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“aull was desperate but Fermi was cool. ..

® 1914 - Chadwick observes a continuous
spectrum in the 3 decay

® 1931 - Pauli suggests new particle escapes
detection and takes the missing energy

Intensity

® 1934 - Fermi provides first theoretical
interpretation of the weak interaction

0 02 04 0.6 0.8 1.0 12
Kinetic energy, MeV

2X = .Y +e 4+ 1,

® Nature rejected Fermi's paper: the theory was too remote

e- Ve

\" Gr

/ \ from reality
n 9

® The general lack of interest in his theory caused him to
switch to experimental physics — first nuclear reactor
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-Irst opservation: electron (anti)-neutrino ... “a:*®
o {@< o -
® [ermi’s theory: neutrinos are expected to be ” e -7 /O‘O)<se¢«e'oSS) o
produced in beta decay: ot @ B c‘;:_._,o_.@_,@ﬁ_, o"gi
@ o | Chain Reaction | @
® Nuclear Bomb: ~10%0 neutrinos \ s x cm? Kr\ \O\
® Nuclear Reactor: ~5x10'3 neutrinos \ s x cm? 89”@;?* @%
®9Rb G, @L:.
® 1942 - Ganchang propose to use inverse heta \?\’ i’\@zaﬁp
decay to experimentally detect neutrinos: S@Q‘?‘ 3\@
oy @

17€+p—>n+e+
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-Irst opservation: electron (anti)-neutrino ... “a:*®

"
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® F[ermi’s theory: neutrinos are expected to be wga 27 2 comeion
- 235 238 @ — 235 238 @
produced in beta decay: or B> B Oi;_m_.@_,@_, o"gi
0 9 | Chain Reaction }—» @
® Nuclear Bomb: ~10%9 neutrinos \ s x cm? “ \O\
89K,- + 238U
® Nuclear Reactor: ~5x103 neutrinos \ s x cm? @i?* 8
i 89Rb@p\, L:.
® 1942 - Ganchang propose to use inverse heta \’ i’\@;smp
. . Osr @ o, o
decay to experimentally detect neutrinos: \’ ON_ o,
! &
Ee _|_ p % n —I_ e—l_ Nuclear
® Cowan & Reines @ Los Alamos National Lab é -
® 1stidea: let’s use a nuclear bomb... e —
ill— L\Vacuum
Suspended EJ—\‘/ o
Vacij:’:E 7;@ Feathers and

foam rubber
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-Irst opservation: electron (anti)-neutrino ... “a:*®

e O\; o -
144%<@o\l
® [ermi’s theory: neutrinos are expected to be e -7 /i‘o»somew o
produced in beta decay: or s @@ :‘;_,o%ié’;_,%_, O‘:;
8?;@ o | Chain Reaction | @
® Nuclear Bomb: ~10% neutrinos \ s x cm? K’\ \o\
89Kr + 238U
® Nuclear Reactor: ~5x10'3 neutrinos \ s x cm? @i?* 8
89Rb@_9\‘ @Li

® 1942 - Ganchang propose to use inverse heta ;
decay to experimentally detect neutrinos:

17e—|—10—>n—|—eJr

® Cowan & Reines @ LLos Alamos National

® 1stidea: let's use a nuclear bomb...

® 2"idea: let’s use a nuclear reactor (1956)

® \Water target doped with Cd + Liquid scintillator

® Positron annihilation + delayed neutron capture on Cd [The Reines-Cowan Experiments]
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http://library.lanl.gov/cgi-bin/getfile?00326606.pdf
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—Irst observation of muon & tau Neutrinos

® 1962 - L.M. Lederman, M. Schwartz and [How to make a neutrino beam]
J. Steinberger first v, detection

B Magnetic Horn |

® First human-made neutrino heam

® v, detection through charged current
interaction producing g track

® 2000 - vrdiscovery by DONUT (v beam

from charmed mesons decay)
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-Irst ob DS

® 1962 - L.!
J. Steinbe

ake a neutrino beam]

® First hums

® v, detecti

ptographic emulsion

700 MeV/c p fi
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-irst neutrinos from SN explosion

® T[he 23rd February 1986 a hurst of neutrinos is observed
at 3 separate detector

