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Why are neutrinos so Iinteresting

» 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 particles in the universe

> Astrophysics:
They are ruling the life and death of stars

> Particle Physics:
They are a window on physics beyond the Standard Model of iparticle physics: presently they
represent the only experimental hint.in that direction

Many properties of neutrinos were totally unexpected coming out as experimental results:

The history of neutrino physics is a real saga with an extraordinary richness of
experimental techniques involved

There are still a lot of open questions in neutrino physics ...




The birth of the neutrino as a « desperate remedy » to solve apparent
energy hon-conservation in 3 decays (W. Pauli 1930)

'3— Radioactivity: B- decay QN - 4 +‘fN "+ e + 77,

Early 1900s: people thought they were dealing with a
two body decay process:

(4.Z)—>(4.Z+1)+e
- The energy spectrum of the electrons should be monochromatic:

» :ﬁ [M2 ~(m, —m, )1@42 ~(m, +m, )2] with M=M(A.Z), m=M(A4,Z+1) and m,=m,

First measurements of beta spectrum:
1911 Lise Meitner and Otto Hahn, 1914 Ellis and Chadwick

Number o The beta spectrum is continuous
beta rays

Radium-E spectum  Meitner: electrons reinteract in
L the nuclei emitting gamma rays >
but no gamma rays detected

Bohr: energy is not conserved in
Beta decay !l!

1.05 KE (MeV)




Additional problem: the model of the nucleus (made of protons+electrons) and the
spin of nuclei (Li and N) measured to be integer

Li nucleus: 6 protons + 3 electrons = 9 fermions
N nucleus: 14 protons + 7 electrons = 21 fermions
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Lisbe Redicaktive Damen md Herren,
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wrd, derartd, dass dle Sumne der Enorvlen voa Neotron und klekbron
konatant lat.

1930: W. Pauli makes the hypothesis of an undetectable particle sharing
the energy of beta decay with the emitted electron.



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

Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will explain to you in more
detail, how because of the "wrong"” statistics of the N and L# nuclei and the continuous beta
spectrum, I have hit upon a desperate remedy to save the "exchange theorem” of statistics
and the law of conservation of enerqy. Namely, the possibility that there could exist in the
nuclei electrically neutral particles, that I 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 trave/
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... I 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, I
cannot appear in Tubingen personally since I 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 I have done something which no theoretical

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



1932 The neutron (as we know it today) was discovered, by J. Chadwick,
two years after Pauli's proposal

- Solves nuclear spin problem: A= Z(protons)+N(neutrons)
But the mass of the neutron is similar to the proton mass
- cannot be the Paulis's particle

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

Fermi, 1933: coherent theory
of beta decay
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Talie. £ Gr = Fermi coupling constant =

“Abstract speculations

(1.16637+0.000001) 10-° GeV-2
too far from physical

reality to be of any In 1934, at a seminar Fermi was asked

interest to the readers”
Nature, rejecting the paper!
E. Ferom. La Ricerca Scientifica 4 (IT). (1933),
491-495: and Z Physik. 88 (1934) 161

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

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").



Inverse beta decay process as a tool for neutrino detection:

r+Nimpl—a + N+l p-1) .
Bethe & Peierls, computing its cross section, 1934:
where » equals the pumber of newirons Few MeV neutrinos resulted T :

and p equals the pumber of protons. to have an interaction length

If the macleus happens to be that of -:rf about one light year of lead:
hydrogen (2 smngle proton), then the ..this meant that one
mterachion produces a neutron and a obviously w ﬂuld never be able]
positron: to see a neutrino,”

Y+p—an+g

1946 Pontecorvo proposes the following reaction for neutrino detection
v+3Cl— B +*Ar, 3Ar— *'Cl (34 days, K-capture)

Davis exploits the Pontecorvo reaction v +3'Cl — B~ +3’Ar:

- 1955-58, antineutrinos from reactor (Brookhaven, Savannah River)
no signal => lepton number

- 1968, solar neutrinos detection

Rb-92

Neutrinos from decays of nuclear fission * %8t
Products >




How to detect neutrinos: producing them in a nuclear explosion

« El Monstro »

