








Physical mass and mixing paramefers in the
lepton sector
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Guidelines for theory:

sl GeV
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Sikails e gy
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Flavor and mass eigenstates (again)

“flavour”eigenstates 1 e
: J =, el
Ves Vs V1 paired to charged leptons C’lepdia Z)nal i
in charged current 5
m;; diagonal

V1, V9, V3 "mass”eigenstates (ahd positive)




Oscillations (in vacuum)

ve) = Uiilvn) = € Hjur,) = Ufe™ B B mp+ ot
’2

P(v,, — ve, ) —l{uatfesi T, HISSNESERE,, ) —

Fis By e P(v. > B0 E CRT
Spin irrelevant (E » my)

y : P(Veiﬁyej):P(vei_)vej) CP ; Ptotzl
Majorana phases irrelevant Pl e v )

In the smeLest 2V case:

Lue = 11 cosf + vy sin 0

p = —U3 SINU 1 HoCUS

(to be integrated over energy, position and convoluted with cross
section, resolution, efficiency...)



Am?2L
[P(ue — = sin” 20 sin? & j

4F
o Oscillation amplitude: A = sin® 20 (does not tell ® from /2 -6)
L AT E E(GeV)
o, ~ 2.48k
@ Oscillation length A 8 mAm2(e¥2
Am?L E
@ Oscillation phase: ¢ = ZE’ ~ 1.27Amée(\ée>\l;)<km>

Am2L\
o CRX) Pl v, —sin20 S5F)
Perturbation theory limit

Oscillations have no time to occur
P « (L/E)?, Flux « 1/L?

=)
20
) Plre=> S sz — sin? 6 cos” A + cos” A sin* 0

Classical limit

Fast oscillations average out
P independent of L,E, Flux « 1/L2

@ oscillation phenomena show up



A typical sensitivity plot

<P> = const.

AmAL
Cr — 1, )) st s e 00 stk L
’ N N

In order to measure both sin?29 and Amé?:
- <P> alone is not sufficient
- need EorL

2
B Sl Takip e

~ 1 regime




Caveats

@ In vacuum only

@ Coherence can be lost because
@ of averaging over the oscillation phase

@ the wave packets corresponding to different mass
eigenstates travel at different velocities

@ of reduction to the neutrino subsystem

@ Simplified derivation: E constant more appropriate? It does not
really matter (change of variable in the wave packet integral)

@ e.g., if coherence is not lost
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: 2 ) 2 ) 5 AmisL
CHOOZ: Saseadl 5. ~—T5 P(ve. — v,) ~ 1 — sin” 2013 sin =
A8
P(v, — v.) = sin? 26,3 sin” £s
ATM: Sl ® s~ S 0 < AW v ) o AFE
P(ve = vu,r) <1
N, L

SUN: Sz, S%, terms suppressed by ;3 : P — v.)el —sin” 2015 sin
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Global fit
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Atwmospheric neutrinos

o ot v, 15 km Pisappearance as
| function of L
et Vel independent of
uncertainties on flux
2 v, for each v,
Actually: ‘_ Need to measure:
- Energetic p long-lived, interacting - neutrino flavor
- Kaons are also produced ‘ - heutrino direction
so that theratiois > 2 13000k - possibly energy range
~ m
L =10*"*km ;
A L .
E=(01+10)GeV  — — 2= =107
Am3s ~ 2.5 x 1073 eV?
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Super-Kamiokande: detection

CC-interactions on nuclei: V&#N—[+N’
Neutrino type:
® Vy = U — clean Cherenkov ring

® Vo » e = fuzzy Cherenkov ring

* V direction: correlated with the direction of the lepton if E » GeV

* V energy: classify the events in sample with different E distribution:

® Fully Contained sub-GeV neutrino direction (L) not determined

® Fully Contained multi-GeV lepton and neutrino directions correlated
® Partially Contained p (E ~ few GeV) E, not known

® Upgoing stopping Y (E ~ 10 GeV)

® Up & through going p (E > 10 GeV)



Takeuchi, Neutrino 2010

Zenith angle & lepton momentum distributionsa"ﬁ‘

— v,~v, oscillation (best fit)

null oscillation

momentum  e-like

u-like

n T T :
2oo0b  Sub-GeV e-like 1-doy e .