® 2 - 3 h hefore visible light from SN1987A reached Earth

® (Observations consistent with theoretical supernova
models (99% of the energy radiated away by neutrinos)

® Marked the beginning of neutrino astronomy

8o, 7
Arrival time of ve like soll2. 3 e
event ins Kamiokande |l ﬂ“ls } Experiment Neutrino
okl LIl i perime events
00 10 20TIME (sec)
- 0 i A
& B : A 11 2x10° g Kamiokande || 11
x I 1 _ P |
E 60_ i ‘: 'r 'Eog E
!
o 4of | ‘ 106 W IMB 8
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= 20f ! ue {03 2
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Neutrinos In the standard moael

® The SM has been built assuming neutrino is
massless with left chirality only

N, - :
..y . o ' Y o
A L
:

. .

® [he electroweak sector interacts with the
symmetry group U(1) x SU2)L

— ]_ ]_ o A : : e
_ T / o4  _The 'Neutrino e o
Low =) v (u‘?u —95YwBu —g5TW, | ¥ AThe NourinoErent RN
" e
- g ]

® Charge current sector:

1—75

V2

® Neutral current sector:

em g . em
Ly =eJ A" + cos O (Ji — sin? OwJ,") 2"
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How many neutrinos are there’?

® | EP provided the most precise measurement of E 2
the number of light neutrino flavours Cg % SEEEEI [ 3v
® Study the invisible Z width: the more light neutrino 1.3 /an\\
families the shorter the Z half-life .| OPAL I\
AL *
’ b‘:b"wd' |
vV V4
Fl FV S M /
o- 86 818 910 912 914
- . E., [GeV]
inv = o) - [
(Frotom - T SM prediction
LEP measurements
® Combination of the 4 LEP experiments gives Ny = 2.984 = 0.008
® Cosmological observations (WMAP, Planck) provide additional constraint
9
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SO far so good, but. ..

wn
=
o
=
Q.
w
-4

Three families of mass-less neutrinos
We know how they interact

We know how to detect them

Fit well in the Standard Model

Produced in CC interaction

Detected in CC/NC interaction

. V| | \\Vl V.Y
N o S e
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SO far so good, but. ..

>THE STANDARD MODEL <.
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Solar/Atmospheric anomalies

® T[he Sunis a fusion reactor which emits Ve
in great quantity

® 1968 - R. Davies first detection of solar
neutrinos (Ve + 38Cl = 37Ar + &)

SuperK

® 2/3 of expected ve are missing " ey M7 mEnm B
B W CNO Unect
® The ratio of muon and electron neutrino Kam.(sub-GeV) T Thew
produced in atmosphere ~ 2 Kam.(multi-GieV) et
IMB-3(sub-GeV) Lored
+ + -
T T v H IMB-3(multi-GeV) o
i, Frejus et
6—|- + v, + E,u Nusex : .
Soudan-2 H—o—H
® T[heratiois observed to be ~1 Super-K(sub-GeV) 4
Super-K(multi-GeV) 1 B
® 1/2 of expected v, are missing 0 05 1 15
(/) gata/ (W/€)
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Neutrino oscillation (and other exotic explanations)

Neutrino decay, Flavour changing neutral current and Neutrino oscillations

(1) Masses & flavours eigenstates not the same:

Mixing between flavour & mass states is possible

Vol [ cosf sinf@)\ (1
vg) \—sinf cosf ) \v;

(2) Non-degenerate mass spectrum: Am? =0

\
- -
- -
=
"--
-
>
:-
=
- an

potupnani

2

Quantum interference during neutrino propagation

P, ., =sin’20sin® (Am’L/E)
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Neutrino oscillation (and other exotic explanations)

Neutrino decay, Flavour changing neutral current and Neutrino oscillations

(1) Masses & flavours eigenstates not the same:

Mixing between flavour & mass states is possible

Vol [ cosf sinf@)\ (1
vg) \—sinf cosf ) \v;

(2) Non-degenerate mass spectrum: Am? =0

\*
—_—
L
- = s
-
T ER -
'---
SO - .
5
=
N
W an B

<

Quantum interference during neutrino propagation

¢
Puyovuy = sin® 20sin?{(Am2L/E)| /@000 U0
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Super Kamiokande