Nudear Reines and Cowan 1951-1952
T Approved after discussing with Fermi
\ _Fireba and Bethe who were convinced that

this was the most promising
(anti)neutrino source

Buried signal line
for triggering release v' Intense

v" Short flash (less environmental

’W‘\ background)
Back fill— YVacuum
. . pump but then abandoned in favour of the
Free fall.mg. (28)in g eneq—tad | detection at a nuclear reactor:
vacuum IIQLIId detector ‘*:f’ac:uum
scintillator detector ine Bomb: flux ~10E4 times larger
3 Vacuum than with a reactor
(1 m ) tank Feathers and

foam rubber
Background from neutrons and

: . . _ gammas similar to reactor
Figure 1. Detecting Neutrinos from a Nuclear Explosion

Antineutrinos from the fireball of a nuclear device would impinge on a liquid scintilla- .
tion detector suspended in the hole dug below ground at a distance of about 2 BUT a new 'dea on hOW To
40 meters from the 30-meter-high tower. In the original scheme of Reines and Cowan, reduce the bGCkgr‘OUhd and
the antineutrinos would induce inverse beta decay, and the detector would record deTeCT neutrinos over a |on9

the positrons produced in that process. This figure was redrawn courtesy of Smithsonian '|'|me Scale w|1'h The low rteac'ror\
Institution. flux



1956 (anti)neutrino detection at the Savannah

River reactor antinendrin
\Gmmarars
flux ~10E13 neutrino / (cm2 s) L L
Gamms rays 1 I ./II
the idea: detect also the delayed neutron capture \ o, 21 ' )] }—Neumncam
signal after the positron > ¥ g |
L e |
, neutring i \ e H
4 ! b K Liquid scintilltor
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Solution of water
and Cadmium Detector 12 m underground
£ and 11 m from reactor

+

Reines: 1995 Nobel Prize

We are happy to inform you (Pauli) that we have
definitely detected the neutrino




Supernova
explosion

99% of collapse
energy in neutrinos

Sun: 10-30 MeV
65 billions/s/cm?2

on the earth surface
~ MeV

Neutrino sources:

Earth radioactivity
U, Th, K
- Geoneutrinos

'Nuclear reactors: 486 /(cm2 s)
o 16W > 2820 anti-nue/s ~ MeV

Cosmic rays
~ GeV
~ 1/ (cm2 minute)

Big Bang

Relic neutrinos
330/cm3

1.95 K

Human Body : = 2 L
20 mg of K 40 L$

S

340 millions/day £t

Extragalactic: ?AA L X
Active galactic nuclei /7 7 _jk'\.l‘\
Gamma ray bursts & ALl
PeV

Particle accelerators
~few GeV




The Sun is the most intense

detected source with a flux
on Earth of 6 101° v/cm?s

Sources of neutrinos

Abundant - Detection of solar
but challenging —— 5 and atmospheric
detection 1ot neutrino has provided
tot- the first compelling
108 evidence of

neutrino oscillations

—

Flux (em~2 s"1MeV=1)
g

1.5

| Below
1] detection threshold ™%

of current experiments:

-----

SuperNovae

eV meV eV keV MeV GeV TeV PeV EeV




ALEFE

Standard Model of Elementary particles

L e e Model of Elementary Particles

lifetime Numib g of Color Chames
[Smibiol] Iz

Three Generations of Matter(Fermions) {Eﬁecé‘;ﬁ:;

I 11 111 Range
Hectro-
magnetism
Infinite
Strong
Interactions D I i { e el I
13 E - b R G R
10  &m ERERIGY {ey}
1989 LEP results:
only 3 neutrinos coupled to the Z°
Weak ( MU < Mz/z )
Interactions

16 Why 3 families ?

10 cm
Why so different masses ?
- Ve
In SM masslgsg neutrinos: . Modern description of the
Neutrino: helicity -1 (+1 not existing) Beta decay
Antineutrino: +1 (-1 not existing) ]
P - P W
v: Vs
T T—
spin *pin udd
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How can we detect different neutrinos: Charged Current reactions

Electron mass= 0.511 MeV

Muon mass= 105.6 MeV
Reaction threshold = 112 MeV

/ T mass kinematic suppression

d quark u quark e 0.8

U(_-{-(\I'“:.I 0.6 17 GeV

_______ "‘I 0.4 ;

W+ Tau mass= 1777 MeV 35.5 ;, ; hld
‘ Reaction threshold = 3.46 GeV T G e o i

T 0.0
o 50 100

d quark u quark E (v) [GeV]




Neutral current reactions (Z exchange), do not distinguish neutrinos, no threshold

V Vi -
X - = : : :
_______ N Elastic scattering neutrino-electron
W v v,  e-
quark quark _