= r -
L Sub-GSeV e-ike O-doy e ]

T
| Sub-GeV u-like O-dey e |

T
Sub-Gev u-like 1-dey &

. rh*ﬁzpcﬁp—_i& | F s M
100 _—_l:'H=+_;+= —_'_._‘_‘—|_‘_|_ - _+__+_—+— | E 1

- T T
3 Sub-GeV w -like 1-R

T
Multi-Gew' e-like

T
Multi-Gel' u-like

= T T
F Sub-GeV u-like 2-doy & 1

sol ] !
L —t+ ]
0_ 1 1 ]

T T
Sub-GeV = -like M-R

B

S00 1000
lepton momentum (MeW')

% : | : 7 % :
f cos anith ‘ f cos zenith ‘ f cos zenith «

Muons neuvtrinos disappear

SK-I+I1+llI

Preliminary

Live time:
SK-
1489d (FCPC)
1646d (Upmu)
SK-lI
799d (FCPC)
827d (Upmu)
SK-llI
518d (FCPC)
636d (Upmu)

Sub-GeV
samples are
divided to
improve
sensitivity to
low-energy
oscillation
effects  Jun 2009
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2-flavor oscillation analysis results a"ﬁ
SK-I+I1+1ll Preliminary

Jun 2009
4_0 B | | | | | | | | ]
T 1 | Zenith Physical Region (10)
- 1 | Amy;2=2.11+0.11/-0.19 x10-3
3.5/ 7| | sin220,;>0.96 (90%C.L.)
cg 3.0:— —: L/E Physical Region (16)
oD i 1 | Amy32=2.19+0.14/-0.13 x10-3
'1(:_;, o5h sin?20,;>0.96 (90%C.L.)
< [ T Tl
= - . L/E
4 = _ T M Zenith
= 2.0 ® MINOS bestfit @ SKbestfitg-~--.. -
[ —— MINOS 90%  ——= Super-K 90% < el resul?s 2 el
i | angle analysis and L/E
1.5 — ———— MINOS 68% ——~. Super-K 68% ] analysis are consistent.
. MINOS Collaboration ) -
L (Preliminary, Nu2010) e K2K 90% _
joblee v 11 1+ 7 M SK provides the most
06 0.7 0.8 0.9 1 stringent limit for sin2(20,,).

sin?(20) 9



Also

* Oscillation pattern smeared out. Still different, exotic disappearance
mechanisms (decay, Lorentz, CPT-violation) are ruled out (marginal)

% Sterile neutrino analysis:

® matter effects (relevant for sterile at high energy: resonance and then
suppression)

® neutral current multiring events (only affected by sterile)

® T appearance sample

* No electron neutrino transition, compatible with CHOOZ bound

Atmospheric anomaly: vy — VvV oscillations



The heart of the experiment: Hybrid target structure. \‘
THE ECC TARGET BRICKS ™\ Target Tracker

W, (scintillator strip)
N
W%
W
-

1 mm
<>

v f rli‘ln‘m ECC
>
— \/\.) .

~ ’
26.4mm
v

brick
\\ f[’/) |
u' = K= ;
(Cl \
Vi s Ph Chang e
V thickness 3mm
il
PN 300um \ i
I; Isi Fil ECC is the detector
v muision Fiim first observation of v, events
decay “kink” A e A
________________ b pryh,e Stack of . DONUT experiment at FERMILAB:
||t - T 57 OPERA films, (K. Niwa and collaborators):
osciilation P 56 lead plates (10 X, ) 9 1 events, 1.5BG. |
= K. Kodama et al. (DONuT Collaboration),

Phys. Lett. B 504, 218 (2001).

* One muonless event showing a t & 1-prong hadron decay topology has been
detected and studied in detail. It passes all kinematical cuts required to reduce the

physics background. It is the first v_ candidate event in OPERA.

Sato, Neutrino 2010
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K2K and NuM.i

KEK — SK pulsed conventional v, beam
L = 250 km, E = 1.3 GeV, osc phase = 1
Measure A3, E, — reconstruct Ey

Near detector to measure flux

FNAL — Minos pulsed conventional v, beam
L = 735 km, E = few GeV, osc phase = 1
Minos = magnetized tracking calorimeter

Near detector to measure flux



More on Minos
quing a neutrino beam

Absorber

Target )
\ Target Hall Decay Plpe Y7 == |
120 GeV 0 P e

~ :‘3\\ ~

—10 %

JEE--

protons e - &é;v e S B

F P ™ - : B == TIE

rom #1 ¢ ”;, \ 3 S\ e '.\ N S

#2 (‘-)“%h“(\- - \:

e

T

Main Injector Horns nt Y ut

10 m 30m

675 m

Hadron Monitor

* Minos can
® see V, CC (penetrating muons) = confirms SK ATM (see previous plot)
® see Vx NC (diffuse hadron shower) = confirms no oscillations into sterile
® see V. CC (compact em shower) = bound on 03
e ftell pu* from p-

* The beam can be switched between v, and v, = test CPT



vV, Appearance Results
T

B
for 8., =0,sin’(26,,) =1,
Am3,|=243x107 eV’
sin’(26,,) < 0.12 normal hierarchy
sin®(26,;) <0.20 inverted hierarchy &

ooo

at 90% C.L.

arXiv:1006.0996v1 [hep-ex]

0.00

T T L) L) I ] ] T T
AM? >0
i —— MINOS Best Fit
i [es%cCL
: [ 90% CcL

== CHOOZ 90% CL .
2sin®0,,=1 for CHOOZ -

MINOS :
7.01x10* POT:

0.1 02 03 0.4
2sin’(20,,)sin’e,,

P. Vahle, Neutrino 2010
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o8

21

IAm?| and |Am°| (107 eV?)
AN

Comparisons to Neutrinos

| | | ! | I | ! ! ! I ! | ! | I ! ! | ! I ! | |

- — MINOS vV, 90% —— MINOS v, 90%
- MINOSV, 68% ---- MINOS v, 68%
® Besty, Fit ® Bestyv, Fit

- MINOS Prellmlnary

~ 1.71x 10 POT v,-mode
- 724><102° POTv ~-mode

0.5 06 07 08 09
sin°(20) and sin*(20)

P. Vahle, Neutrino 2010






Global fit
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Matter effects

Incoherent scattering — typical mean free paths

(depend on flavor, “simplified” energy dependence):

A (E) ~ 10 cm (100 MeV/E)? in proto-neutron star cores
A (E) ~ 10 km (10 MeV/E)?> inthe Sun
A (E) ~ 10° km (GeV/E)? in the Earth's mantle

Coherent forward scattering is enhanced by 1/(Gr E2)

incoherent: dPs./dx ~ GaE*n  dP,. 5 +( E .
> ~ GpE” ~ 10
coherent: dpco/dr ~ Ggn ddeo GeV

It affects the neutrino phases in a flavor dependent way



Inwmatterr H=-—-U ma3 UT + 0 + univ. terms
ms 0

S— — -~ S

Free Hamiltonian MSW potential

V =V,—-V,=+v2Grn. (neutral matter, n, < n.)

Vi=V; (tree level, neutral matter, L, = L)

Ve e Vg Uy




Propagation in constant density

Oscillation formulae still hold with & — 3., Am? = (Am?),, ,

where 9, , (Am?), depend on the neutrino energy

Mantle
2 3
The Earth: On ~3- g/em
0 ~ 10-15 g/cm®

Propagation in the Earth affects

e Atmospheric Vs (only through the subdominant ve < vy )

e Solar, SN vs (D/N effect)

e Terrestrial experiments (Long Baseline)



Resonance (2V)

2BV
sin” @ + 5 sinflcosf) Am? .
H = Am 7 <+ universal terms
sin & cos 0 cos? 0

2BV (sin20),, =1,
Resonant enhancewent of the mixing angle: — cos 20 =
nant enhancem g angle: - (Am?),, = Am? sin 26

sin®26,, .
YV mixing

Am? >0 e Resonance width = tan 29 (9 < 45°)

e 3 < 45° = resonance only if V x Am? > O

SUN: V > 0, (Am?);2 > O = resonance only if & < 45°

e Note also: (2EV)/(Am3);z » 1 = Ve = (Va)m



Resonance: formulae

oy 5 1/2
2 2F 2F
sin? 26, = Sl;l i (Am?),, = Am?* |1+ LA 2 cos 20 v
L (2EV 2 s 09 2BV Am? Am?
+ (Gr) 2o
2BV FE Am? Am? n
— c0S20 Fios = cos 20 =~ 8 GeV =
Am?  Eres 2V (2 103 eV? 1.65 gr/cm3>

(sin® 26),, _[ Am? r
sin?20 [ (Am?2),,

* Matter effects are negligible:
* whent <« Eres

* whenl « Ly (sinx=x)



Propagation in varying density (2 V)
H(t) = Hfree + Vmsw(t)  time-dependent hamiltonian

Adiabatic evolution: no v; < VvV, transitions
. . o db,,  (Am?),,

Adiabaticity condition: —=
aba y condition o < 57

Adiabatic resonance crossing — large flavor swap even for small &

2
H; (Am“/(2E) | Vo B

Ve R (V2)m — V2 = Vesinf + v, cos 0

3
2| P(v. — v,) ~ cos* 0
1

2EV

The adiabatic approximation
must break at small 3




Level crossing

* The adiabatic approximation  df,, < (Am?),,
Is worst at the resonance dx 2F

_ Am? sin® 26 1
7= 2E (V' /V )es cos 20

* If y = 1 but y » 1 at production and detection P(v1 — v3) = P ~ e/ 2'

% Example: SN neutrinos (Am? > 0) or antineutrinos (Am?> 0)
for 93¢ 1073

% Adiabatic condition at the resonance:



Solar neutrinos (Ve)

1013 E| Ll Ll 1 1 1 1 'E
: pp(1%) 4p + 2e — *He + 2v, .
10— ) (B)PSO8
i Be(6%) 1
9 L | 1
10 EW | ' 50(+17-16 %)
I/ | ]
| I J—

109 f | _—T1
/ I I ]
1000 . : : pFﬂl(l.l%) 88(11%) !
10 -l 1 : 1 : 1 : 7|F(+19-17%) 1 1 ].
0.1 02 05 10 20 50 100 200

Energy (MeV)

H; (Am?/(2E))

Survival p

0MeV < E, < 14 MeV
E.es(core) ~ 3 MeV

(Am3, = 0.8 x 10~ %eV?)