® 50 KT water Cherenkov detector ~40m tall
~40m diameter viewed by > 11000 PMTs

® Sensitive to GG int. of atmospheric veand v,

Super -Kamiokande 848 days Preliminary

T T T T T T T ] T T T T T T T T T

® Observe atmospheric v, and ve from different ' multi-GeV e-like | multi-GeV mu-like (FC+PC)
zenith angles — different propagation length ™ 1t -

® 1998 - Confirm atmospheric v, oscillate (to
vt ?7), LIE signature of neutrino oscillation!

100 |~ -

s

-1 -06 -02 02 08 -1 -06 -02 02 06 1
cos(zenith angle) cos(zenith angle)

® Data

[Z7] Predicted

— humu-nutau osc.
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T LY LAY sasssasasshoan

B e L s e N

® 50 KT watt
~40m diar

Cherenkov light

he Cherenkov light.

ﬁ\\‘\\

minary
| | I | I | I | i

ti-GeV mu-like (FC+PC)

® Observe ajl
zenith ang

® 1998 -Co
vVt ?),

+++

# Data

[ ] Predicted

numu-nutau osc.

| ) | ) | 1 | )

06 2 0.2 ()

. I o \/

cos(zenith angle)

Alberto Remoto 13



SNO

® 1 KT heavy water tank (~12 m diameter) viewed
by 9’600 PMT

® Sensitive to CC, NC and Elastic Scattering

® Solar ve energies < 10 MeV: CC for vy, and vrare
forbidden (E < Myn)

® CC (ve only) : ~1/3 of expected flux :
® NC (all flavour) : Expected flux 2

® 2001 - Confirm solar neutrinos emitted as ve
reach the Earth as mixture of ve, vy, and v+

i .i‘.k.\a
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® 1 KT heav
by 9’600

® Solar ve
forbidden

® CC(ve Or
® NC (all fla

® 2001 -Cc
reach the
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KamLAN

D, MINOS, and others. ..

KamLAND:

® (Confirmation of solar neutrino L/E
oscillation with reactor neutrino

® Precise measurement of 012 and Am2

<
o0

<
'S

o
(] %
Illllll

Survival Probability
=
(=)}

M | NOS . —— 3-v best-fit oscillation —— Data- BG - GeoV,
. -==== 2-V best-fit oscillation
O L1 I L1 11 I L1 11 I L1 11 l L1l I L1 11 I L1 11 I L1 11 l L1 11 I | -
® Confirmation of atmospheric neutrino 20 30 40 50 60 70 80 90 100 110
: : : ; km/MeV
oscillation with accelerator neutrino G
2o ORI,
® Precise measurement of 023 and Ams: » 26f -
. 95 C.L L 1
OPERA: — . oowCL | ~ | _
?) l O T %J 22 L Normal hierarch.): .................. B
i | At o — 8 [, — e o]
® Direct detection of vy = vr oscillation g Faa ]
<] _|
Borexino: -y .
— 99.73% C.L. \
I l *  best fit - v min 68°/: C:L: 7
® Precise solar neutrino physics... e Yy — y a—
tan20 5 sin2923
Alberto Remoto 195



Hunting B13, the last missing angle. . .till 2011

The most difficult angle to measure: quite small value w.r.t. other oscillation parameters

Alberto Remoto 16



Hunting B13, the last missing angle. . .till 2011

The most difficult angle to measure: quite small value w.r.t. other oscillation parameters

r > |
® anti-v. disappearance

Io E<10MeV, L ~1 km
o
® Precise and accurate

measurement of 813

® Not sensitive to dcp and

sign(Am?z3)

0 RN

P(Ve = Ve): 613 and Am?31 only

T\ ) B ..
~® V. appearance from a v, heam

L
Mo
¢

b
Z .

