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Neutrino sources:

Sun:

65 billions/(cm 2 s)
on the earth surface
~ MeV

Nuclear reactors :

~ few MeV

Big Bang
Relic neutrinos
330/cm 3
1.95 K
Particle accelerators <A

~few GeV
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assive black hole
etion disk and jets

* Supernova
' Q - explosion
99% of collapse
energy in neutrinos
10-30 MeV

Earth radioactivity
U, Th, K

A Geoneutrinos
4108 /(cm?2 s)

~ MeV

Cosmicrays
~ GeV
~1/(cm? minute)

Human body
20 mg of 40K
340 millions/ day

Extragalactic :
Active galactic nuclei
Gamma ray bursts
~PeV




Why.are neutrinos so interesting ?

u Cosmology:
They played an important role during the Big Bang, they could explain the asymmetry among
matter-and anti -matter, they are the most abundant form of matter in‘the universe

U Astrophysics:
They are governing the life and death of stars

u Particle Physics:
They are a window on physics beyond the-Standard Model: presently they represent the only
experimental hint in that direction in particle physics

UnNforeunat el yanN®UTIri nos saj | so.-.qui e di f f i«
Acreguicr.bng’, b1 ghst Igeas. onpesiosurces and de.t'ec
chalsl ef*'gesd and gal so- a, I,jitt.l e Bit:- of«history,

coming out as experimental results

U The history of neutrino physics is a real saga with an ~ extraordinary richness of
experimental technigues involved related to the various neutrino sources.

i There are still a | ot of open questions in



How can we detect different neutrino flavors ? A charged current reactions

€ Standard Model A massless neutrinos:

ne / Neutrino: helicity -1 (+1 notexisting )
——————— > Antineutrino: +1 ( -1 not existin

! Electron mass= 0.511 MeV ( 9)

- W 1989 LEP results:
| only 3 neutrinos coupled tothe Z ©

/\ (M, <M,/2) =

Muon mass= 105.6 MeV

W Reaction threshold = 112 MeV e
— . | | |
‘ mass kinematic suppression
u quar 0.8
d quark Occ(Vy) —
t- SV, o6 17 sev
nt / l ,-f"x
——————— > 0.4
W Tau mass= 1777 MeV = h hld
Reaction threshold = 3.46 GeV 02 ; GeV thresho’d
T 00/

0 50 100
d quark u quark E (V) [GeV]



Neutral current reactions (Z exchange)

nX _rl)(— -
_______ .},I— -
- Z0
/\
quark quark

A do not distinguish neutrino flavors, no threshold

Elastic scattering neutrino -electron

n+e A n+e




The birth of the neutrino as a «  desperate remedy » to solve apparent
energy non-conservation in b decays (W. Pauli 1930)

%3~ Radioactivity: b- decay 7N — g+'f N' +e + 7,

*\P Early 1900s: people thought they were dealing with a
el ._.1'3_ two body decay process:

./

o e (4,Z) > (A.Z+1)+e
A The energy spectrum of the electrons should be monochromatic:

First measurements of beta spectrum: 1911 Lise Meitner and Otto Hahn, 1914 Ellis
and Chadwick A the beta spectrum is continuous !

Meitner: electrons re -interact in the nuclei emitting gamma rays A but no gamma rays
detected. Bohr: energy is not conserved in Beta decay !!!
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M, dwrard, dase dle Sumne der Enorglen voo Newtron und klekbron
konstant lst.




From Pauli's letter of the 4th of December 1930

Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom | graciously ask you to listen, will explain to you in more
detail, how because of the "wrong" statistics of the N and Li ® nuclei and the continuous beta
spectrum , | have hit upon a desperate remedy to save the "exchange theorem" of statistics

and the law of conservation of energy. Namely, the possibility that there could exist in the

nuclei electrically neutral particles, that | wish to call neutrons, which have spin 1/2 and obey
the exclusion principle and which further differ from light quanta in that they do not travel

with the velocity of light. The mass of the neutrons should be of the same order of magnitude

as the electron mass and in any event not larger than 0.01 proton masses. The continuous beta
spectrum would then become understandable by the assumption that in beta decay a neutron

IS emitted in addition to the electron such that the sum of the energies of the neutron and

the electron is constant... | agree that my remedy could seem incredible because one should
have seen these neutrons much earlier if they really exist. But only the one who dare can win

and the difficult situation, due to the continuous structure of the beta spectrum , Is lighted by

a remark of my honoured predecessor, Mr Debye, who told me recently in Bruxelles: "Oh, It's
well better not to think about this at all, like new taxes". From now on, every solution to the
Issue must be discussed. Thus, dear radioactive people, look and judge. Unfortunately, |
cannot appear in Tubingen personally since | am indispensable here in Zurich because of a ball
on the night of 6/7 December. With my best regards to you, and also to Mr Back.

Your humble servant, _ _ _
W. Pauli Today | have done something which no theoretical

physicist should ever do in his life: | have predicted
something which shall never be detected
experimentally



1932 The neutron (as we known today) was discovered, by J. Chadwick,

two years after Pauli's proposal

- Solves nuclear spin problem of Li and N nuclei measured to have integer spin:

A= Z(protons)+N(neutrons)

But the mass of the neutron is similar to the proton mass

particle

Fermi, 1933: coherent theory
of beta decay
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“Abstract speculations
too far from physical
reality to be of any
imterest to ‘the_readers"
Nature. rejecting the paper!
E. Fermu. La Ricerca Scientifica 4 (II), (1933).
491-495; and Z Physik. 88 (1934) 161

Pauli thought his proposal of the "neutron”
was too speculative, he did not publish itin a
scientific journal until 1934, by which time
Fermi had already developed his theory of
beta decay incorporating the neutrino.

A cannot be the Paulis's

Fermi 4 -fermion contact interaction,
Lagrangian of interaction (in analogy with
electrodynamics):

Cle) = ~=E [3,aonla)] a)role)

V2

Gr = Fermi coupling constant =
(1.16637+0.000001) 10> GeV?

In 1934, at a seminar Fermi was asked
whether the neutral particle emitted in the
nuclear beta -decay was the same as
Chadwick's neutron.