;1 0.8 -
8 P(ye — ye) P, for LMA
. ® 'Be: Borexino
0.7— ® °B: Borexino, (> 3 MeV)
5 o °B:Borexino (> 5 MeV)
- ® “B:SNO (>4 MeV)
0.6 | RRERRRRRAC b
R — L= ® pp: all solar v experiments
R s .
- TR . 9
0.5(— k-\?,;& P = sin” 045
B LN
N \\\
- W)
LN
0.4} .. 92 R
B p 1 sin“ 0 12 3
B o o 2 -;;;"\‘ ‘“‘\!ﬂ}\ L
. o L LR
0.3 p e p i Ay naan
0.2 L ¢ . I
10™ 1 10

E, [MeV]




Neutrino Flux

102 ¢

loll

10w |

107 [

108 F

104

108

102 F

|- L Pl - rl L P S S S
100.1 0.3 1 3

Solar neutrino experiments

| SuperK, SNO

| Gallium | Chlorine

109 b

108 |

10 F

r T —r—1
;/mtl%

+12%

7Be

Neutrino Energy (MeV)

10

Chlorine: Homestake (6 8)

v, 3TCl — e Ar

E, > 0.814 MeV
Gallium: SAGE, Gallex/GNO

v, ' Ga — e™ Ge

E, > 0.233 MeV
H20: K, SK

Ve’xe — Ve’aje

E, > 5.5MeV
P20: SNO

Ve z€ — Ve g€ (ES)
veD — ppe (CC)
veD — vypn (NC)

Borexino (ES)



valburg neutrino obsewatorg (SNO)

Heavy water (P,0) in phase |
+ salt (cl) in phase
+ =Hte prop counter in phase Il

8,010 em?s™)

ES: Vgze — Uge = ®(v.) +0.155P(v,, )
0,

Polnt at sun

ce: veD — ppe = P(v,)

0c €, v
g

Energy spectrum 2

NC: v, D — vypn = ®(ve) + (I)<V,u,7')

Y from w capture n D (15%) or Cl (45%)

Ring shape, n *He — p 2t seen tn PC (ph (1)

%

~
n

L33

- e &AM D N =

N
.
.
..
-
-
-
-
Y
.
-

Test of SSM

.
-
-
..

-
.
.
.
.

-
ey
-
- -
-----
- -
. -
. -
- .
- -
N .
.

.

o, (IO“ em” s

Low Energy Threshold Analysis

>8B Flux Results with " unconstrained’ CC spectrum

—— Previous SNO results + total uncert
[0 Systematic uncertainties
—&— LETA results + total uncert

" LETA systematic uncertainties
dno = 5.140 T8

0.132
o 15 (stat) 7o (syst)

Previous
Phase 11

Previous
Phase II

Previous
Phase 1

LETAA LETAB



BOrexLno

%k Low E scintillator detector
* Solar neutrino ES

v ewith dg, ~ 5% at 1MeV down to < 0.3 MeV

o
©

. 7-58 V\Ie H.tVLV\ID Yatc ::; 07 - L] :B':: Borexino
° b L] B: Borexino, (> 3 MeV)
E N e  °B:Borexino (> 5 MeV)
’ ’ T4 'E 0.6 %.\\\“\333:«;_1_;““\“ ) * ‘B:. SNO (>4 MeV)
¢ CO V\Ist Ya LWS th e S l/(.V\/L\/ﬂ L P YO b a b LLLt 5 'g Ex:-:-:-:m:-:-_s_-.uee:: ﬁ\\“;-:‘::‘-%f;e“ $ PRESSSci v eipesinests
Ln the vacuum oscillation region £
* Geoneutrinos (antinu from radioactivity,

E < = MeV) nverse beta

* et and delayed coincidence
with € = 2.2 MeV photon from neutron capture

¢ ~ 10 events



KamLAND

% V., from several reactors (E ~ few MeV) at L ~ 200 km:
(initial flux well known)
_|_

Am3yL

—z 9

* Ue.p — e'n in scintillator
(delayed coincidence and E, > Eradio: background suppression)

* B, = L.+ +my, —m, — good spectrum, Am7, determination

|« Data-BG-GeoV,
. . . . 1‘_ — Expectation based on osci. parameters
* Observation of oscillation dip! | + determined by KamLAND
2 08
B B ——
o - ==
£ 0.6—+ : o s
< .
2, L —A
é 04— +
02F
0_llllllllllllllllllllllllllllllllllllllllll
20 30 40 50 60 70 8 90 100
Ly/E_ (km/MeV)







Global fit

T |
90°% CL (2 dot)
GLOBAL

4

W

»

| -

| S—
—
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—
—

| T
—

SK+KZ2K+MINOS

%
SOL+KAML %
1 +CHOOZ <
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* Origin of masses and mixing
* Discriminate models
* Origin of solar and atmospheric angles
 Neutrino mass pattern