E~1Gev, L ~300 km

P(vy.— Ve): complicate
dependency of 613

Sensitivity on 813 limited by
Knowledge of other parameters

Degeneracy with d¢p and
sign(Am?z3)

Alberto Remoto
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Hunting B13, the last missing angle. . .till 2011

The most difficult angle to measure: quite small value w.r.t. other oscillation parameters

r > | 1T T\ .. /
N

. . ® V. appearance from a v, beam

® anti-v. disappearance e app H

® [ -~1Geyv, L ~300km

IO E<10MeV, L ~1 km

P(vy.— Ve): complicate

P(Ve = Ve): B13 and Am?s only dependency of B13

O
® Precise and accurate
measurement of 813

AW . N NNV
®

Sensitivity on 813 limited by

Knowledge of other parameters

@ Not sensitive to d¢p and
sign(Am?z3)

® Degeneracy with dcp and

sign(Am?z3)
—— T AN A T »

2011 - first indication of non zero 613 from T2K [PRL 107, 041801 (2011)]

2012 - first indication of non zero 613 from Double Chooz [PRL 108, 131801, (2012)]

2012 - measurement of 613 from Daya Bay [PRL 108, 171803] and RENO [PRL 108, 191802 |
2013 - Observation of ve appearance from T2K [PRL 112, 061802 (2014)]

Alberto Remoto 16


http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.041801
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.131801
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.171803
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.191802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.061802

013 @ reactor (DayaBay and others)

Outer Y-Veto (OV)

Plastic-Scintillator: strips (—tracking)

® Daya Bay, Double Chooz & RENO V- Target (NT)

. . , r Liquid-Scintillator + Gd (0.1%)
® Similar detector design .
} | Y-Catcher (GC)
' . | Liquid-Scintillator
® Different baselines, reactor powers and | : i qht .
deteCtor maSS } H"/ Oill§egligible scLir:Itilla”S)rI;
|
’ |
: i, Inner p-Veto (V)
120 m 'Ii : . : : E Liquid-Scintillator
cw, By  @stnear  stfar @ Chats S — — { lSInefrt <Y—Sdhlideld |
120 m @ N ‘
ésvi % 16t near 16t far A RENO
, ® |Inverse-[3 decay with delayed n capture
on Gadolinium
(1;3\;,4 E - 2x20t near | y . . gaya
th ay
L8 .l 2:20t near B ® Near detector to constrain un-oscillated
| . [ reactor v. flux
E Elecf(ron antinep_trino
e ® Far detector to measure oscillated ve flux

vos 1650M svemp
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013 @ reactor |

Dava

Say and others)

18-
16
3
5 14—
g
a 12
=}
(/7]
o 10—
5
~—" 8 —
>
®©
K 61—
%) =
= =
o 41—~ —— Far site data
w 5 - E== Weighted near site data (best fit)
- Weighted near site data (no oscillation)

Far / Near(weighted)

1 [10° eV?]

2
ee

IAm
N

1.5O

99.7% C.L.
95.5% C.L.
Lttt s 68.3% C.L. —]
e Best fit
I S -
| Daya Bay:§621 days | | | | |
0.05 0 0.15 5 10 15

sin’26. , Ay

613 from shape dis

Best measurement of 6813 by Daya Bay

tortion in energy

spectrum: P ~ sin?(L/E)

Reduce systemat

C uncertainty with

Near detector measurement

sin® 20,3 = 0.084 + 0.005

IAm?2, | = (2.42 -

-0.11) x 107 3eV?2

[arXiv:1505.03450]

Alberto Remoto
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http://arxiv.org/abs/1505.03456

1950

Super-Kamiokande

INGRD @&

® High intensity ~700 MeV v, beam (off-axis) produced from a 30 GeV protons @ J-PARC
® Neutrinos observed in different detectors:

@ INGRID (on-axis near detector) : beam direction and intensity monitoring
@ ND280 (off-axis near detector) : neutrino flux measurement before oscillation
@ Super-Kamiokande (off-axis far detector): neutrino flux measurement after oscillation

+ NA61/SHINE (at CERN) to constrain flux systematics — See Matej’s talk

Alberto Remoto 19



Neutrino oscillation @ T2K

[PRL 112, 061802]

[PRL 112, 181801]