1962 Discovery of the muonic Lederman, Schwarz, Steinberger
neutrino with the first neutrino
beam produced with an accelerator
(pion decays)

Nobel 1988

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
(t— wtv, K— p.+vp)

v“JrM —->u +X

The two neutrinos experiment:

Muonic neutrino different than
electronic neutrino

- Conservation of leptonic humber




Typical high energy Wide Band neutrino beam Shielding

Magnetic lenses

Protons

v

v

Target

™ -> UV,
K+_>u+vu

I = O(100 KA) l

Decay tunnel

Cylindrical outer conductor

B

B
e ®

Coaxial current m

Horns: sign selection,
focalization: flux x10

Contaminations:

v, (wrong sign parents) O(5%)
v, (K.; decays, p decays) O(1%)
v, (D, decays) 0O(10-%)

Note that the /K abundances and
spectra at the target are not easy to
predict: to reduce systematics perform
ad hoc hadron-production experiments
(Spy, Harp etc ...)



Solar Neutrinos

Sun birth for the gravitational collapse of a primordial gas cloud (~75%H2, ~25%He)
- Increase of density and temperature in the core = nuclear fusion reactions

—> ldrostatic equilibrium between pressure from fusion reactions and : ,
gravitational attraction - @ -

Final result of chain of fusion reactions:  4p —He® + 2e™+ 2v,

Average energy emitted under the form of electromagnetic radiation:

Q =4\ Ip — M4 +2m )c? — <E(2v,)> = 26.1 MeV

(from 2e™ + 2e~—> 4y)

(<E(2v,)> = 0.59 MeV)
2.2% of the total

Solar luminosity: L, =3.846x10%° W =2.401x10°* MeV/s

Rate of neutrino emission: dN(v,)/dt =2 Lo/Q =~ 1.84x10% 571

Flux of neutrinos on earth:  @(vy,_) = 6.4x10'° cm2 s~



First detection of solar neutrinos 1968: Homestake mine experiment R. Davis
Depth equivalent to 4100 m of water

v+3Cl — B +*Ar, YAr— ¥Cl (34 days, K-capture) e +°74r > v_+°7CI

E(neutrino)> 0.814 MeV Tank with 390 m3 of C,Cl,
37C| ~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 Augier electrons e/o x ray,

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

> 1/3 of expected rate
Solar neutrinos deficit é gy

h———“_u— 8

Z ' '”*_--m--“—
| |

i
EWH M M

1970 1975 1980 1985



Interpretations:

I [J.N. Baheall] want to tell you an illustrative story about neutrine research ... One of the
mitners came over fo our bench, satd @ “"Hello, Dy, Doevis. How s o 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 swmimer here @ South Dakofa, 7

More seriously debated for long ... long fime:
The trivial ones:

> The Homestake experiment which is quite delicate has a bias in the neutrino
detection
» The Standard Solar Model is not correct

The fascinating one:

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

- Neutrino oscillations

Electronic neutrinos from the sun become muonic neutrinos
The energy of the muonic neutrinos is too low for the
charged current reaction > neutrino disappearance

But neutrinos must be massive particles




OBbEAHHERHGIA HHCTATYT AREPHBIX HCCAELOBAHHH

JOINT INSTITUTE FOR MUCLEAR RESEARCH

Moczna, [Easssl nowTaMT 0/8 TH. Heod Peat Gficw, PO, Ban ¥, Mowcow, USSR

\ 994/51 aprilel 72
S

Prof, J.N.Bahcall

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

Dear Prof. Bahcall,

Thank you very much for your letter and the abstract
of the new Davia investigation the numerical results of which
I did pmot know. It atarts 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

not be easy to demonstrate this, even if nature works that POHT@COF‘VO was
way- predictive:
I will attend the Balaton meeting on neutrinos and IT TOOk 30 year,s for. The

lookdng forwerd to see you there. d trati |
emonstration!