Fermi clarified that he was talking about a
different particle which he referred to as
neutrino ("little neutral one").



How to detect neutrinos by producing them in a nuclear explosion:

MNuclear
explosive

Buried signal line
for triggering release

i
\\
Back fill— YVacuum
pump
Free falling (2s) in  Suspended =1 |
. . detector YVacuum
vacuum liquid e
scintillator detector Vacuum —
(1 m3) tank Feathers and

foam rubber

Figure 1. Detecting Neutrinos from a Nuclear Explosion

« El Monstro »

Reines and Cowan 19511952
Approved after discussing with Fermi
and Bethe who were convinced that
this was the most promising
(anti)neutrino source

V Intense

V Short flash (less environmental

background)

but then abandoned in favor of the
detection at a nuclear reactor:

Bomb: flux ~10 B4 times larger than
with a reactor

Background from neutrons and
gammas similar to reactor

A But a new idea on how to reduce
the background and detect

Antineutrinos from the fireball of a nuclear device would impinge on a liquid scintillaNN€ULINNOS over a Iong time scale

tion detector suspended in the hole dug below ground at a distance of about

with the low reactor flux

40 meters from the 30-meter-high tower. In the original scheme of Reines and Cowan,
the antineutrinos would induce inverse beta decay, and the detector would record

the positrons produced in that process. This figure was redrawn courtesy of Smithsonian

Institution.

Rb-92




1956 (anti)neutrino detection at the Savannah
River reactor, still via inverse beta decay

flux ~10 E13 neutrino / (cm 2 s)

the idea to reduce the background: detect also
the delayed neutron capture signal after the
positron A

, neutrino

Solution of Qvator
and Cadmium

Reines:
« We are happy to inform you (Pauli) that we
have definitely detected the neutrino ! »

|
\ F Liquid scntillator
| q
5\ and cadmium

Detector 12 m underground
and 11 m from reactor
~3 neutrinos detected/hour

....q\tillhlﬂ. ..

g




1962 Discovery of the muonic Lederman, Schwarz, Steinberger

neutrino with the first neutrino

beam produced with an accelerator
(pion decays)
1959 Pontecorvo raised the question whether v from B-decay processes is identical
with v from pion decay (Sov. Phys. JETP 10 (1960) 1236)
1960 Pontecorvo and Schwartz (PRL 4 (1960) 306) suggested to study neutrino
reactions with high energy muons coming from proton accelerator
(m— p+v, K— p+v))

A Nobel 1988 y

A The o0two neutrinos ex

v,+N - p +X

Muonic neutrino is
different than
electronic neutrino

A Conservation of
leptonic number

Pont e ctanbstoadd@n



Typical high energy Wide Band neutrino beam

Magnetic lenses

Shielding

Protons

v

p+'>mnm
K*->ntn,

v

N

Target

Decay tunnel
| = O(100 KA)

Cylindrical outer conductor

B
™

B
L . .
e Horns: sign selection,

Coaxial current m focalization: flux x10
. 0=

Contaminations:

n,, (wrong sign parents) O(5%)
n, (K.3 decays, mdecays) O(1%)
n, (D, decays) 0O(109)

Note that the p/K abundances and spectra
at the target are not easy to predict: to

reduce systematics perform ad hoc hadron -
production experiments (Spy, Harp, NA61

etc é )
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' South Dakota, Black Hillgpown of

Lead (1600 nas))

Homestakeagyold mine (1876001,
1.24ktonsof gold extractedsincethe
Great SiouXWVar of 1876 )

Since2007with the stop of the minereatedhe Sanford Undergroundboratory
(thedeepestindegroundaboratoryin USA), now hostingthe DUNE

experiment



https://sanfordlab.org/

First detection of solar neutrinos 1968: Homestake mine experiment (R. Davis, Nobel 2002)
1500 m depth equivalent to 4100 m of water e >

77
N

v+3Cl — B +3%Ar, 3Ar— 3Cl (34 days, K-capture) e +°74r —» v +°CI
. P

E(neutrino)> 0.814 MeV Tank with 390 m3 of C,Cl,
37Cl ~24% of natural Cl
~1.5 Ar atoms/day produced by solar neutrinos
Extracted every 3 months with a flux of N,

Final state 37Cl excited emitting Auger electrons e/o x rays

Results compared to the neutrino flux predicted by
the Standard Solar Model (J. Bahcall)

R. Davis and J.Bahcall

1/3 of expected rate
A Solar neutrinos deficit

T o1.4f
1.2

1.0

SRR
R(*'Cl) = 2.56+0.16+0.16 5NU 1 |
Ressm = 7.6713 SnU 2

R‘JJ:IIllli"i'-i SEM = 0.33 +0.03 LO | ” H




Interpretations:

I [I.N. Baheall] want to tell you an illustrative story about neutrine research .. One of the
miners came over to our bench, satd © “Hello, Dy, Dawvis. How s & going ¢ You don't look foo
happy. " And, Ray replied © “Well, [ don't know .. 1 am capturing i omy fank mony fewer of
those neutrinos than this young man says I should be capturing.” The miner [ finally

satd ; “Newver mind, Dv. Dawvis, of has been o very cloudy swmmer here @ South Dakofa, 7

More seriously debated for long €& | ong ti me:
The trivial ones:

U The Homestake experiment, which is quite delicate, has some bias in the neutrino
detection
U The Standard Solar Model is not correct (neutrino flux depending on T 251)

The fascinating interpretation by  Pontecorvo:

the Davis experiment and the SSM are both correct it is new
physics: neutrinos change their nature during their trip to the
earth

A Neutrino oscillations

Electronic neutrinos from the sun become muonic neutrinos
The energy of the muonic neutrinos is too low to allow for their
charged current interactions A neutrino disappearance

But neutrinos must be massive par



OBLEQHHERHGIA MHCTATYT AREPHBIX HCCAELOBAHMH

Moczna, aassud nowTesT 0¢e TH. Heod Peat Officw, P, 0O, Baa TP, Moscow, UKSR

 994/5/ april e 72
S
April 6, 1972

Prof, J.N.Bahecall

The Institute for Advanced Study
School of Natural Science
Princeton, New Jersey 08540, USA

Pontecorvo was predictive:
Dear Frof. Baheall, It took 30 years for the

Thank you very much for your letter and the abstract demonstration !
of the new Davis investigation the numerical results of which
I did not know. It atarta to be really interesting! It would
be nice if all this will end with something unexpected from
the point of view of particle physics. Unfortunately, it will
net be easy to demonatrate this, even if nature works that

Ta

I will attend the Balaton meeting on neutrinos and
lookdng forward to see you there.

