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. Historical introduction: v in the Standard Model

* Neutrino masses and mixing : Majorana versus Dirac
* The standard 3v scenario and a few outliers...

* The big open questions



Neutrino: the dark particle

1900 Radioactivity: Becquerel, M & P Curie, Rutherford....

[ decay

Energy conservation:  F . i.on =~ (My — MN’)C2 = () = constante



1911/1914

Electron spectrum:
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Dear Radivactive Ladies and Gentlemen, Pauli (Nobel 1945)

As the bearer of these lines, to whom 7 gmcz’ow@ ask you to [isten, wz’/fe)gﬂ/am to
lou in more detail, how because oj[ the “wronﬂ ” statistics oj[ the N and L1° nuclei and

the continuous beta spectrum, 7 have hit upon a %b]%’?’&ll‘? reme@ to save the
“excﬁomge theorem” g[ statistics and the dj/ (f conservation 0][ energy. Namely,

the possibility that there could exist in the nuclei electrically neutral particles, that
7 wish to call neutrons, which have yaz’n 1/2 and oﬁey the exclusion jarz’ncg’aﬁe,

and which ﬁrzﬁer differ ﬁom ﬁyﬁt uanta in that Z‘ﬁey do not travel with the vefocz’{y
oj[ ﬁgﬁt The mass of the neutrons 5Zm/&f 5;% the same order 0/( magm’zwfe as the
a

6[862,'7”071 mass and in dﬂy event not ﬁli/ﬂei" 71 0.01]77’02,'071 Masses.

‘Unfortunaw@, 7 cannot Joersona[@ appear in T L’lﬁirggen since 1 am incﬁ’syensaﬁﬁe here-
in Ziirich because of a ball on the m’gﬁt from December 6 to 7....



1933: Solvay's conference

The neutron was discovered in 1932 by Chadwick ...

" .. their mass can not be very much more than the electron mass. In order to

pfz’m’nﬂmkﬁ them ﬁom ﬁem/y neutrons, mister Fermi has jamjaoseaf to name thent

“neutrinos”. It is ]70552’5/3 that the  proper mass 0/( neutrinos be zero... It seems to me-
77/au51’5[e that neutrinos have a spin 1/2... We kiow nolﬁz’nﬂ about the interaction 0/5
Teutrinos with the other jmm’cﬁzs 0/( matter and with photons: the ﬁy]aotﬁesz’s that”
fzﬁey have a magnetic moment seems to me notjﬁm ed at all.”

W. Pauli



1934: Theory of beta decay

E. Fermi
(Nobel 1938)

Nature did not publish his article: “contained speculations too remote from reality
to be of interest to the reader...”

Bethe-Peierls (1934): computed the neutrino cross section using this theory

o~ 10"*em?, E(7) =2 MeV

“there is not Jomcu’ca[@ possiﬁﬁe way of d:et?cting a neutrino”



How to detect them ?

Ao
. no
M @wntor 1.5 x 10°* ¢m ~ 1600 Light Years

10* em ~ 10%° Light Years

2

A ’ @interstelar

“7 have done a terrible tﬁing. 7 have }oostufawcf a }oam’cfe that cannot be detected”

W. Pauli

“Not even Wrong”



Revealing Paulis dark matter was just a question of time and ingenuity...

. @Anglo-Australian Observatory
: nglo-Australian Observatory

Enjoyable reading "Neutrinos” by F. Close



How to detect them?

1946 Pontecorvo

Not so desperate...

f;/wfao Tl o howcesc opbo—
Nce = @, x 0 x Numero de blancos x AT

= ®,(ecm s x 107 *em? x Navogadro X Detector mass(gr) x 10°s x #dias

In a 1000kg detector, a 10'° v/cm?/s a few events per day

Needs a reaction where the final isotope is radioactive with a proper
lifetime

TCl+ v, >3 Ar+ e



Then the (by-then) recently invented nuclear reactors could be this source...

Reactors: ~ 102°/second!

1955 Davies

Built a 4000 liter detector, but did not
see a thing...

(10/s@100 meters)



1956 (anti)neutrino detection

Poltergeist project

First idea: put the detector close to a nuclear
explosion !

