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The most curious elementary particle

and the one that gave us more surprises

is still a perfect unknown ...because it only interacts weakly

three active neutrinos only + the possibility of sterile neutrinos

Flavoqr mixing q Massive Neutrinos
(oscillations)

First evidence of Physics beyond
the Standard Model
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Flavour Mixing
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Neutrino oscillations

Requirements: Massive neutrinos & different masses

weak hamiltonian free hamiltonian weak hamiltonian

(mass eigenstates)
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Experimental results :

Errors from 10 to 30%
Ay =7.6750% (188]) x 1075 o2,
—2.37+0.15 (195) x 1073 eV?  (inverted hierarchy),
Am3, =
+2.46+0.15 (1057) x 1073 eV?  (normal hierarchy),

812—345:|:14(+43)
623 — 49 3—}—2; (—I—ll 3

013 = 0.0139 (+9.0) Still missing
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Mixing angles :

Neutrino | Neutrino 2 Neutrino 3
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Mass square differences

Normal Inverted Degenerate
Am?23>0 Am?23<0 mi>>Am?;3
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Sterile neutrinos

LSND collab. PRD 64, 112007 (2001)
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Absolute mass

Cosmology Tritium B decay
Z my < 03'09 eV Mainz (2000) 0{ region close to & end point

Mye < 2.2 eV os |

Neutrinoless |
02 F

only 2 x 1073 of all
decays in last 1 eV

doble 8 decay Katrin (2009) i
<mBB> <0.3-0.9 eV Mve < 0.2 eV . ;""‘"'2"""""'1""':,"[": ot

Theoretical problem: Why neutrino masses are that small ?
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Dirac or Majorana

Majorana ’
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A\ —Scale of new Physics r
Hierarchy problem |

Why A is much smaller for A very large—neutrino
neutrinos than for the other mass very small
fermions?
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Neutrinoless double beta decay

Intercambio de neutrinos
ligeros de Majorana

A very rare process
T12>10%0 years

Talk by
Igor Arastorza
on Thursday

Other mechanisms are possible
But all imply Majoranna neutrinos
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... 'y Its connection with mass

L _G™(Q,2) MY (mgp)’
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Effective Majorana mass:
® mixing angles
® neutrino masses
® Majorana phases
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Nature: Majorana or Dir 3
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Majorana phas&%
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Absolute mass end point of beta OV
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Is there CP viaolation in the leptonic sector?"’
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Is baryon asymmetry produced via Ieptogen_
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Detecting neutrino
oscillations




Ingredients

L
EV ; survival ’V
VX - % = <
8 — E % ... OSClllation Vy ‘3 &0‘
O § g s T el
= S YV e“
8 "\/ % survival - . 6
y Vy ;
Neutrino flux and spectra
betore e ? Measure neutrino type
Theoretical model§ | and energy in very
near detector(s): fine grain prediction massive detector

Hadron production
Neutrino x-sections at E, ?
measure x-sections at
near detectors or
dedicated experiments

Compare prediction
with observation
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Neutrino x-sections

Neutrino x-sections L v CC cross-section G. Zeller
are poorly know at ~ 1 GeV |
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Oscillation length

ViVe

2.
P =sin’ 26-sin2(Am L)
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Atmospheric neutrinos

L:f(e)
L/E ~1—10* km/GeV
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1| p-p reaction
. 4+ & —= 88 + . + o
H Y H Electron .42 MeV
' ' (max)
l
But one time in 400: S
2| "pep" reaction [
Ce @+ B @
tH H M lemw
‘l
l' ----------------
3 v
™
. 4 ¢ —= g 4 +
H H *He
4
. . L]
Branch 1 oo +tlse—® ®+in + (8
(85 percent) iHe *He He H H
5 L ]
L] LN
Branch2 | #+« *+ "~ +()
(15 percent) IHe He Be
6 -
'.... + 86 MeV

/ . (90 percent)

7
i.:.t + G tLi

g ~ . 38 Mev
Be A )
L ]
7

(10 percent)
L
0 : L L]
850 (s o s s »
. L L d
(0] iH He He

Introduction
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Experimental example II: SNO

ve+d — p+pt+e
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Reactor neutrinos

(E) [ fission =201.7 MeV
(N,» / fission = 6

neutron rich fission
products undergo
B-decay
Ve
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Experimental example lll: Kamland
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Neutrino beams

conventional neutrino beam
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perimental example IV: K2K 7
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Experimental example V: MINOS  *

IIII|IIII|IIII|IIII|I|I|I
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All together

solar atmospheric
oscillation oscillation
Am?;, Am?»3
Kamland SNO
(180 km) (150 Mm) v, V, b rimmrath

Am?(e\?)

|
g —
reactors \_
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Long

baseline
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solar
parameters

parameters
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012
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Missing parameters
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From 2 to 3 families

523
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atmospheric sector

atmospheric

P(no v,) = c05*2013 - Pam (03, | Amis))

sin220
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connection between
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Subdominant oscillation

atmospheric solar interference
P(no ve) = Patm (023, |Am%3|) : : ) 2
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Reactor neutrinos

n —pP —+ e -+ ?e Ev ~ few MeV LoscpeakNKm H

Below muon and tau production thresholds =» dissapearence

Pyeuezl_Pyeyu_PyeuTg

A clean probe of 013

Interference term cancels out: no dependency on O¢p
Short baseline: no dependency on mass hierarchy
The solar term is very small: small dependency on solar params

the 013 quest



Far detector /;
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Double-Chooz

P(v,— v,) = 1 - sin2(20,) sin?(Am2,,L/4E)
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Super-beam"s : T2K «

Nuclear and Particle Physics Experimental Hall
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<1% survival
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Off-axis beam

detector

hadron focussing decay Abs’orptiop of
production us y es

oscillation peak at 295 Km

Ve contamination
2% = 0.2 %

Flux = o (arbitrary unit)

0 1 : E. (GeV)

the 813 quest




Quasi-elastic events with an
electron-like ring

Ve
Eyc = f(Ee, 0)

V contamination in the beam
~ 0.2% at the oscillation peak

106
irreducible
—substract
104

102

Flux (/0.1GeV / cm? / yr)

T, production in neutral currents
2-rings appearing as 1




The need of near detectors

Beam production near detectors Super-K
p
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T2K expected sehsitivity

’ Current status 6,; <10°
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The 013 quest

Accelerators Reactors
Subdominant oscillation: = =
i esg: Ue
§ Chooz Excluded
I ' 100
N‘; 10
£ ;
90% CL
107
B Computed with:
80P=0
] | |
2006 2008 2010 2012 2014 2016

Year

the 813 quest



Outlook

... the most curios elementary particle
and the one that gave us more surprises

has revealed part of his mystery in the last decade

If Nature is generous T2K, D-Chooz, ... will observe the
subdominant oscillation v,— ve (ve— ve) and measure 0613

atmospheric sector ﬁ solar sector
(23) (12)

interference

mass hierarchy Sign(Am223)

CP violation

the 013 quest