Yours sincerely,

?) ﬁmﬁﬁw*r_ﬁ

B.Pontecorvo



Neutrino oscillations
Neutrino mixing ( Pontecorvo 1958; Maki, Nakagawa, Sakata 1962):

neutrinos are massive particles and they mix similarly to quarks; the flavour
eigenstates ne, Ny, Ny are not mass eigenstates but linear superpositions of the
mass eigenstates nj, ny, N3 with eigenvalues my, m,, m:

Implifi . two neutrin mixin -
Simplified case: two neutrinos g na>:cosq\nl>+smq\nz>

Only one mixing angle q is needed nb> =- sinq\n1> +COSC]‘/72>

Considering the time evolution of a flavour eigentstate T produced at t=0:

2

n)) =PPH U e S n)  E = pPem
_ K
The phases: @ 'Extwill be different if m;, My

Projecting n(t) on the flavor basis one can obtain the probability of
finding other flavours:

= Appearance of the flavour n,, ny for t>0



Probability of detecting  np at the instant t if n(0) =n,:

. . L
— 2 2 2
DI = m.2 am.2[ev?) P, (L) =sin“(29)sin°(1.26 /Dm E)
L [km] (distance among the neutrino source and the detector)

E [GeV] (neutrino energy)

D2, =0.12 eV 2 Dm?, > Dm?, Dm2, =0.05 eV 2

|
v

N\ A /
AT

L/E (km/GeV)

sin?(2q)

ab

O\I\‘\\\|\\\‘II\‘\\II\\

0

L/E =10 km/GeV A same oscillation probability for:

1 GeV neutrinos after 10 km
1 MeV neutrinos after 10 m

Detection of oscillations: appearance of new neutrino flavors as a function of distance or
energy or disappearance of beam neutrinos as a function of distance and energy



Water Cerenkov experiment ( Kamiokande 1987 - 1994)

:
(D (el T M. Koshiba

Nobel 2002 with R. Davis
(detection of cosmic
neutrinos)

<

[
L om
- )

Particles detection by emission of Cerenkov light in water
(680 tons) A (electrons, muons)

Built for proton decay search (GUT)

Neutrinos produced by cosmic rays in the atmosphere are a

background for proton decay (T. Ka j i thesi$) s

A Studying the atmospheric neutrinos background they
realize that it is different than expectations

A Can look at solar neutrinos (high threshold > 5 MeV)

by elastic scattering on electrons (CC+NC reactions) (emitted
electron at 5 MeV stops in ~2 cm in water)

n+e A n+e electron has still some correlation with neutrino
direction

A Deficit of solar neutrinos ~50%
A Detection of neutrinos from supernova SN1987A |



Atmospheric neutrinos anomaly
i Let's write the atmospheric vy deficit by (n/e)data/(w/e)MC

< 3 Kam.(oub-GeV) s _ Water Cerenkov
» afr nnuclfeus Kam (multi-GeV) e experiments
IMB-3(sub-GeV) e -
p io s IMB-=-3(multl-GaV) — d )
Frojus " ;
— lron calorimeters
Num e
— Soudan-2 H—e—H -
L = - Super-K(sub-GeV) HH
Super-K{multi-GaV) o e o
0 0.5 1 1.5
1 TENRINT T
_ 10 _10'E
) = 4 o =
> C = C
= F © F
A Unclear situation among different experiments :é] - ‘j:E] -
(water Cerenkov, calorimeters) 102 B ) 1072

E musl'tuihG; E sub o

. . . . . B ; - multi-GeV
A Interpretation in terms of neutrino oscillations i i
. . aL A
(possible interms of both n M\, neandn & n } 10°F 10°E
with Dm?~10-2 eV? N N

. . . 1 I T | I 111 1 s 1L 1 1 I 111 1
A Some first hints of dependence on the zenith %% 0.5 1 0% 05 1
sin? 20 sin? 20

angle but not yet convincing



The pp-chain

99.77%

prpodie+y,

84,7%

13,78% r

d+p - 3He+

~2x10-5 %

113 8%

3He + *He —»7Be + ¥

Be+e > Li+v,

"l 0,02%

y

I_+
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Gallex at Gran Sasso (1991 - 2002): radiochemical
experiment with Gallium looking at low energy neutrinos

(>0.233 MeV)

from pp cycle

71 -1 71
VE+ Ga31—> e + GE32

A Confirms the deficit but: Data/SSM = 0.56

In parallel many checks are performed also on the

Standard Solar Model

Chlorine

|pep

0.1 03

1% uncertainty

sala del contenitore

1 3
Neutrino Encrgy (MeV)

20% uncertainty
R

H,0

GaCl3
JL
HCI

(54 m3)

Pt oy

ilcr
&=
sorgente

assorbitore

. o
o = O ©
. o
o a °



Is there an energy dependence of the solar neutrino deficit?

The 3 experiments Homestake, Gallium and SuperK have different results (in
particular Homestake ) even considering neutrino oscillations as an explanation

, Theory ™ ‘Be W P7F- PCF
1281 "B Bl CNO

Experiments g

[mneertainties
i 7 165

2.50+0.23

A more complex mechanism MSW ( Mikheyev dSmirnovdWolfenstein 1978 - 1986) which
includes in the oscillations mechanism the effect of neutrino interactions with
electrons in matter (  ne additional charged current forward scattering)

A It changes the effective neutrino masses (analogy with refractive index for light)
A It can introduce an energy dependence which explains the 3 results



Neutrino oscillation searches at the beginning of 90s

U The long standing (since 1968) problem of the solar neutrino deficit
opened by the Homestake measurements (+ Kamiokande since 1986) A in
1992 first Gallex results confirm the deficit also for neutrinos from the

pp cycle
U Atmospheric neutrino anomaly still quite weak

The controlled observation of neutrino oscillations with an accelerator
neutrino beam would have been a great discovery, where to search ?