—_—

Nuclear

\ explosive
- Fireball

eines Nobel 95 Cowan (died 74)

lime

——Feathers and
Toam rubbes

Finally used the reactor Savannah River to discover the anti-neutrino

Scintillator
H,0 + CdCl,

Scintillator




The flavour of neutrinos

1937 u discovered in cosmic rays

1947 Pontecorvo

Is a heavy version of the electron and not the nuclear N :

agent (pion) b poyo Monsiexopb
T — U Uy

1959 Pontecorvo

The neutrino that accompanies the u is different to that in beta decay

Neutrino cross section in Fermi theory grows with energy: he proposes the
first experiment with a neutrino beam !



Neutrino Flavour

Lederman Schwartz  Steinberger
proton =177+ Nobel 1988
beam target proton accelerator ...-) -4 ;—q’——
@D o RR LS
0\ - —
< = r- _ detector -
pl-meson . g . sgeel shield spark chamber
beam >
n\c.

The accelerator, the neutrino
beam and the detector

Part of the circular acceleratorin ‘. : { "-.-.. llllllllli"'

Brookhaven, in which the protons
were accelerated. The pi-mesons (1),
wc:'llod'n were muced in the protoc;
collisions wi e target, dea* into
muons (j1) and neutrinos (3. e 13
m thick steel shicld stops all the
particles except the penetrat ng
neutrinos. A very small fraction of the
neutrinos react in the detector and

give rise to muons, which are then
observed in the spark chamber.

Hased an a drawing In Sclentific Amerikan,
March 1963



Kinematical effects of neutrino mass

Most stringent from Tritium beta-decay

H3 53 He+e + 1,

my, < 2.2eV (Mainz-Troitsk)

my, < 170keV (PSI: 77 — p'v,)

m,,_ < 18.2MeV (LEP: 7= — 57v;)

Standard Model neutrinos assumed massless



Neutrinos in the Standard Model

Charged currents: CC

U > ug, 3 < spin, | < flavour

Only particles in the SM that carry no conserved charge !



Neutrinos in the Standard Model

QYIRS

NS
\]

N NN
T =

N—
h

N N7 N

Right-handed

-

Left-handed

U— -

\IIL/R EPL/R\IJ
LF s
1 —1s 1 o-p
5 5 1—\2.1 v+ O(v/e)
Helicity

Neutrinos are Weyl fermions: two component spinor describing a massless
fermion with negative helicity + antifermion with positive helicity

]éyz()%{

E >0,
E <0,

hy = —v
hy = v



Breaking of C and P

Weyl fermion= 2-component spinor Dirac fermion= 4-component spinor
(Minimal spin %) (Minimal spin % + Parity)

RA L
e

vy,




Neutrinos interactions in the SM
/

Charged currents: CC Neutral currents: NC

Loy D ———= ZVLf”Y,ulLfW—i_

NG ZVLf’yMVLfZ + h.c.

2 CcoS HW



Neutrinos in the Standard Model
/

At LEP:
ete” 57 5 ff

Only three neutrinos -> three SM families

" ALEPH
' DELPHI

0 13

OPAL

| ¢ average measurements, J
error bars increased
by factor 10

I inv _ 10 i

() P [P PR S I L



Neutrinos in the Standard Model

Neutrinos have been essential in establishing the two most intringuing
features of the SM:

3-fold repetition of family structures

parity violation of the weak interactions

They might also have the clue of the underlying principle...



Ubiquitous Neutrinos

They are everywhere...

——————

Atmosphere: ~20/second

Sun: 5 x 102/second

Earth: ~109/second



Ubiquitous Neutrinos

Standard Model

T [uK]

simylation showing the distribution on the sky of temperature fluctuations
the LCosmic Microwave Background with neutrinos as in the Standard Model.

Big Bang: ~2 x 10'?/second

Supernova 1987: ~10'2/second

@168000 Light years!
108 farther from Earth



Using many of these sources, and others man-made, a decade of revolutionary
neutrino experiments have demonstrated that neutrinos are not quite standard,
because they have a tiny mass & massive neutrinos require new dofs!