® Compare oscillated flux @ SK w.r.t 5 s 4 Daa .
unoscillated flux at ND280 o L 772 Background component
§ 6r Fit region < 1250 MeV |
® ND280 — SK extrapolation: main source of = [ < 1
: S 4 ¢ -
systematics — See Francesco’s talk o 1] 7
qa 2 - 00J_0II_FLI‘ 'Y ) ri
Ve appearance mode: 013 (and Ocp): B - rf .LH | i
® 28 cvt obs. (4.9 + 06 f illati E Oo_ 500~ 1000 1500 >2(;oo
_|_

evt. OPs. ( 2 £ 1.0 €XP. 11ho Oscilia IOﬂ) Z Reconstructed neutrino energy (MeV)
® /.30 significance to non-zero B13 z [ i
g 60— —4— DATA N

Vi disappearance mode: 623 and Am223: 5 ————  Best-fit Expectation with Oscillations

02 40 MC Expectation without Oscillations

\ . \ ]

® 120 evt. obs. (446 + 23 exp. if no oscillation) & of §
® world leading measurement of the mixing 0 ]
angle 623 2 g1 | ] I E
= T | B o0 11 o o5 Sasd I SRR SIS | -
8= g
Recently start running in anti-v, mode [NuFact2015] & 2 | I?

3 4 >5
Reconstructed v Energy (GeV)

OO
N
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https://indico.fnal.gov/getFile.py/access?contribId=236&sessionId=20&resId=0&materialId=slides&confId=8903

Osclllation: a comprehensive summary

LBL Acc + Solar + KL + SBL Reactors + SK Atm

A T ) A B 612,620,013
I — IH .. . lZ[Am%, Am?2o3
] Sign of Am?2x3
\. ‘ ] 625 octant
0| Ce ] R '....|....|..“"|....' DéCP
65 70 75 80 8520 22 24 26 2800 05 1.0 15 20
Sm?/10™ eV AM?/10° eV 2 S/
Parameter Best fit lo range
ém?/107° eV? (NH or IH) 7.54 7.32 — 7.80
sin 012/10~" (NH or IH) 3.08 2.91 — 3.25
Am?*/107° eV? (NH) 2.43 2.37 — 2.49
Am?/107% eV? (TH) 2.38 2.32 — 2.44
sin? 013/1072 (NH) 2.34 2.15 — 2.54
sin? 613/1072 (IH) 2.40 2.18 — 2.59
sin® 023 /107" (NH) 4.37 4.14 — 4.70
sin® 623 /1071 (IH) 4.55 4.24 — 5.94
i 1 I §/m (NH) 1.39 1.12 - 1.77
0 S O — P — §/m (IH) 1.31 0.98 — 1.60
0.25 0.30 0.35 03 04 05 0.6 070.01 0.02 0.03 0.04

sin°0,, sin’0,, sin’e. ,
[PRD 89, 093018 (2014)]
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OUESTICNS

Mass hierarchy?
CP Violation?
Sterile neutrinos”?
Neutrino masses?

Dirac/Majorana’

Alberto Remoto
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The problem of the mass hierarchy

® [requency of the oscillation probability
depends on |[Am?| at first order

® Sub-leading effects depend on the MH,

but hard to highlight

® Matter effect enhances v/anti-v oscillation

depending on the MH

® Different strategies but beyond 2020
§ 06 ;_ ------- Non oscillation
E‘ - ; : —— 0, oscillation
= 05 Normal hierarchy
3 - ' ’ Inverted hierarchy
0.4 |

~
Saa
~
-~

O _"l 1 1 | 1 T | 1 1 1 P 1 11 | 1 1
10 15 20 25 30

J U N O L/E (km/MeV)

Am3,

neutrino mass squared

Am3,

[ A .V_u oV,

Sin2012
pl . |
)
sin%0,5 Amj,
31 I I
sin0 4
Amg1
sin%6,,
27 B
S
1IN I
2
normal Sin“9y3 inverted

Normal Hierarchy

fractional flavour content

Inverted Hierarchy

T2K+NOVA, ORCA, PINGU, DUNE

Alberto Remoto
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CP violation in the lepton sector

® Big-bang: symmetry between matter
and antimatter

® Matter is dominant in the universe
right now — asymmetry

® (P violation in baryon sector is not
enough

® CP violation in the lepton sector +
leptogenesis — might explain current
asymmetry i I

Fermilab

® Planned DUNE/HyperK experiments
aim to measure &cp with long baseline 4

see Davide’s talks

Alberto Remoto 25



Like the solar and the atmospheric anomalies. ..