A Prejudice towards small mixing angles and large Dm?

\V Take the MSW solution of the solar neutrino deficit: Dm? ~10-° eV?
V Assume a strong hierarchy : m<dn, <dn,, - m, ~ 3x10-3 eV

V Assume the See -Saw mechanism m(n,)=n?(f ;)/M
M=very large Majorana mass m(f,)= e.g. quark masses

Then: m, .~ 30 eV (Cosmological relevance)

« n are an important component of the dark matter » ~ afew 10 eV
Harari PLB 1989. Harari, J. Ellis



The NOMAD/CHORUS experiments at the CERN West Area
Neutrino Facilit

Short -baseline search for
n,A n,andn_ A n, oscillations

Running in 1994-1998

The NOMAD experiment hosted in the
UA1/NOMAD/T2K magnet

The CHORUS experiment

NOMAD: measurement of t decay kinematics:

Presence of neutrino(s) in the final state, missing P | , visible decay daughters
—> (tracking, calorimetry) A main channel: electronic tau decay

locted os HV,V,  17.4% Exploit the small ne
Collected samples: . eV V 17 8% - background (~1%):
1.3Mn ncC ecay 0 t->e channel: electron id
0.4M n n\NC modes A(nm )V, 49.8%

13 Kne CC 3&(;”{':')1!1_ 15.2% - Go down to Pmt 10_4



Nomad typical events A

Nomad:
A Modern bubble chamber version

A Very good for electron identification
and kinematical measurements

A 3 ton detector, technology not
exportable to the kton scale

A still very good as near detector in
a LBL experiment, Nomad-like
detector considered for the next
LBL experiment in the USA (DUNE)

a

ck

g

n,A n, analysis:

Evenes/ 8 Gel”
-

5

5600 n, CC events
44% efficiency
98% purity

3 40 & 09 109 130 L0 160 188 100
Visible energy (Gel)




LSND result: evidence for N, T T oscillations (1994)

Signal: Positrons with 20 < E <200 MeV correlated in space and in time
with the g rays of 2.2 MeV expected from the neutron capture:

N( £ boenadrl ( 1 boefafnk 1 7 &2 29evdnts
Background duetomDAR =19 N8 . 9 125)
Background from p'DIF + (i, +p- mf+n) =1 0 .N83 . 1|

Signalm.=8 7 .N2® Net. eQents
9 e (Stat)  (syst) 3.8 s effect 5

PosdNyi Ny = (0 . 21604. ORB7 Q41507
04 06 08 1 12 14
L/E, (meters/MeV)

17.5 - ® Beam Excess

15 BB p, Ve n

Beam Excess

Dm? in the ~eV 2 region
LSND not really confirmed by the dedicated experiment MINIBOONE (2001 -2008)

However several ~3 sigma anomalies ( LSND, MINIBOONE low energy, Reactor anomaly, Cr
source) not completely coherent among themselves) are still floating around in the field,
feeding theoretical models and additional experimental activity.

These results require more than 3 neutrino flavors to be explained A sterile neutrinos but
even models with additional sterile neutrinos do not fit data well

A Very intensive effort ongoing now at FERMILAB with the short -baseline program +
experiments at nuclear reactors and with radioactive sources performed in last years)
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The Perkins plot (PLB 349 1995)
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o2 '| |[H, I\ ;f I‘ ] m\_% There is a substantial body of data leading to a theoretical prejudice
01 47 I lH v T which suggests that most piDb’iblV the Gran Sasso and possibly the Jura
LR B == locations, coupled with the SPS neutrino beam could be the real ‘focal point’ of

Neutrino Energy, Gel/

the neutrino oscillation search. Spectacular vy, < v; conversion is expected to
be visible behind the Jura and a monumental v, <> Ve conversion 1s expected to

oA

e be observed at the Gran Sasso position.
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;E 003 : | I || !i III II|I / ( 17 km)
e || 1 i
o2 [ I I ]l | . .
AT Medium- baseline
0.m v T mEn - ! T T ‘
AT WA DN ve il L/E~1Km/GeV WANE.beam ;. A T T
Neutring EEI'se.rgy, Geld e m ? ) - T’ 8 ? 'I' - LT




CHOOZ (the first long - baseline experiment ) 1997 - 1998

EDF power plant in Ardennes: two n, A n,(disappearance experiment at
reactors at JoaiB and 998 m from nuclear reactor)

P.,= 8.5 GW,, 1 detector at L ~1 km,
overburden equivalent to 300 m H,0,
Reactor neutrino flux known at 2.7 %,

L/E ~ 330 Km/GeV
‘ Phomultipliers

Target: 5 ton liquid scintillator
target with 0.09% Gadolinium ™%

containment
region

Prompt annihilation
signal (g rays)

N

M.+ p- € +n

/n + Gd- grays €, 8.1 Me' |

ncaptureonGd 17 ton liquid scint. without Gd

after (containement of g rays)
thermalization o ] )
~301s 90 ton liquid scint. cosmic rays ve | ' ' ' ' ' '



CHOOZ (the firstlong - baseline experiment ) 1997 - 1998

Y. Declais

all data

Signal ~ 25 events/day,
background (reactors off)
~ 1.2 events/day

Energy spectrum of the
positrons compared with the
predicted one (no oscillations)

(M) = E(€") + 1.8 MeV

— Ratio measured/expected

Ratio

175 Positron spectmm (M )/

Expected

N ) Integrated ratio = Ié ; i
AT w+ﬁ-+ 1 | 1. 68a. okm8 027
0s 1 CHOOZ did not observe a
ozs | significative deficit of Ny ——

°5 2 : « . NO « monumental » iy - M, "

