He,Joshi

05 can be generated by tree-level exchange of singlet (1, 1)) (Type-I) or triplet
fermions (V; = %; = (1, 3)o) (Type-Ill) or a scalar triplet\ = (1, 3); (Type-Il)

eFor fermionic see-saw
—Lxp = —iNPN; + $MyiyNEN; + N LadN;[.7]

= 05 = QX ( aqb) (QETLg) with Axp = My

e For scalar see-saw
—Lnp = anﬁL—aALg —+ Mi |A‘2 —+ /iqu AT qb -

= O = Tous ( agb) (QBTLg) with Anp = MTK

Very different physics, but sameparameters: How to proceed?
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Mohapatra,Senjanovich; Foot,Lew,He,Joshi

05 can be generated by tree-level exchange of singlet (1, 1)o) (Type-I) or triplet
fermions (V; = %; = (1, 3)o) (Type-Ill) or a scalar triplet\ = (1, 3); (Type-Il)

How to proceed?

— Top-down: Assume some specific model and work out the oslsati

— Still Bottom-up: Hope for additional information frooharged LFV collider signals ..
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e v Oscillation=- Lepton Flavour is not conserved

Ifonly Os = Br(t — uy) ~ 10~*! too small!

e But dim=6 operators areN conservingoutLFV (f.e. Og ~ LoLzL-L),).

So may be L=Lsn+ 25;6 ( aqb) (qﬁTLB) + Z - o Os,i

¢ In general to havebservable LF\bne needs taecouple
New PhysicscaleA  y responsible for themallm, from
New PhysicscaleAr (< A ) controlling of LFV

e Collider signatured heavy state massd/ ~ A,y ~ TeV and/orM ~ App ~ TeV
If M ~ A ~ TeV (K A n) motivation of lightr OK

Furthermore ifcg ; oc c5°°™¢ POV = L FV andcoll signalsdirectly related tal/,
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‘Implications: LFV & Collider Signaturesl

e v Oscillation=- Lepton Flavour is not conserved

Ifonly Os = Br(t — uy) ~ 10~*! too small!

e But dim=6 operators areN conservingoutLFV (f.e. Og ~ LoLzL-L),).

C5a3 T C6,i
So may be L=1L (a)( L) Os,i
y SM + . o) (0" Lg )+ Z 6,
¢ In general to havebservable LF\bne needs taecouple

New PhysicscaleA  y responsible for themallm, from

New PhysicscaleAr (< A ) controlling of LFV

e Collider signatured heavy state massd/ ~ A,y ~ TeV and/orM ~ App ~ TeV
If M ~ A ~ TeV (K A n) motivation of lightr OK

Furthermore ifcg ; oc c5°°™¢ POV = L FV andcoll signalsdirectly related tal/,

Minimal Lepton Flavour Violation

Cirigliano, Grinstein, Isidori, Wise(05); Davidson, Pato (06); Gavela, Hambye, Hernandez,Hernandez (09)
Alonso, Isidori, Merlo, Munoz, Nardi(11)
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Chivukula, Georgi (87) Buras, Gambino, Gorbahn, Jager, Sil

e Minimal Flavour Violation HypOtheSIS\/’estrini,(Ol) d’Ambrosio, Giudice, Isidori, Strumia (02)

Yukawas are the only source of flavour violation in and bey8&il

Very predictiveandsuccessfuto explainquarkflavour data
For leptonsmoresubtlesince BSM fields are required to generatejoranal\/,
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e Scalar (Type-ll) see-saw is MLFV T
057065 — fAO‘ﬁMLA 66,04ﬁ’yp — fgaﬁfA’yp .mo,_w ” |

o |f MA S TeV i
= Production of triplet scalars?** H*, Ay, H, |

Normal

pp — H TTH T B N
Striking Signatures A
o pp — HTTH™ :

Akeroydet al, Chaoet al, Fileviezet al
Garayoeet al, Hanet al, Kadastiket al ..

=  H*[F5 HE — [y,

predicted by neutrino parameters
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Implications. We are here
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|mplications. We are hergl eptogenesis)

e Majoranam, = [ = Baryon asymmetry can be generated

e How? In the Early Universe vialecay of heavyV Fukugita and Yanagida

—IfCP:T'(N — ¢lp) #T'(N — EE)
— And decay iut of equilibrium
(I' v < Universe expansion rate)

A L Is generated

AL

Sphaleron processes A L is transformed IMAB ~ — =~
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|mplications. We are hergl eptogenesis)

e Majoranam, = [ = Baryon asymmetry can be generated

e How? In the Early Universe vialecay of heavyV Fukugita and Yanagida

—IfCP:T'(N — ¢lp) #T'(N — EE)
— And decay iut of equilibrium
(I' v < Universe expansion rate)

A L Is generated

AL

Sphaleron processes A L is transformed IMAB ~ — =~

e Details are model dependent
In simplest scenarid/ > 10'° GeV, > m, <0.5eV
But also scenarios for leptogenesis with ~O(TeV) = collider signals
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e Neutrino oscillatiorsearches have shown us
Am3, = 7.44 x 107° eV? (2.3%) |Am3,| =244 x 107% eV? (2.6%)

0.59 IO
0.44 NO

= Upgp Very different fromUc g ps

sin? 012 = 0.3 (4%)  sin® 03 = (8.2%) sin® 613 = 0.023 (9.6%)

e Still ignoreor not significantly determined
Majorana or Dirac? Absolute values mimass scale
CP violation in leptons? Normal or Inverted Ordering?
Other Standing Puzzles:
LSND-MiniBooNE v, — v, and others signals at SBL
Cosmological hint of extra radiatiosteriler’s?
= New experiments needed to answer these questions

NP breakingtotal L — Majoranav : v = v¢

e m, #* 0 = Need to extend SM _ _ o
NP conservingotal L — Diracv : v # v

e Majoranav’s: generidf SM is LE effective theory and explain lightness
Anp ~ 10 GeV Fits OK inGUT
Leptogenesisnay explain the baryon asymmetry
Possiblescenarios with\ y p ~ O(TeV)
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v masses are BSM physieffects to be put together withll other NP effects
from charged LFV Collider signals Cosmo-astroparticle. to establish
the Next Standard Model