* Phenomenology

P L) . 2 0 . 2 Am%BL A
* Leptonic CP-violation (V> vr) ~ sin” O sin” — —
: : : AT
* Supernova signals P(v, < v,) = sin® fg3 sin® 20; 3 sin” 4—]33
: 4
i SUbleGdlng effCCTS P(Ve 1 V’T) ~ COS2 093 Sin2 2013 Sin2 ATESL
/

* Experiments
* Rich experimental program available

(subleading effect in SUN and ATM)

> + Am



=
o
E=
L
i
fr
[
&
L

sin220,, discovery at 30 CL

- BB, v=350
| 1DS — NF ‘I.EI

0

- WEBB - WC

T2KK

: E'E' -'J’Z-l':::":' 3

BB + SPL ,

LENF ,

a hep—ph 08021722
b hep-ph 07030240
Coar¥iv 007 2370 v 2
o arkiv 0907 1894
& arXiv (07093889

_INF ubeams

limits of = beams
rate
beam-+detect bkgnds

SLoBE; EE

T -

10" 10°°

104 1073

sin” 20,3

Palladino, Neutrino 2010

1072 107!

EUROnNu physics WP




sign(Am?) and matter effects

\ 0 2EV
Am§2:ozﬂeﬁ:ﬁ U 0 Ut + 0
Am?, 0

* Enhancement/suppression in neutrino/antineutrino channel depending on sign(Am?)

* A measurement of sign(Am?) needs
® E ~ 10 GeV (resonance)
® long baseline (sin(x) # x)

® Ve & VH,T

* sign(Am?) determines the pattern of neutrino masses and affects the
® SN neutrino signal
® ferrestrial experiments

® Ov2pB decay



sigh Am?,,  discovery at 30 CL

lerarchy at 3o

T2KK

BB, y=100+atm ,
- BB + SPL+atm ,————
BB, v=350 .
DS —~NF 1.0
LENF o

=
o

=
o
£
it
4]
| —
Gy
('
L

=
I

a hep—-ph 080317242

b hep—ph 0703029

Coarky 0907 2370 w2

d arXiv:0907, 1296

g arXiv:i0rnn 3880 )

1077 10 10> 1072 107!
sin“ 20,3

, , EUROnNu physics WP
Palladino, Neutrino 2010




CP-violation

* Is there CP-violation in the lepton sector?
* Is it at the origin of the Baryon asymmetry in the universe?
* Can we observe it in neutrino experiments?

® Dirac (CKM-like) CP-violation

® Majorana CP-violation



CKM-like CP-violation

P(ve, = ve;) = P(Ve; — Ve,) = Pep + Pogs
P(vei _>v€j) = P(Vej i VG?L) = Fcp _PQP

At accelerators, due to the smallness of (Am?2)i2/(Am?),3 and 93 :

AT ZERE i
TP 1 23
P(v,, < v;)cp ~ sin® O3 sin N

o AmisL
4F

5 Amg?)L
AF )

: ! ! 2
P(Ve < V,LL)CP ~ Sln2 623 SlIl2 2613 S111 i AmSUN COorr.

P(ve < v, )op ~ cos? B3 sin® 2613 sin



CKM-like CP-violation

Large angles (unlike in quark sector) enhance CP-violation

0(1)

,// | S

PCP = [FIG0S (913 sin 2912 Sin 2923 sin 2913 sin 0 SSUNSATM

A small 33 enhances the v. & v, CP-asymmetry

Pl = v 0= B4 =510 1
acp = D

Rl e P =t i s 20T s ==rioarr

The statistical sensitivity is independent of 313 (on a wide range)

1 1
0a ~ — > stat. error ~ da/a ~ constant with 63

\/N sin 2913




Fake CP-violation

* In practice one has to take into account the contribution to the measured
asymmetry from the CP-asymmetry of

® the source
® the matter along the path of neutrinos
® the target
* That requires a good knowledge of
® the initial fluxes
® the Earth (electron) density profile
® the neutrino cross sections
* Also useful are
® the measurement of the energy spectrum
® 2 baselines

® additional channels



SPL 4GeV
EV-BB

o
o

NF bl
NF Py+INO

;.

L~
c
L
S
G
-~
(.

PS2-Slanic

3 10 ° 10 10 1 Updates 2000-11.19

True value of sin® 26,

Palladino, Neutrino 2010






LSND & MINIBOONI:

3 THELSND EVIDENGE (ANTINEUTRING MU — E TRANSITIONS)

® DOES NOT FITIN'THE 3 NEUTRINO OSCILLATION FRAMEWORK

® DOES NOT NIGELY FITIN A 4 NEUTRINO OSCILLATION FRAMEWORK
3 TESTED BY MIMBOONE

® SAME L/E, O(10) LARGERL, E

® NEUTRINO RUN EXCLUDES LSND AT MORE THAN 90% G1.
(ANONALY AT WRONG L/E, LOW E AND LARGE BAGKGROUND)

© ANTINEUTRING RUN FINDS AN EXCESS COMPATIBLE WITH LSND
(NEUTRING 2010)

10 Neutrino Exclusion Limits: 6.5E20 POT
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Mlightest







p decay endpoint

(A, Z) - (A, Z + 1)+ e 4Ty

(me)ee — |Ueh|2m%l — C13

2

F) ~ F((me)ee,E)

(m%C%Q T 77135%2)

~m? (degenerate neutrinos)

e.g.: °"H— "He+e +7,

2.2

+ M3873

ndepenoent of

- Phases

- Nuclear matrix elements
- Dlrac Vs Majorana

- Cosmological models

m < 2.2 eV (Mawnz, Trottsk)

— 0.2 eV (Katrin)

10}

08

08 |-

04 L

02}

2

rel. rate [a.u.]