® Reactor anti-ve disappearance at very-short
baseline

® L SND & MiniBooNE: ve appearance at high Am?
® Additional neutrinos may explain the anomalies

® | EP data constrain number of active neutrino: the

additional neutrinos must be sterile

- 3 25fF : s E
@ F % + Neutrino ]
8 17.5 ® Beam Excess 5 i + *_Data (stat err.) |
S 2 f g 20 |- [ ve fromp*™” 7]
v, fromK*" 1
Lg 15 - plv, v, e’)n - :: f:g: K° ]
L E © misid 7l
© + Ca- Ny |
O i B pv.e)n B dirt ]
m 7125 [ 1.0 = other b
; 3 other —— Constr. Syst. Error
10F 4% &
>
7.5 2
L 3 12
! &
5 [~ ¢ - —— it 1.0
[ R e e, | 0.8 =
25 | g 55 SR
5 i e st 0.6
i 1 e o
ofF 2’*8 0.4
NP PR P P I NP | oia
04 06 0.8 1 1.2 1.4 o Lt . , ]
303 . H i . » 4 15 3.0
L/E\, (metefS/MeV) 0.2 0.4 0.6 0.8 1.0 1.2 14 E?E GoW)

0.6 0.7 0.8 0.9

1 1.1 1.2 1.3

1.4

=0.068

=0.075

=0.076

«0.065

+0.063

0.038

«0.055

+0.059

=0.058

0.044

0.047

||||||||||I|||||||||tl'llllllllllllll||||||||l
s
18.2m -
ROVNO88_2S — oL 0.959 0009
252m S
ROVNOS88_1S : | 0.972 0009
18.2m .
ROVNO88_2| ~:A + 0.948 0009
180m s
ROVNOB88_1 Ay 0.917 0908
om : I
SBP [l E r—lo”—4 1.019 =001
SRP-| B 0.953 <000
-
: |
il
s | 1
181 ).944
ILL H—— | 0.801 =00%°
. 2|1 ,
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The problem of the mass

. . . . : . 100
® Oscillations provide information about neutrino '

mass splittings

® Direct measurement of neutrino mass from precise
measurement of 3H (3-decay gives my < 1 eV

count rate [o.u.]

® Indirect limit from cosmological observation (Plank

2015 2Z2m = 0.2 eV e S S B  E
E—E, [eV]
neutrinos dre se pe _ _
— Lp= mD(VLVR —+ VLVR)
— u-e o | e
x Le Te (% o 1n—
Lol vl ol vood v ool ol ol vl ol v ol vl ol Gl v mp — EYV “«— Y, ~107"
3 ol = = o ~ N s
c% < 2 2 c% C% (Ye ~ 0.3 x1077)
® The smallness of v masses is also an issue, Higgs -
coupling is "unnatural" vr = Cry, = (vL)
® See-saw mechanism as possible explanation but m% <«— Higgs-coupled

. : : 1, —
requires Majorana neutrinos M < Airay big
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Neutrino-less double beta decay

B N\NQ allowed B[:\NQ
® [he neutrino is the only massive fermion to be neutral "

® Could be its own antiparticle: Majorana particle

® [he only practical way to test Majorana/Dirac nature:

2vBB decay: (A, Z) = (A, Z +2) + 2e + 20,
OvBB decay: (A, Z) = (A, Z +2) + 2e~

neutrinoless [

® process forbidden in the SM - BB
: BBOvX°  gBOL

(T7Y75) ™" = Gou(Qps, Z)| Moy |*n”

® Light Majorana neutrino exchange

o o b b s s
0.0 0.2 0.4 0.6 0.8 1.0

(T+T2)/ Q

see Steven’s talks

® Right-handed current (V+A), SUSY, Majoron(s), etc.
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® Neutrino physics full unexpected surprises

® First and only sign of/physics beyond SM

® [he only particle worth 4 nobel prizes

® Many open questions still waiting for answers