SuperKamiokande

1800 8inch Thorn EMI PMTs
muon veto: with light collectors and
200 outward. 400 without light collectors water buffer

7N ‘ liquid buffer
‘ \ Q‘ 100 ton
‘ fiducial
~ volume
scintillator ¥
] nylon film
L radon barrier
nylon sphere
8.5m diameter
-

By

stainless-steel
N sphere 13.7m diameter

. ss-steel water tank  steel shielding plates

(| | 18m diameter 8m x 8m x 10cm and

4m x 4m x 4cm

’ Borexino
- SNO

MINOS, Opera

“Cinillagor g N

...and more



Massive (free) fermions

Dirac fermion of mass m:

— LT = mapnp = m(Yr, + ¥r) (Y1 + ¥r) = mLYr + YrL)

Majorana fermion of mass m (Weyl representation)

—Lpledorent = 2 + Syt = SO + o0y
2 2 2 2
¢ = CYt = Cyop™ C =i
v/ Non-zero for Weyl fermion: V=PV — \IJTC\I/ — \IJCIZ’:Z.O-Q\I}L

¢/ Lorentz invariant

v Massive fermion: dispersion relation E2 — p2 — m2



Massive fermions & Weak Interactions ?

Dirac fermion of mass m:

L5 = it = (T )+ o) = m(@roh T

Breaks SU(2)xU(1) gauge invariance!

Majorana fermion of mass m (Weyl representation)
: m— m— m - -
_Lﬂ]\fajorana _ _¢c¢ 4+ _wwc = TC¢ _wch’
2 2 2 2
No gauge/global symmetry ofw possible!

Spontaneous symmetry breaking can induce Dirac masses for all fermions but
Majorana masses only for neutrinos !



Massive Dirac neutrinos & SSB ?
55 0'2¢*a 5: (1727_%)7 <5> — <§>

Massive Dirac neutrino

—E,,[,,),Lirac =Y, L 5 vr +h.c— SSB — YVﬂLLVR + h.c.
—~ ~~ V2
(1,1,0) (1,1,0)

Higgs

V,'R VjL



Massive Majorana neutrinos & SSB ?

b=’ G2, (3)=(2)

Massive Majorana neutrino

,02

—pMajorana _ T CHTLT + h.e. — SSB — oz?ﬂLCﬂ}f + h.c.

Weinbergs operator
Higgs Higgs 9

mV:Q{_
2

Y
A

Implies the existence of a new physics scale unrelated to v !



Massive Majorana neutrinos & SSB ?

If A >> v natural explanation for the smallness of neutrino mass

de se pe

(large angle MSW) u-e c® r®
Vi &8V, 8V3 ce ue Te
L1 \‘ | LI | HH\‘ | | H‘ |1l \\H‘ L L1111 [ | H‘ [ 11 H\‘ 11 | |11 | \H‘ Lol 1 L1l
@ ~
E > < & = e -
< < < < < <
2

m(charged) ~Yv, m, ~ YUK ~ mf%

Lepton number is not conserved -> a new mechanism to explain the
matter/antimatter asymmetry emerges



Majorana neutrinos imply a new Standard Model

Higgs Higgs

SM



Generic new physics implies neutrino masses

If A>> v low-energy effects should be well described by an effective field
theory:

L= ESM-I-Z Ods—l-ZﬂZOdG

Weinberg; Buchmuller, Wyler;...

O¢ built from SM fields satisfying the gauge symmetries

Only one with d=5: Weinbergs operator or neutrino masses !

0%=% = LOCOTLY + h.c.

There must be also d=6, ....



Neutrino masses & lepton mixing (Dirac)

Are generic complex matrices in flavour space

—Llerton — g (M) s vri + lpi (My)i; Iy + h.c.
HH \ﬂ
IXNR 3X3

M, = U,]L Diag(my, ma, ms) V,, M; = UZJr Diag(me,m,, m;) V;

l; < (e, p1,7)

In the mass eigenbasis /
vV, <7 (Vla V2,V3)

g T —
ﬁgauge—lepton D _EZL,L SUZ EZV)Z‘Z’YILLWM VLj + h.c.

UpmNsS
Pontecorvo-Maki-Nakagawa-Sakata

UPMNS ((912, 913, (923, 5) unitary matrix analogous to CKM

Why only one phase ?