02 |

[ m(ve) =

region close to 8 end point

m(ve)=0eV (%)3

v

only 2 x 103 of all
decays in last 1 eV

1eV

6 10 14 18
electron energy E [keV]




Ov2p decay

* Signals L-violation
% Probes the Majorana nature of neutrinos

* Allows to access parameters not accessible o oscillations:
® Absolute mass scale

® Majorana phases



%k

k

%k

Dirac vs Majorana (particle content)

A Dirac fermion (e + e°) corresponds to
4 degrees of freedom = 2 x particle + 2 x antiparticle
A Majorana fermion (v) corresponds to
2 degrees of freedom = 2 x particle = 2 x antiparticle
The difference shows up only in the m # O case:
e Dirac (m = 0)
vp|0) = [v—) vp|0) = [7+)
e Majorana (m = 0)
vp|0) = |v—) vp|0) = |v+)
In oscillations, once the O(m/E) terms have been neglected:
 the elicity does not play a role
e there is no L-violation

e oscillation formulae are identical for Dirac and Majorana Vv’s



%k

k

%k

Dirac vs Majorana (particle content)

A Dirac fermion (e + e°) corresponds to

4 degrees of freedom = 2 x particle + 2 x antiparticle
A Majorana fermion (v) corresponds to

2 degrees of freedom = 2 x particle = 2 x antiparticle
The difference shows up only in the m # O case:

e Dirac (im # 0)

TLI0) = [y —)+O (m/E) [v+)  vi|0) = [F4+)+O (m/E) [7—)
e Majorana (m # 0)
vp|0) = [v =)+0 (m/E) v +) vp|0) = [v+)+0 (m/E) v —)

In oscillations, once the O(m/E) terms have been neglected:
 the elicity does not play a role
e there is no L-violation

e oscillation formulae are identical for Dirac and Majorana Vv’s



Ov2P decay

(A, Z) — (A, Z +2)+2e7; eg: °Ge— Se+2e”

I' ‘mee‘Q <Q>2

_ 2 _ 2 2 2 i« 2 2i3’
Mee = UZ,mp = ci3(Miciy + masi,e”™) + masise
> >
d u dN |
d(E +E)
> e 2V2B - 1.5
Ve a continuum with end point at Q-value
Mee 0Ov2P = o
Ve e a peak at Q-value, enlarged by det. res. 051
>
d g u °
> >

Depends on

- Phases

- Nuclear matrix elements
- Dlrac vs Majorana

0.9 1.00 1.10
K,/Q

T ' 1
0.2 0.4 0.6 0.8 1.0

sum electron energy / Q

[mee| < O (1) x 0.4eV (Heidelberg-Moscow) — O (1) x 0.01 eV (Genius)




Cosmology

% Neutrino ph gsics affects

*  Coswmic Microwave Backgrouns (CMB)
Awnisotropies in the photon radiation at decoupling (T~ 0.3 eVv) are
sensitive to the total radiation density through the energy fraction in
NEUEKLNOS X Whppepmp = My + Mo + Mg

v Large Scale Structures (LSS)
Free streaming of relativistic mon-interacting particles smoothes
density fluctuation leading to the structures observed today. The
length scale of the effect depends on the neutrine masses

Under assumptions on the cosmological model (plaustble, consistent):
structures generated by gaussian adiabatic fluctuations, constant
spectral tndex n, SM spectrum + cold dark wmatter + CC

* @99% CL CMB: Mepemo < 2.6 eV (Planck: 0.2 eV)
WL LSS: Mppep, < 0.5 eV



Cosmology

(LSS constraint more powerful but less reliable: effect Larger at small
scales where computations are not easy)

* Neutrinos also affect

* Big Bang nucleosywnthesis (BBN)
The present relative abundawnce of p, n, Light elements is determined
by standard tnverse beta reactions Lnvolving neutrinos at their
decoupling temperature T ~ MeV

* possibly Baryogenesis (through leptogenesis)
ne/ny = & 107° might be associated to a Lepton asymmetry formed by
the CP asymmetric decay out of equilibrium of heavy right-handed
neutrinos (transformed into a Baryon asymmetry bg sphalerons).
Awn economical and successful Baryogenesis mechanism
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Supernova neutrinos

* Probe of core-collapse supernova physics
* Some sensitivity to neutrino parameters (uncertainties on the source)

* Constraint on exotic (neutrino) physics

E,u ~ By ~ 3 x 10°° erg
M ~ 1.5Msun

(0.01% photons R ~ 30km
prwlig(;(;:nng = { 1% kinetic energy p~3x10"g/cm’
| 99% neutrinos T ~ 30 MeV
T ~ 0.7 MeV 3 R2

A~ 10cm = tgig ~ N ~ 10sec
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Constraints on exotic scenarios

de 19
* Energy loss arqument: — < 107" erg/s/g

dt
* Constrains invisible escape channels
e axions
e KK gravitons

e sterile neutrinos

* E.2.:sin22U0s < 10-8 for large Am?