Tours sincerely,

?) glﬂuf_ﬁ,{.&%*——— —_—

B.Pontecorvo



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

3 neutrinos framework, neutrinos are massive particles and they mix
similarly to quarks; the flavour eigenstates ve, v, v; are not mass
eigenstates but linear super'posi’rions of the mass eigenstates vy, vy, V3
with eigenvalues my, m,, mg

Va) = XV aivi)

Today favorite parametrization of U: in terms of 3 mixing angles 6,, 6,,6,; and
one Dirac-like CP phase & (two extra phases in case of Majorana neutrinos):

1 0 0 13 0 313!.’:_:-& ci2 s12 0
U= UggUmUm = 0 Can S5 0 _ 1 ] —&12 12 0
0 — 8923 O3 —313615 0 i3 0 0 1

a=e,U, T (flavor index)
| =1, 2, 3 (mass index )
Ug= unitary mixing matrix

Atmospheric v oscillations Solar v oscillations
12013 y 81213 ., s13e "0
U= | —s12€23 — C12813823€""  C12€23 — 812813823€"°  C13323
312893 — €12813C23€"  —¢ip893 — 812813C23€"  €13¢C23

where: s;; = sintl;, ¢i; = cosb;;.



Considering the time evolution of a flavour eigentstate V, produced

at = 0: | |
v (t))y=eP"> U, e "
K

—-iE, t

Vi ) Ek=Jp2+m<2

The phases: € will be different if M;ZMy

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

mmmmp Appearance of the flavour vg#£v, for + > O

Simplified case: two neutrinos mixing

V) =cosd|v,) +sing|v,)

vﬂ> =-sinfv,) +coH,)

Only one mixing angle 0 is needed

If v=vyat (#=0):

y(t)) =P {cosﬁ‘ V) +e" =" sing |/2>J



Probability of detectingvgat the instant t if v(0) = vq:

At _
Fop (1) = ‘< ‘V(t)>‘ . ZFBZCE_#‘zZ —my?

Oscillatory behaviour of P, with time ruled by two parameters:

0 is related to the amplitude of the oscillation

Am? is related 1'o the wavelengfh For m<<p, and assuming

\ propagaﬁon in vacuum: m2
£, - mi-m’ m’-m _am® Es 2= pe T
= 2p 7)= 7)= 2p

Am? [eV?]

L=ct [km] (distance among the neutrino source and the detector)
£ [GeV] (neutrino energy)

Given Am? the experimental quantity for the study of neutrino oscillations is
the ratio L/E [km/GeV]: first oscillation maximum at L/E ~ 1.24 / An?

= sin? 27t =248 oOscillati length
*(Paﬁ(l—) =sin (ZH)SII’] (ﬂj) A 2_48Am2 scillation waveleng



Am?, =0.12 eV? Am?2; > Am?, Am2, =0.05 eV?

|
v

____________ AN

L/ E (Km/ GeV)

For very large Am2 the oscillations become very fast and average over the
dimensions of the source and of the detector:

= <sin?(1.267 Am2 L/E)>=1/2 P=(1/2) sin®(26)
The baseline is related to the L/E ratio of the experimental setup:

sin?(20)

[[ll\‘llllll

Pug

100

O||rWH|||
[N
o
N
o

Short Baseline experiments: sensistive to large Am2 (> 1 eV?)

Long Baseline experiments: sensitive at least to Am2 of interest for the
atmospheric neutrino anomaly (<10-2 eV?), L/E > 100 Km/GeV

Reactors: L>0.3 Km, E~3 MeV
Accelerators: L>100 Km, E~1 GeV



Water Cerenkov experiment (Kamiokande 1987-1994)

Particle detection by emission of Cerenkov light in
water (680 tons) - (electrons, muons)

Built for proton decay search

Neutrinos produced by cosmic rays in the atmosphere

are a background for cosmic rays

- Studying this background people realize that it is
different than expectations

- Can look at solar neutrinos (high threshold > 5 MeV)
by elastic scattering on electrons (emitted electron at
5 MeV stops in ~2 cm in water)

- Deficit of solar neutrinos ~50%

Electrons and muons

PR

g : _ Lo
/ \ | Kamiokande |/ \
i = { |-
\ / ) \ s /) ®

electron-like ) muor-like
events / events




Atmospheric neutrinos anomaly

\ cosmic ray

2. air nucliewus

Let's write the atmospheric v, deficit by (w/e)data/(1/e)MC

Kam{sub-GeV) | ot
Kam.{multl-GeV) H—e—H
IMB-3(sub-GaV) o+
IMB-3(multl-GieV) F—t v
Frejus H—e—H
Nusex
Soudan-2 H—e—H
Super-K{sub-GaV) H
Super-K{multi-GeV) e

¢ 05 1 1

(We) a1}y

Unclear situation among different experiments
Interpretation in terms of neutrino oscillations (both vu > ve and vu—-> vt) with