Counting physical parameters in lepton mixing (Dirac)

# physical parameters =  # parameters in Yukawas
- # parameters in field redefinitions
+ # parameters of exact symmetries

Field Redef. Symmetries | Physical
Y,,Y, U, (n)xUr(n)xU, (n) U(1),
Moduli 2 n? 3 (n2-n)/2 0 n2/2+3 n/2
2/9_
Phases 2 n? 3 (n2+n)/2 1 28 gl

Moduli = 2n masses + n (n-1)/2 angles  For n=3: 3 angles, 1 phase



Neutrino masses & lepton mixing (Majorana)

Are generic complex matrices in flavour space

1 _
—LyPter = §DLi(Mu)ijV}ij + 15 (M;)iilr; + h.c.

MY =M, - M, = UEDiag(ml,mg,mg)U,/

14

In the mass eigenbasis

9 7 _
Lgauge—lepton 2 _ﬁl}ﬂ (UZTUI/)z'j fY,uWIUJ V},j + h.c.

UpmNs

UPMNS (912, 913, 923, (5, 1, 042) depends on three phases



Counting physical parameters in lepton mixing
(Majorana)

# physical parameters =

# parameters in Yukawas

- # parameters in field redefinitions

+ # parameters of field redefinitions of exact symmetries

Yukawas Field. Red. Symmetries | Physical
a,, Y, U (n)xUj(n) 0
Moduli n(n+1)/2+n? nZ-n 0 n2/2+3 n/2
Phases n(n+1)/2+n? nZ+n 0 n(n-1)/2

Moduli = 2n masses + n (n-1)/2 angles

For n=3: 3 angles, 3 phases




Majorana versus Dirac

1 0 0 C13 0 8136i5 C12 512 0 1 0 0
UPMNS = 0 C23 S923 0 1 0 —S12 C12 0 0 et O
0 —s93 cCo3 —Slge_ié 0 ci3 0 0 1 0 O ete2
\ J

Cij; = COS Hij Sij = sin Qij . |
Majorana phases

In principle clear experimental signatures
D Iy
V| |/ V
1{+ __'__/ T[-I-

D

"

Majorana Dirac or Majorana

In practice theses processes are extremely rare:

Rate(+) = Rate(—) (%)2



Neutrinoless double-f3 decay

Best hope is neutrinoless double-f3 decay

d; urL d; UL
W3 E er SW
—— €],
Vel Ver |
YITL T,
Vel, VeL Y
W er,

18 21 —1 my\2 109 T—1
TQBQI/ ~ 10 — 10 years TZ,BOI/ ™~ (_EL) 10 T‘Z,B‘Bz/

If neutrinos are Majorana this process must be there at some level



Neutrinoless double-f3 decay

Ov
TQﬂOy — g,_/

MY

lZ Vw\ s) m;

2

Phase
Nuclear\l E.
Mee |‘2
Present bounds: _
Sarazin 2012
I[sotope T1272 (yr) Experiment TP/"Z (yr) Experiment (mee) (€V)
(90% C.L.) Min. Max.
48Ca 4277, 1010 NEMO-3 5.8 1022 CANDLES [111] 255 aat
6Ge 1.5 :tO 1102 HDM 1.9 10% HDM [46] 0.2 0.4 GERDA ‘13
82Ge 9.0+0.7 1019 NEMO-3 3.2 1023 NEMO-3 [40] 0.85 2.08
967r 2.04+0.3 10 NEMO-3 9.2 102! NEMO-3 [35] 3.97 14.39
100Mo 7.1+0.4 108 NEMO-3 1.0 10%4 NEMO-3 [40] 0.31 0.79
116Cq 3.0+0.2 10*° NEMO-3 1.7 10%3 SOLOTVINO [81] 1.22 230
130T 0.74+0.1 10* NEMO-3 2.8 10**  CUORICINO [65] 0.27 0.57
136Xe 2.3840.14 10  Kamland 5.7 10**  Kamland-Zen [93]
150Nd 7.84+0.7 108 NEMO-3 1.8 10%2 NEMO-3 [37] 2.35 8.65
136Xe EXO-Kamland ‘12 0.12 0.25

Klapdor et al claim has been excluded by GERDA



Lepton flavour violation

uw->ey w—>eee u—>econversion

Br(p — eY)exp < 5.7 x 10712 MEG Coll. 2013



Neutrino oscillations

1968 Pontecorvo

If neutrinos are massive

Ve 1
v, | =Upmns(b12,023,013,6,...)| 12
V+ Vs

E/’V%o Tl hwesc ol

A neutrino experiment is an interferometer in flavour space, because
neutrinos are so weakly interacting that can keep coherence over
very long distances !