Future N

Detector SK SNO LVD KamLAND

v events (from

~8000 | ~800 | ~400 ~ 330
10kpc)

(@ neutrinosphere(F, ) ~ 11 MeV < (Ep_) ~ 16 MeV < (F5_) ~ 25 MeV
(@ Earth: the energy spectra depend on U3 and

sign(Am?) 23

e.2.: NH & U153 > 0.05 =P (ve) = Do(vyyr)

(Am?2)23 resonance crossed by neutrinos (antineutrinos) if NH (IH)
Pc =0 (Pc = 1) if U3 > 0.05 (U013 < 0.001)
((Am?2) 12 is always adiabatic)

((Am2)23 = 2 E (Vyu ~ Vo) resonance plays a role if @ (vy) # P (vq))









~

Amioinee2.4 < l0seiaand . - UiGE

Amipn S0 TERE 105 e Ve T 00 TR
013 < "4 (20’)

(ATM, K2K, Minos)
(SUN, KamLAND)

(CHOOZ, Minos + ATM, SUN)

\_ y
4 9 ; B
| meali=JUS T Ee @] e Feh (Heidelberg-Moscow)

(MTM)ee = Ul 2 < (2.2 V) (Mainz, Troitsk)
Zmyi < O (1) eV (priors) (Cosmology)
\. i J

Guidelines for theory:

i, s el GeV
oy ~ 457 (=45"7)
Sikails e gy
Uicg - [

\\Am%Q/Amgg\ ~ 0.035 < 1)







Smallness of neutrino masses

® Natural scale of fermion
masses: <H> = 174 GeV

@ Why my / <H> <101 ?

@ Must have a different origin
than m. / <H> = 0.3 x 107

o larger hierarchy
o family independent

o well understood







Taking only U(l)em and SU(3)c into account

u |di|ve|el|ur d_R er
o L fields: Q |AB|-B0]|-1[-%4k]|1
SU3) 13134 |1 1.3 gk 1

@ Gauge invariant LL ferms:

255 T i my
[muuRuL + mgdrd; + m.eger, + 7VLVLJ

(smallness of neutrino masses not understood at this level)



Taking into account (exact) SU(2).xU(1)y

o L fields:

(uo di) | (Ve el)|ur[dr|er
SU(2). 2 2 | S Nl
BICL)Y (/6 -1/2 |-l 1B 1
EU(3%| 3 gils. 3 | 1

@ Gauge invariant LL ferms:

None!

@ No fermion mass term is allowed in the limit of exact EW
symmetry (the SM is a “chiral” theory)




Fermion masses from EWSB (at the ren. level)

@ Fermion masses arise because <H> breaks the EW symmetry
= (h*,h%) = (1, 2, }2) = <h% = v = 174 GeV

@ Example: electron mass term (L = (VL el), Q = (uL dv))

)\EQLHT :)\Eﬁ(eLhO—I—VLh—i_) — mgerler,, mg = Agv

@ In general

L& = NemL;H + A\ d;rQ;H' + N WrQ;H + h.c.

mfgefe] + mgdfd g mw Uity ot ity | .
A
with m;Ej:)\,gEjv mS—ADv m;; —AU J

N

(i)




What do we learn?

@ my = 0: nice starting point
@ my # 0: need something on fop of the SM

@ several possibilities

2 main options

1. the new ingredients live at M » Mz (example: see-saw)

2. the new ingredients live at M < Mz (example: Dirac neutrinos)






Theorema

87



Theoremt

* The effect of any high scale [M » Mz1 physies Lresponsible for
neutrino masses] can be described at low € by effective interactions
Lnvolving only light dofs and symmetries (no need to know the

wmicroscopie theory and dofs). The effective interactions are
suppressed by M

87



Theoremt

* The effect of any high scale [M » Mz1 physies Lresponsible for
neutrino masses] can be described at low € by effective interactions
Lnvolving only light dofs and symmetries (no need to know the
wmicroscopic theory and dofs). The effective interactions are
suppressed by M

* Example: SM interactions can be described at € « Mz, by effective
Fermi interaction involving only light fermions

87



The SM as an effective theory

E A 2
A 5 j
\ @ Analogously...
nm\* eff.
i ctions T NR
) LEen = Lsm + Lsm
b
\ @& No hint of NR interactions from TeV scale
QED + QCP + eff.
inferactions
@ Only evidence of NR interactions: neutrino masses




<

v exp.