Positron energy (MeV) conversion

This result was published in 1998 before the Super -

Kamiokande results and excluded the atmospheric neutrino

anomaly interpretation in terms of N, - N oscillations Ny

Q 0.l Q.2 a3 a4 05 [ X- T Bl 9 08, 1
=in{28)



The Super -Kamiokande detector

~ Ikeno-yama
Kamnoka-choIGi_ T
Japan .

sm( Atotsu
1 50 Kton Water Cherenkov detector
(fiducial volume 22.5 Kton)
U Operation since April 1996 (accident in
2001 recovered in 2006)

~ U Dead-time less DAQ system (since 2008~)

U Detector performance well -matched to
- sub-GeV neutrinos:
' A Excellent performance for single
particle events

A Goodel i ke( showelike ri r
39 3P separ_ation | | |
~11000 MT s | nner A &Quaseealastic s¢attening dominant
(40% coverage) in sub-GeV region. e
Proton decay, solar neutrinos, ne signal: Vetn = e+p _V_,_,@\/
atmospheric neutrinos, supernovae D
neutrinos + accelerator neutrinos proton not detected (below Cerenkov threshold)

(K2K, T2K)



Electron-like and muon-like
event at SK

Particle identification using
ring shape & opening angle

:III[' |Ill|" lllll llllll IYY!Z ]
B e-like %'% u-ike %

e atmospheric V datz
- MC

s
o

Number of events
o
S

o
o

60 -
40 |-

20

1 111
2 4 6 8 10
Particle ID parameter

Probability that u is mis-identified
as electron is ~1%
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Muon-newtrinos
arriving dired ly
from the
atrnosphere

Light detectars
measuring Cherenloy
radiation

CHERE MKW
RADIATION
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1000 m RO
Muon-neutrinos
give signalsin
the water tank.
A
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Muon-neutrinos
that have travelled
through the Earth



Neutrino 98 Conference in Takayama (June 1998)

Flrst results from Super -Kamiokande on atmospherlc neutrlnos

2 400 SK: Atmospheric neutrinos anomaly
g interpretable in terms of N, N
g 200 oscillations with a Dm?2 ~ a few 10 -3 eV?2
= Pp—
E ,@ Ili ¥ =¥

& ﬁ [ s0% CL F(ﬂmbknnd&(r;ulﬂ-(;e‘-’]
A ": 7 00% CL Kamickands { subbom hi-GeV)
E 1
- CHOOZ: non,~
P oscillations, Q,5<12
E
= N
Neutrino oscillations start to be taken seriously as
explanation of the atmospheric neutrinos anomaly s

| SuperK ng I n,

A Opens the campaign for long baseline experiments to y oscillation

a Qa1 Q.2 a3 04 03 06 047 s 09 1

reproduce the phenomenon with accelerator neutrinos



SNO and Kamland at the close horizon
LBL experiments K2K, MINOS launched

CERA  4/% /2000
HIGHLIGHTS OF THE

NEVUTRINQ 2000 CONFEREWCE

CONMCLUSIONS

SUDBURY JUNE 16-21 2000
ARRE WE eo0lUe TO SEE J4 ThE

AEXT 40 YEALS A CLARIFICATION
Ok NEUTRINDO OSCILLATIONS sceyuz:as?

SOLAR ABuTRINGS : V
2215 ¥EARS SA0 , SUPERK, HAMA.:M’ BoaExiao § ...

LONG BAsELinE: V
t Ol 3403 o 4 years oK @ 4¢
¢ FROA 2005 CWGS T APPEAQAUCE
» FROM EUD 2003 Miaas:
DSCLLATION PATTERY
MEASUREABUT OF Twe PALAMETEAS
* LU THE ABan Tilr SUPERNK
COUTIAMVES wiTH ATHOSPHERIC V.,

D. AuTieRo * LSND - MINIBOOVE 3 wpARs \Wrong !
CERV/EP
o MEASUREAEIYS @ OV BB (fv1Uat SEAsmvities ~ 40 aV )

OF ey e COSAOLOGY CBR AP, PLAkcCH
BiG REveLuTIow, ALREADY FROM
BOOMERANG AND AAX'VMA + LARGE
SCALE STRUCTURES =P LUBEPEAUAEALT
COUFIR MATION OF 5L A

Even better!
~ PLANCH AAy BETERAIVE

S, ~0.gaV




MEUTRINOS FROM SUDBURY NEUTRINO OBSERVATORY [(SNO)
THE SUN OMTARID, CANADA

PROTECTIMNG ROCK

Electron-neutrinos ] ‘jg
are produced in the Both electron neutrinos 5100
solar core.

alone and all three types of
neutrinos together give sig-
nals inthe heavy water tank.

SNO
Neutrino Reactions on Deuterium

Charged-Current &
Ve /.
® \Cierenkov electron

neutrine deuteron \ @

@proions
Neutral-Current
L J
v /neutrino
‘ ®
neutrino deuteron \® neutron _
oroton SNO: 1000 tons of heavy water, sensitive to neutral
current reactions A measure the total neutrino flux
SRR S & independently from their flavor
L J
ﬁ( ./ Cherenkov electron

neutrino electmn\L ®

neutrino




The final proof for solar neutrinos

2001: SNO Measurement of the total neutrino flux
independently from their flavor

(NC) E+dY E+p+n

The total neutrino flux agrees with the SSM !
A Electron neutrinos change into other neutrino flavors

2002: Kamland
reactor experiment
1000 ton liquid
scintillator
reproduces the
solar neutrino
oscillations on
earth using
antineutrinos from
far reactors (on
average 180 km)

4 i
e et Nudon Sefey Goter m AN Mer 233

N
Tk TRE T4 1HE e Tk 'k THE e

Events/0.425 MeV

— reactor neutrinos
B geo neutrinos
= accidentals

2.6 MeV ¢ KamLAND data
analysis threshold  —— no oscillation
! — best-fit oscillation
! sin*20 = 1.0

Am'=69x 107 eV?

Prompt Energy (MeV)



H. Murayama, Lepton Photon 2001 Rome, July 27

Typical Theorists’ View 1990

Solar neutrino solution must be small angle
MSW solution because 1t’s cute  Most likely wrong!