_— L —
<€ >
N s
zAmp . >
i U Prop(v,) Ug
Source Target

v. travel at different velocities in vacuum: neutrino oscillations



Neutrino oscillations

2 2
 (m3 —mj)L

P(vq = vg) =Y UaiUjUl;Ugje" 77
]

Prob (a —» B)

The basic ingredients:

v" Uncertainty in momentum at production & detection (they must be
better localized than baseline)

v’ Coherence of mass eigenstates over macroscopic distances



Neutrino Oscillations in matter

Many neutrino oscillation experiments involve neutrinos propagating
in matter (Earth for atmospheric neutrinos or accelerator experiments,
Sun for solar neutrinos)

Ve p,m Ve.u,r

p,n,e€ p,n,e€

Wolfenstein

Index of refraction (coherent forward scattering) can strongly affect the
oscillation probability

N, — &
e T 2
(Hoo + HNC ) medium = V2 G 7 70 ( s N ) v="0 Vv
—2
2 2 2
E2_p? = 42V, E+ M




Neutrino oscillations in constant matter

0 ~
0 UpMNS
V-

Effective mixing angles and masses depend on energy

m? 0 ]
0 m = Ufyws | M2+ 2F
0 0 2

For two families (- neutrinos, + antineutrinos):

[\]\V)
3 o O
o o

NS
o o
=~

(Am2 sin 29)2
(Am? cos20 £ 2v2GrE Ne)2 + (Am? sin 26)°

sin? 20 =

2
Am? = \/(Am2 cos 20 + 2v2E G Ne) + (Am? sin 26)°

~

Am?cos20 £2V2GrEN. =0 sin?20 =1, Am?= Am?sin20



MSW resonance
Mikheyev, Smirnov ‘85

mi(Ne)




MSW resonance
Mikheyev, Smirnov ‘85

3 0=0
mi(Ne)

l

Am?cos20 +2vV2GrE N, = 0

MSW Resonance: -Only for v or¥, not both
-Only for one sign of Am?cos20



Solar oscillation of v,

Ve s=— Wu

N/

MSW conversion 1n Sun

0.9
i
10
0.7
0.6
das [ {
L]
b o ALl sodar . —
o a - '
e 0.3 o g:-muum ’
u v — DoTuating
0.2 gp_“m + Dargseing
i e -3
&g, MEW-IMA. Prediction
M M a2 a3l M M T |
wrt 1
E, (e

Survival Probability

[Am?| ~

o
o0

)
=)

<
~

<
o

O(MeV)
O(100km)

p—
T T T

s+t g BN

e Data-BG-GeoV,
- — Expectation based on osci. parameters
+ determined by KamLAND

—

.

)
T

v by b b by b 1
20 30 40 S50 60 70 80
Ly/E, (km/MeV)

cld 1
90 100



Atmospheric Oscillation of v,

O(GeV)N  O(MeV)

2
AT~ S 1000km) ~ O (1km)

MINOS Prehmlnary

»nl5p————mmmF—m——m——
(- |
: C_) L |
3 5 | -
o = i + ] Z
= o 1 ()
5 (D —— - C
c O " - 1 —
—
S o | 1=-
I3 < + 3
3 S 05_ —4— Far detector data 1©
CT_ o B Best oscillation fit | N
~
S ..C_B- Stats. only decay fit 9
© i T
a I IIIIIIIIII Stlats‘. orl1ly Idec:‘ohzere‘nce:\ flll o
Y2 % "% & 10

= 10 . 102 103 '“'1'04 Reconstructed neutrino energy (GeV)

L/E (km/GeV)



Atmospheric Oscillation of v,

Ve Vu Am2| o _OLGEV)
@AT% O(1000km)
V‘C Zagl.lS

2012

- EH1® EH2 10% effect
T2K, Double Chooz o

Daya Bay, RENO

09F
hl 1.1 I L 1 1 I 111 l 1.1 1 l 411 l 11 1 I 1.1 l L1 1 I L 1 1 I 111
0 02 04 06 08 1 12 14 16 18 2

Weighted Baseline [km]




Standard 3v scenario

[ NuFIT 1.0 (2012) |

15—Il T |II L I LI I] LI II I— —I LI I I‘l LI I LI | I‘l LI I I—

L \ 4+ 1 ,' -

L \ 4k | | .