My

The SM as an effective theory

? o £E<<A S ren —|_ £
' B
Tkl ren A HL HL : e
} H i O )
\ o my " = AT my; = hijv % (Majorana)
SM + eff. s
interacti
interactions A = 0 5 X 015 Gth ( = )
) T
\ & Mgur = 2 x 10 GeV
QED + Q0P + eff @ Room for leptogenesis

interactions

o Le°ff is sensitive to the GUT scale only through L-
) and B-violating operators



@ Nice

@ The smallness of neutrino masses is well and economically
understood in a model-independent way in terms of the
heavyness of the scale at which L is violated

@ What makes neutrinos special?

@ They are the only fermions in the SMfor which a mass does
not arise (after EWSB) from a renormalizable interaction
with the Higgs fields (and neutrinos turn out to be
Majorana

& But

@ Could not v have a light vr partner as all other SM
fermions?



Right-handed neutrinos (f¢ = fR)

( Z ) ZC ( Z ) ZS SU(3)c x SU(2)w x U(1)y

M. LH — m, = \,v (like the other fermions)

V¢ is @ SM singlet and can therefore be heavy

M
L —?VCVC (unlike the other fermions)









Renormalizable origin of LLHH

eff ren
E A% LEcn = SM+T(HLi>(HLj)+°"
) LH = (1,2,9) ® (12)4) = (1,1,0) ® (1,3,0)
A
\ P
M+ off
interactions M See-saw ’rype I
) Li E X E Lj
M 1 Sh o Sk

v exp. | QED + QCD * eff.
inferactions

J Li : 7ay : L;
My Th Tk

\

See-saw type III




Renormalizable origin of LLHH

E A% Lhen = geﬁ‘FT(HLi)(HLj)"‘---
) HH =~ (1,2,-12) ® (1,2,-12) = (1)~ ® (1,3,-1)s
\
\ S
SM + eff.
interactions i Th See-saw type II
b < o .
y exp. | QED + QCP * eff @ Any number of Sp, Th
interactions :
J @ No loops if low energy supersymmetry

My







@ Standard paradigm:

ren h
LEan = SM+T(HL)<HLJ)+'“

0.05eV

my

A~ 0.5 x 10" GeVh ( ) > TeV

@ Alfternative: the SM extension accounting for neutrino masses
arises at a scale A < TeV (the EFT description does not hold)



Example: Dirac neutrinos

Lepton number is “exactly” conserved: hj; = O
Neutrino masses then need an L = -1 neutrino V¢

Nrg E e D ;c
ng zyj+mzj zej+mzjdzd +ng 1

u3+hc.

In the SM:

LN = X CE H )\ eS Lyl e e SOMMEEO s o 20)  H '+ 1.6

’L]’L zgz g8 AR

e Negre :
= M;; V3 Vj —l—mw e;€; g

zgz 1) %

N BN i S DN U
mi; = AU Mg = AU My = Apu m = A

Needs L and AN < 107! why?

TU; —I—deCd e



AN < 10 (D)

@ L is conserved + \v“LH forbidden by a symmetry, e.g. because
it is charged under a U(1) symmetry:

ANCLH — A\ (%) pei ] H N — (%)

@ interesting (model dependent) consequences for cosmology (was
also motivated by LSND), no consequences for LHC:

H v
) Govwe S 1075 (BBN)

M ()



AN < 101 (2

@ L is conserved + AN originates in extra-dimensions

@ VC lives in the flat bulk of large extra dimensions:

A M,
NS =K
i (27TRM*)5/2 Mpl

@ 5D V¢ & 4D (V9), Mn = n/R (large n)

@ Brane-bulk mixing: m = Aefr <H>

% Uz In the presence
Uisi— 1 i N,
2 ikVk N el of bulk mass terms
n
Standard Small
3 (mainly) active (mainly) sterile
neutrino mixing component

@ V°¢ and L are localized in distant points of a (warped) extra
dimension:

A 6—(superposition of the wave functions)



Low scale lepton number violation

& ren hz
Loen = L5 + T](HLi)(HLj) + ..

& h = 1013-10! allows A < TeV

@ Why? E.g. h

A M A

LLHH <¢>nLLHH
L 5:h 2

, heg=h (%)n(as before)

@ How is (HLHL) generated? Origin of L-violation?









Zm,,z. < 0.6eV (pi;irs)
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YUKaWa, mass
MAIRICes [MIASSeSpanc
MIXINgs
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YUKaWa, mass
MAIRICes [MIASSeSpanc
MIXINgs
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YUKaWa, mass
MAIRICes [MIASSeSpanc
MIXINgs




YUKaWwa, mass PP SeIVALIESH

MATRICes assesaanc
MIXINgs

Quarks:
10 parameters



ZHySicd
« YURaWa) mass
MatRces IASSeSaanic
_ MIXINgs

Quarks: Quarks:
36 parameters 10 parameters