Natural scale for Am?,; ~ 10-100 eV?>
because 1t 1s cosmologically interesting wiong!

Angle 0,; must be of the order of V', Wrong!

Atmospheric neutrino anomaly must go
away because 1t needs a large angle  Wrong!

LPO1 Hitoshi Murayama 6
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Prefecture

Wsuper Kamiokande

¥ . (Romioka che)

o
NSK

K2K results in 2004

#x

bs=108
N, &P (best fit)=104.8
| Entrics T3
Best Fit

—4— MINOS Far Detector Data
Pradiction, Mo Oscillations

500

400 Uncertainty (oscillated)
% [ Backgrounds (oscillated)
D
"‘m- 300 Low Energy Beam, v -mode
= 10.71x10*° POT
@ MINOS PRELIMINARY
> 200
L

Prediction, Am?=2 41x10° eV?

0 5 10 15 20 30
Reconstructed v, Energy (GeV)

50

KS prob.=52%

2 Z.5 3 3.5 4 4.5 5
[GeW]

Evrec[GeV

A Confirmation of
SuperKamiokande
atmospheric neutrino
results with
accelerator neutrinos
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Unambiguous evidence for n,- n; oscillations in

the region of atmospheric neutrinos by looking for
n, appearance in a pure n,,beam

Joscillations

CNGS1 W

Beam: CNGS (1999) (2000) &
OPERA

Search for subleading n,-

n, appearance experiments

at LNGS
CNGS2 |
No near detectors needed (2002) |P=

In appearance mode

Cern Neutrinos
to Gran Sasso



OPERA basic unit; the « Brick »

Based on the concept of the Emulsion Cloud Chamber :
- 57 emulsion films + 56 Pb plates
- interface to electronic detectors: removable box with 2 films

(Changeable Sheets)
A High space resolution in a large mass detectors with a completely

modular scheme
: Lead plates

v

.\
A

Emulsion film *
L0.2cm
-

_—E’ Emulsion Laver (44micron)

Plastic Base (205micron)

Tracks reconstruction accuracy in emulsions: e
md.sion Laver
Dx©° 0.3 um D 2 mrad

Bricks are complete stand-alone detectors:
V Neutrino interaction vertex and kink topology reconstruction
V Measurement of hadrons momenta by multiple Coulomb scattering

V dE/dx: pion/muon separation at low energy (at end of range)

V Electron identification and measurement of the energy of electrons
and gammas (electromagnetic calorimetry)




Fi_rst OPERA A candidate http://arxiv.org/abs/1006.1623
(single hadronic prong t decay) Physics Letters B (PLB-D-10-00744)

daughter

1000 um

Visible tau decay topology

with kink and two gammas42




Standard 3 n framework (ignoring LSND, Minibooneano mal vy, Reactors anoma

Two almost independent oscillations describing;
solar neutrinos: |Am2,  (7.657923)10-5eV? and atmospheric neutrinos: | |Am| (2.407513) 1073 eV?

sin? 012 0304t88%§ SiIl2 923 0504__882
Solar neutrinos LES1SKm/Mev LE-S00Km/GeV - Atmospheric neutrinos
+ Kamland 15[ - i el + accelerators
ne, anti-n,disappearance % 1 3 Funos/ ./ - ndisappearance
o 10p 1 %% i)
o os2l ] .
£ s E T / .
N 1; atmospheric -
O C o_l L1 1 | I I - 111 1 | | T |
0 0.25 0.5 0.75 1

. .. in%o — .
3 neutrino flavours mixing: "%  a=e, i, T (flavor index)

favorite parametri zation of U: _ i=1,2,3 (massindex)
in terms of 3 mixing angles q; , - Z U= unitary mixing matrix

0, 4, sand one Dirac-like CP 1
ci2  s12 0
—s12 c12 0
0 0 1

phased:
Slar n oscillations

1 0 0
U=UpalUialUiza = |0 c23  s23
0 —s23 co3

Atmospheric n oscillations
€12C13 812013 813€
— id . Jid
U= —812C23 — €12813823€ C12C23 — 812813823€ €13823
id id
812823 — €12813C23€""  —C12823 — 812813C23€"  C13C23

Bridge

where: s;; = sinby;, cij = cos ;. q13, CP violation?



Key measurements of neutrino mixing via the study of n. A n,oscillations:

_ _ Matter effect
Direct evidence for CP o, sin®20;, .
violation must be Py = ve) =~ sin"fa3 t’m ) Leading term
searched in with the 8. ] A)sin(AA) I
sub-leading n,A n, oy Sin(8)sin(A8)sin((1 ~ A)A)
oscillation at the Dm? SIop ﬁ ~ CP-terms
of the atmospheric +ﬂ'—/i(1 Y cos(A) sin(AA) sin((1 — A)A)
neutrinos (Dm?~ 1073 2 »
eV?) CPV PN b 2?:;;11 12 sin?(AA) Solar term

— Jep=1/ co:-; 13 sin 26019 sin 26014 sin 2694 |
The same oscillation -
channel provides Iep = 1/8cos d¢ p)cos 13 sin 2619 sin 2043 sin 2093
infos on: o= .&-r‘n%l/Amgl, A= Am%i————-— E, dependence
A Ci3 A =2VE/Am3, = (E,/GeV)/11 For Earth’s crust.
A Matter effects and
mass hierarchy
A CP violation Large q,; A next steps accessible with standard beams !
To study this channel it is crucial to use a detector capable of
providing a very good measurement of electrons (electron 44
identification, background rejection) and energy resolution




The search for q3:
The T2K (Tokai to Kamloka)
experiment

monitor s ND28(0
| _ I,ll INGRI :_|
0 118m ~280m

— A Baseline 295km, 2.5 ° off -axis beam tuned to
b oscillation maximum, <E> ~ 0.6 GeV
A
t..z% Toka

Search for/measure neutrino oscillations:

i! n b,
295 km B

Measurement of q;5 in appearance mode
Dlsappearance mode: improve measurement of

To 3>

J- PARC: 30 GeV proton O3, DM?y5 A IS gp3 maximal?
beam, design power of
750 kW, max achieved Q,3; measuremerfurther

sin’d,, = 0.51499%°(N.H.)
sin’d,, =0.51153%3 (1.H.)