C o\ 1L ' ' ]

10 - \ — H ' —

Ve V1 wo [ 1 - .
b o/ 1t ofo '/ ]

_ : o Ir o ]

v, | =Upmns(012,023,013,0,...)| 12 SE 95 1k DY E
L 4L ' ]

Vs V3 - 1t Lo .
L / 4L A i

o-llllllll /l,lllllllll- _lllllllll\j/l’llllllllll_

6.5 7 7.5 8 85 02 025 03 035 04

2 n =2
Am? [10% eV s 6,

’5 II L IIII IIiII LI I T I‘I II II IIIIIIIIIIIIIIIII II

- 1 ] ' -« -

r CE ;

L E L t' 4k .

10— i -1 —

normal hierarchy inverted hierarchy o K E ' ! 1C i
=~ [ ’ § 1r N

q - — -~ —

it gh' L\ ok [

i . n 2. o AF /=

= SSSS—— (n13)_ (n]z)‘ | '[" ' 4 L 1/ -
. | (A'nl)lz - i .l:. ! 1 F y -

< - ] - = -

(n‘l) 0 Illll\ IlII:I 1 lll\\/l 11 II lIlIlI lllllll Illlll

3 25 22 25 3 03 04 05 06 07

- . am?, [10%eV?] am?, sin” 0,

(An]Z)ZB ’5 LI III lll LI III "ll]ll IIIIIIII IIIIIIIIIIIIIII

| - v > B \ ! 1r .

e (Am™), - ! .' 4  ——-— NO (Huber) -

- . i |‘ : 1 — NO (Free + RSBL) 7

10 |- \ i - |- ——-- IO (Huber) —

A . T v 1[ —— IO(Free +RSBL) ]
— (lnl)2 :‘( C 0 0 1L ]
(An]z)ll 5__ ’X‘O _- __ —_

(rnl)2 (n13)2I—— L ) 4 - -

b ,', — — —

? : N :
P P P S T *d
Q 2 O Q 2 O o 001 002 003 004 360

m13 > m13 < sin® 0,
\ 4

Gonzalez-Garcia et al 1209.3023



Outliers: LSND anomaly

LSND vs KARMEN

T nvé TTTT T T TTTTT

KARMEN2
Feb.1997-Mar.2000

Tt — ,u+ Vy -
-
v, — v DIF (284+6/10+2) :%

pt— et vy,
5, — 7. DAR (64+18/12 £ 3)

Appearance signal with very different | MiniBooNE single o '
10 Lmﬁ...].gé.é:aé........._...................... emieee e i PG .. .. ... _E
max{lhd)-2.3/4.6 Inli-uni AN
2 2 .
.
‘Am ‘ > ‘Amatm‘ o o
10 10 o'
sin” 28



Still alive...

102 = ; [ LsnDgo% C.L.
= / [ ] LSND99%C.L.
- g KARMEN 90% C.L.
i — NOMAD90%C.L.
------ BUGEY 90% C.L.
10E e R [P CHOOZ 90% C.L.
E — ———— MiniBooNE 90% C.L.
B S ——— MiniBooNE 99% C.L.
T Tl || .= ——— ICARUS 90% C.L.
1E- co——t (0 T OPERA 90% C.L. (Bayesian)
[0 —
102 el

10° 10?2 10"



Outliers: reactor anomaly

13 _ 1 -
- i 1r .
= et - = -
" £ 1 C N
2 = i _

20 5 1o o & 21

3 ,,F N JER 8 R oE
5 L1 1F T =
= N 1L ]
S T o 1 .
'1 :a 1 -_ ,.........._.L.{.-.:.. : ...... _- —_ ...... _—
= i N 1_____ 1 F 1L N
z 09 JF <L 3
I 1r .
081 41 F -
07C 1 C .

T. A. Mueller et al; P. Huber

Recent re-evaluation of reactor fluxes found to be 3% underestimated

+Gallium anomaly...



3+1, 3+2 neutrino mixing models ?