371 KW improvedi n 2 0 1 5 é

=]

—}— Data
—— Best fit

" —4 T2K RUNI1-4 data
= [ Best fit v, signal

Events /0.1 GeV
B s 4B

10— [ Background component T2K: JU|y 2013 —— No oscillation
conclusive observation oh, P .
appearancefrom a n,,beam: L - Data |
A 28n,candidate events Sl |H 1|3

observed g_WLHWHtI_ I E
A background 4.64:0.53 events LN

Number of v, candidate events

4
Reconstructed v Energy (GeV)

7.5s significance for nonzeroq;;

500 1000 + Most precise measurement of 8,5 (11%)
Reconstructed neutrino energy (MeV) * Phys.Rev.Lett.112,181801 (2014)



The off -axis neutrino beam: - 3
A very brigth idea to produce a tunable 9;:’ -
intense and narrow -band beam at low -
energy Far Detector 0.8 3
(SuperK) E-
target/ VI-_I_ ------- "~ i / 048 2.5 dogres 30
pHO"“ ———-- "e"-‘ i AT ....|....|....|D.F.E:E||E.g.rfe.|....|....
—pEE e Sraxis 2 4 6 Pn (GeVic
proton Decay volume - .
Given the pion decay kinematics at off -axis g r F;ﬂm( X ]
the relation between the pion momentum ~ [ i I+y'e?
and the neutrino energy saturates £ 25 Am2,,_ = 2.0~3.0x10%\V?
_'E_ [ [ Ev =0.48-0.72GeV ]
The flux at low energy is narrow -band and b |
higher than the on -axis flux at the same ~— % |
energy b Ny
] 1 2 3 By
The energy can be tuned to the first o (GeV)
oscillation maximum E~0.6 GeV for 2.5° : ' Oscillption Prob.@

Ihapp<p

Small energy tail A low background from NC and n, _
0.2% n, contamination and p° BG

Important to keep the beam direction stable to have the peak energy stable



_ 300 250 2.00 off-axis angle
| | |
1x103 2x103 3%103 4%103 5x103 Am2,,

: K2K (1.5~3.9)x103, 'Dec. 2002
$K-1,L/E (1.9~3.0)x102, Apr. 2004
; K2K (1.9~3.6)x10%, :Nov. 2004
: SK-l (1.5~3.4)x10%3, Jan. 2005
— MINOS (3.1106)x10-, Mar. 2006

: ; i de— K2K (1.9~3.5)x102, 'Jun. 2006
Ameasure Dm2,, with 104 eVZ2error i I . MINOS (2.74 *044)x10%, Aug. 2006

Off -axis angle fixed in 2007

. : VINOS (2.38 *{-72 )10, Jul. 2007
Aknow if sin22q,; = 1 (0.01 uncertainty) E,NDE {{2_431%T$;E103, May 2008

| j MINOS (2.32 04§ )10, Mar. 2011

2 e
E — MEm' OSm‘n F.-@I"BI} N
" M- E,+p,cox )

No oscillation  Am?= 2.5 x10- eV?

E [ #
gaoo ¢ : _

E“" 2 - E ?:snolcﬁtl;: JF T

P | o4 i 1]
E1|:u:- - : _%T |

=}

0 0.5 1 15 2 1
rec. Ev (GeV) rec. Ev (GeV) RERN

Systematic uncertainty dominated by
QE/non -QE ratio (20% syst) which [ 1—sin22q
affects the neutrino energy g 00 5000 3000 1000
reconstruction in SK Dm2

A Near detector has a fundamental role in assessing this ratio



r

T2K off-axis beam (tuned for osc. max.)
n.A N, appearance

First result on g,5 (June 2011):

6 events observed, 1.5 events bck. A 25s

March 8th 2012:
DayaBay reactorant-neutrinos
n.A n, (n.disappearance)

Sin?20,;=0.092 = 0.016(stat) = 0.005(syst)

=115 =
2 r 35E
e f :
i F o
B >
= L1~ 2 208
iL 15f
g - 10 '
Z 105 s
- 0 L
1 :_"_"——'—'-_-.__""_'_"""""_'_"""""_""_
- EH1 EH2
095
- T
C EH3
09
-IIIIIII|III|III|IIIIIIIIIIIIIIIlIIIlIII
0 02 04 06 08 1 12 14 16 18 2

Weighted Baseline [km]

5
32 6 fornon-zero 0y i March 2012 we entered in a new era 1!

Number of events /(250 MeV)

=
=]

Entries / 0.25MeV
e
s

Far / Near (weighted)

I
=

2

—4+— Data

< [Z2 osc. v, CC
v+, CC

B v cC

I NC

w
g

N

- lMC‘w"
Ir $in20=0.1)
i
1

6 events Furviving

L (New = 1.5+ 0.3 at sin?2813=0)

-—h

7
L
-

|
oA
0 10 2000 3000
Reconstructed v energy (MeV)

0

- —4— Far hall
3 —}— Near halls (weighted)

9901 observed
10530 expected

----- Mo oscillation
— Best Fit

10
Prompt energy (MeV)
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U Why are neutrino masses so small ?
U Why is the mixing matrix so different than the one of the quarks ?

0,
Varws ~ | .4
0.4

U Which is the mass of the
lightest state

U Are neutrinos Majorana
particles ?

U Which is the hierarchy of the
mass eigenstates ?

U Is there CP violation in the
neutrino sector ?

CP violation in the neutrino sector can explain the
asymmetry in the universe

matter / antimatter

An experimental program for the next 20
years (like for CP in quark sector):

Fundamental questions related to a deeper description of physics and to the evolution of the univers

8 0.5 02 1 02 s
. 06 OT Vern ~ | 0.2 1 0.01
1060.7 oo 001 1
e — (1) (mﬂ:—1
- | Eﬁn‘l—jsnl
(m,)
(Am) .,
(Am),,
— e a— ()’
I:ﬂ'ﬂ"ﬂs-:-l

normal luerarchy

mverted hierarchy

2 o
Mightest — ?