10{

P(ve ->v,) =0(|Ugl* |U,;1%) ¢

Ng 10°

P(v, -> Ve) = O(]| Ug %) o

Pv, >v, ) =0(|U,]3) X

10 10 102 10-!
sin 26,
Kopp et al

Strong tension remains:
a convincing signal would be fo find it in all the three...



Why are neutrinos so much lighter ?
Neutral vs charged hierarchy ?

(large angle MSW) u-e c® ‘@
Vi &8V, 8V3 ce ue Te
= S ‘ vl vl | | ol vl m
E = < 3 = S -
< < < < < <



Why so different mixing ?
CKM

0.97427 £+ 0.00015  0.22534 + 0.0065 (3.51 & 0.15) x 103
V]ckm = | 0.2252+0.00065 0.97344 +0.00016  (41.2+11) x 103
(8.677029) x 1073  (40.4751) x 1073  0.9991461 5390021

PMNS 30

0.795 — 0.846 0.513 — 0.585 0.126 — 0,178
\U| = 10.205 — 0.543 0.416 — 0.730 0.579 — 0.808
0.215 — 0.548 0.409 — 0.725 0.567 — 0.800

Gonzalez-Garcia, et al 1209.3023



Neutrinos have ftiny masses -> a new physics scale, what ?

SM




How does the v scale relates to the EW scale ?

Example: Type I seesaw model (interchange heavy singlet fermions)
nR

L L 1 . ..
L=Lsy— Y I§Y¥Pvp— ) SR My vy + hec

1
Y —7Yn

A
A

Minkowski; Gell-Mann, Ramond Slansky; Yanagida, Glashow...



Charged/neutral hierarchy in seesaw (I)

dre se hHe

- @ ° re
MN— GUT u C
e e ue tTe vV
‘ | ®e
Yukawa

dre se hHe

MN= Tev Uu-e® ce re
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New physics scale

Type III see-saw: interchange a heavy friplet fermion

Foot et al; Ma; Bajc, Senjanovic...



New physics scale

Type II see-saw: interchange a heavy triplet scalar

_YM

A M

Konetschny, Kummer; Cheng, Li; Lazarides, Shafi, Wetterich ...



New physics scale

Also from loops ! Zee-Babu




Pinning down the New physics scale

The new scale is stable under radiative corrections due to Lepton Number
symmetry but the EW is not!

Hierarchy problem or SUSY ?

MN > ME not natural in the absence of SUSY



Pinning down the New physics scale

The new scale is stable under radiative corrections due to Lepton Number
Symmetry but the EW is not!

Hierarchy problem or SUSY ?

N A
meV eV keV MeV GeV l

SUSY GUTs

Robust predictions of high (and not so high) scale seesaw models:
there is neutrinoless double beta decay at some level (A > 100MeV)

a matter-antimatter asymmetry if there is CP violation in the
lepton sector !

there are other states out there at scale A'!



Lepton Number violation: Majorana nature

Plethora of experiments with different techniques/systematics: EXO,
KAMLAND-ZEN, GERDA, CUORE, NEXT, SuperNEMO, LUCIFER...
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Vissani 2002; Pascoli et al 2005; (Fogli et al (04))

Update Maltoni, Schwetz,Salvado, MCGG (95%)

Mee| = |33 (Mmicly + mae*®sty) + maePsiy]



Baryon asymmetry

The Universe seems to be made of matter

np —nNg

= 6.21(16) x 107"

WMAP n

Ty



Baryon asymmeitry

Can it arise from a symmetric initial condition with same
matter & antimatter ?

Sakharovs necessary conditions for baryogenesis

v Baryon number violation (B+L violated in the Standard Model)

v' C and CP violation (both violated in the SM)

v Deviation from thermal equilibrium (at least once: electroweak
phase transition)

It does not seem to work in the SM with massless neutrinos ...

CP violation in quark sector far to small, EW phase transition foo weak...



L, C and CP violation

New sources of CP violation and L violation in the neutrino sector
can induce CP asymmetries in decays of heavy Majorana v

Fukuyita, Yanagida

[ A
A H,
RN +NF§§ +N_UAL\
[

I'(N — ®) —T'(N — ®l)
I'(N — ®l) + T'(N — ®I)

€1 —

Generic and robust feature of see-saw models



Lepton asymmetry

M ,3>> M,
CP—asym eff. factor
_ ~ = ~ =
YB =4 x 10 3 €1 K

1

3 g~ ImMMEIM m,,:x?jﬁku

C16m e~ (AN M,

Different combinations

Even if we know the neutrino mass we cannot predict the asymmetry
accurately...a necessary condition if leptonic CP violation



Leptonic CP violation
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In 20 years from now with conventional beams...