Comparing T2K apperance results, as a function of d CP with
disappearance at reactors (insensitive to CP)

Am3,>0

A Some hint in the direction of d~ -1/2p aka 3/2p) 68% CL

90% CL

T2K running in anti-neutrino mode 9. DB o range
NOVA 14 kton finely segmented liquid scintillator experiment (65%
active mass) at 810 km from Fermilab, off-axis 0.84°

Run with neutrinos and anti-neutrinos ~2 GeV

Some complementarities to T2K:
Detector systematics: liquid scintilllator vs WC
Larger matter effects and different interplay among parameters

-10 0.05 0.1 0.15 0.2 0.25 0.3 035 04

- —_——

e L, T
LTe AR TN BT e S

The combination of Reactors+T2K+NOVA in the next years may yield
CP significance at the level of 2-3 s



3v oscillations probed by many experiments in different flavor channels..
e~>e (KamLAND, KL) u->p (Atmospheric) e—~e (SBL Reac.)

— ‘g" 1.8 ¢
b B 1 €
ig ) E 1.2 i
Y = 4 =
E Sos Q. 055
: Eos mw
—— Zoy best.fit ascillation * Data- HG - Goo ¥, =02 0.9
e g S o : :
20 30 40 i i 1 10 e ‘Lm;Gew L] 02 L, -'OE.: |kmrrulav]n'5 02
e—~e (Solar) pu->u (LBL Accel) pu-e (LBL Accel)
B - €1 5k —MoBest (ft g sf R ]_
E: E ; - I!uLI-,l,H. el o |11pLa||L|1|
- + Be 8 | ISRt S | LGY 81 1 AN [0 Jyspegeeet 1 -g 61 IJA[(E Junf-l"‘t:lf\‘]\-"_:
£l + . 705 IR 1
n- . E ﬂ | ; I | E :“ ’ : }‘ | I ] \L}
£ 0 | 2 oA >5 _E ot 11 '
! . o SRS N N e .
= .Elwwtlm\n ; RECUHSUUCth V Energ:'i (GBV} Z=I 0 Fif:tc}?.m_-;lrucii:ixl‘}julrinu EF?PPB;« (M:{’{i[m

n->7 (OPERA, SK, DC)

LBL = Long baseline (few x 100 km); SBL = short baseline (~1 km)

(a) KamLAND reactor [plot]; (b) Borexino [plot], Homestake, Super-K, SAGE,
GALLEX/GNO, SNO; (c) Super-K atmosph. [plot], DeepCore, MACRO, MINOS etc.;
{d) T2K (plot), NOvA, MINOS, K2K LBL accel.; (e) Daya Bay [plot], RENO, Double
Chooz SBL reactor; (f) T2K [plot], MINOS, NOvA LBL accel.; (g) OPERA [plot] LBL
accel., Super-K and IC-CD atmospheric.

E. Lisi
parameters, Corfu July 2023


https://indico.cern.ch/event/1311102/contributions/5523260/attachments/2707101/4699880/Lisi_Corfu_2023_reduced.pdf

Most of the 3 angles and 2 Dm? parameters are known by global fits with <5% accuracy
NO, 10 (w/o SK-atm) NuFIT 4.0 (2018)

—
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i ] ¥ / |
10 = :- 10 - -
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CPV delta D217° favored, CP conservation still compatible within D1. 3w in NO (including SK)
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without SK atmospheric data

bfp +leo 3o range bfp 1o 30 range
sin® 012 0.30333:013 0.270 — 0.341 030313033 0.270 — 0.341
012/° 3341420 31.31 — 35.74 B 31.31 — 35.74
sin® 023 0.57213:033 0.406 — 0.620 0.57813:05 0.412 — 0.623
fa3/° 49.1119 39.6 — 51.9 49.5%33 39.9 — 52.1
sin® 013 0.02203*0000%  0.02029 — 0.02391 | 0.022197 ) 0o0se  0.02047 — 0.02396
013/° 8544211 8.19 — 8.89 8577 8.23 — 8.90
dcp/° 19732 108 — 404 286737 192 — 360
Atk 74182 6.82 — 8.03 741102 6.82 — 8.03
W . _0-2(, )- . . . _0‘20 . . .
Amgt =11+0.028 e +0.032 -
Tooay? | TROUIGGT 42428 42597 | 249810057 2581 — ~2.408
Normal Ordering (best fit) Inverted Ordering (A" = 6.4)
bfp +1eo 3o range bip £1e 30 range
sin® 012 0.303%0.0:% 0.270 — 0.341 0:303 5811 0.270 — 0.341

with SK atmospheric data

Normal Ordering (best fit)

Inverted Ordering (Ax~ = 2.3)

tha/°
sin® O3
fas3/°
sin” 013
tha/°
dcp/°

Am3,
10-5 eV?
Am3,
10-3 eV?

5§ b

1 +0.019
0.4‘)1 —-0.016

42.2%33
0.022257 50050
8.5810:11

36
232725

" +0.21
i »41 —0.20

=y7+0.026
+2.5077 5 027

31.31 — 35.74

0.408 — 0.603
39.7T — 51.0

0.02052 — 0.02398
8.23 — 8.91

144 — 350

6.82 — 8.03

+2.427 — 42.590

33.4140-73

0.56910:916
49.0+19
<+0,0005
0-02223—3.%(15:
857t
22
276" 5

TALEGS

12n+0.025
_2‘486-0.028

31.31 — 35.74

0.412 = 0.613
39.9 = 51.5

0.02048 — 0.02416
8.23 —+ 8.94

194 — 344

6.82 — 8.03

—2.570 — —2.406



CP asymmetry as a function of L/E

CP violation can be measured by comparing n and anti -n oscillation
probabilities in an asymmetry variable

The amplitude of the pure CP term increases with L/E A this effect is
stronger at the second oscillation maximum

Measurements at the second oscillation maximum are very important and
possible only with a detector with very good energy resolution
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