Hierarchy unknown

70
CPV - LBNO-100kt — LBNO—20kt
100r — LBNE-34kt -- LBNE-10kt 1

—150 —100 =50 O 50 100 150

0
6[ ] Compiled by Coloma



With better beams (eg NUFACT) in XX years...
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Daya Bay syst only! Coloma, et al 1203.5651



Other states out there...

Hierarchy problem or SUSY ?

N
meV eV keV MeV GeV
I;" i

I
Leptogenesis




Low scale Type I seesaw models
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 kinematically allowed (the lower the mass the better)
* they mix significantly with the rest of the SM
(the lower the mass the better)



Other states out there ?

PPOv

, CLFV procésses, rare decays, EW
Neutr:no Osc. Precision tests, LHC Hierarchy problem or SUSY ?

meV eV keV MeV GeV TeV
1 ] N | )

v |
‘ CMB, LSS,DM Bary'ogene5|s Leptogenesis

i
Nucleosynthesis, SNs SUSY GUTs

Light Sterile Neutrinos White Paper, Abazajian et al arXiv: 1204.5379 and refs. therein



Other states out there ?

Hierarchy problem or SUSY ?
meV 250.;/ E keV. MeV GeV TeV

Neutrino anomalies: LSND...



Other states out there ?

Hierarchy problem or SUSY ?

keV MeV GeV TeV

Cosmo anomalies ?



Cosmological neutrinos

they have left traces in the history of the Universe

Key: W, Z bosons \/\, photon
q quark  (f) meson . galaxy
g gluon ) @ @ baryon

€ electron o o * L
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atom black

Nucleosynthesis <-> N,
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Galaxy distribution (LSS) <->

Leptogenesis

CMB <-> N,



Extra relativistic species welcome...

I I I
10 k Planck+WP+highL
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o8 |
+BAO+H,
0.6
0.4
0.2
0.0
2.4 3.0 3.6
Ness

I I I

~ Planck+WP-+highL
Planck+WP+highL+BAO

4.2

but not too heavy or

not too thermal...
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Ade et al 2013
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Other states out there ?

Hierarchy problem or SUSY ?

Warm DM Baryogenesis
Dodelson, Widrow Akhmedov, Smirnov;
Fuller et al Shaposnikov et al

Even though there are typically more parameters than those in the
neutrino mass, there are strong correlations...



Low-scale models...what about the hierarchy ?
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Maybe no gap.. but still small Yukawas...



Other states out there: other constraints ?

Other interesting flavour effects ?

Direct production at LHC of heavy states ? Keung, Senjanovic;...

Generically it is needed

* Gauge interactions of extra fields for large enough production
(ex. type II and type III or type I +W’', Z')

* Flavour effects unsuppressed by small Yukawas: approximate
u(1),

d=5 ( d= 6
L= L:SM_I_ZHO +;A%Fvo

Ay > Arpy




Charged/neutral hierarchy in seesaw

de se pHe

A = TeV et
= |e
‘V‘eo ue te
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Yukawa
de s® pe
Uu-e ol 1@
° e te V
A ¢ TeV + aprox. U(1), T T ee
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‘

Eg: Inverse seesaw/direct seesaw type I&III or type II

Wyler, Wolfenstein; Mohapatra, Valle;
Branco, Grimus, Lavoura, Malinsky, Romao,



pp-> H** H-=> [**I

Normal hierarchy Inverted hierarchy Degenerate v

Normal hierarchy: BP1 Inverse hierarchy: BP2 Degenerate masses: BP3
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Rich phenomenology of low-scale models with U(1)

w->ey W—>eee u—>econversion
Petcov and many others
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recent analysis Alonso et al 2012

Detecting such a signal would be a major breakthrough in clarifying the origin
of neutrino masses



Ve\\T’\/ Vi

These elusive pieces of reality have brought many surprises,
maybe they will continue with their tradition...



Extraterrestrial v news ?

1150 TeV 1050 TeV

Icecube coll. 1304.5356