Am2~10-2 eV?2

Some hints of dependence on the zenith angle




The pp-chain

Gallium Chlorine
99.77% i
prprdee+y, <
:; 10 Be e | pep
84 7% ~2x10-5 % 15
d+p—3He+ 5
118.8% A o
= = ¢ =]
He + “He »Be +y £ L =
13,78% l_ _lo,ozs i1
Be+e > 7Li+v, Be+p—>8B+y “| , e ; e
|_+ 01'0/ v 1- ) 1- Nc[...:-im Ihcrg}'{Mc:"} 0
' P ;*+ - ‘ o Uncertainty 20% uncertainty
SHe+3He—a+2p||7Li + p asa || = :’Z: Ve

Gallex (1991-2002): radiochemical experiment with Gallium looking at low energy
neutrinos (>0.233 MeV) from pp cycle

- Confirms the deficit but:
Data/SSM = 0.56 Vet 71(}331 S e+ 71(}332

In parallel many checks are performed also on the Standard Solar Model



The 3 experiments give different results (in particular Homestake) even
considering neutrino oscillations as an explanation

Is there an energy dependence of the solar neutrino deficit?

Theory ™ Be W PP PeP
B M CNO

Experiments g
Uneertainties

2.30+£0.23

L’ENIGMA
DEI NEUTRINI SOLARI

Superk

clL

A more complex mechanism MSW which includes in the oscillations mechanism
resonant effects of neutrino interactions with matter can explain the 3 results



Neutrino oscillation searches at the beginning of 90s
(long time ago in neutrino physics, not so much in everydays life ...)

U.S. new president in 1993}

® The long standing (since 1968) problem of the solar neutrino deficit opened by
the Homestake measurements (+ Kamiokande since 1986)

In 1992 first Gallex results confirm the deficit also for neutrinos from the pp
cycle

® 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 ?

Prejudice towards small mixing angles and large Am?

v Take the MSW solution of the solar neutrino deficit: Am2 ,~10- eV?
v'Assume a strong hierarchy: m,, «m,,<«m, - m,, ~3x103 eV

v'Assume the See-Saw mechanism: m(v,)=m3(f.)/M
M=very large Majorana mass m(f;)= e.g. quark masses

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



Dark matter

Coma cluster of galaxies, application of the virial theorem
by F. Zwicky (1933)

velocity dispersion, geometric size — total mass (x400
luminous mass)

Rotational velocity curves oo |

of galaxies (Hydrogen, doppler effec‘r)z

vZ _ GMm -
R R? ]
N _ |GM
_{‘ -R disk .
|_."r gas
Could it be due to the BIG BANG relic neutrinos ? o
112 v/ cm3 per flavour 0 I |
_ Radiusz {kpc
if Zmi:52 eV +then Qv =1 (kpc)

« v are an important component of the dark matter » ~ a few 10 eV
Harari PLB 1989
1992 first measurements from the COBE satellite O~ 1

J. Ellis PLB 292 1992 Q, 1, = 0.3, Qcpy = 0.7

Recent cosmological results myv < 0.268V  95% CL



With m,, ~ 30 eV cosmological neutrinos important component of dark
matter Am? . O(100 eV?)

Look for v, — v with short baseline experiments at accelerators, high
energy beam
sensitive down to:

CERN v. appearance experiments:
r app P P~ 1.5x104 (90% CL) (x10) improvement

Search for v, appearance from oscillations in the

CERN wide band neutrino beam (WANF) :
Pioneers of the technique also for long baseline
experiments, important samples of neutrino 10’
interactions well measured (E.5=24 GeV
<L>=600 m it
sensitive fo: @
NOMAD: leVZ<am? — 5 |
* Proposal 1991 3
* Detector 1995 f
* Data-taking 95-98 (1.35 M v, CC) 0k
CHORUS: ; ?
Data-taking 1994-1997 (0.71 M v, CC) TR o o e e



Use of kinematics to extract a v, signal:

(First proposed by Albrigth and Shrock P.L.B. 1979)

NOMAD: fully reconstruct 1.7 M neutrino interactions, with good

resolution, at single particles level:
» Kinematics closure on the transverse plane

C C Electron

Experimental
Electron Fake
Ve Missing Pt
————r

Ve < (Defh\ J{Dm

HadronicJet

Ve

HadronicJet

b ) Electron charged current event

Find vt down to Put~ 10* ina large
background: ,
1.3 MvpcC <P(€h) s
0,4 M vu NC
13 Kve CC

Exploit the small ve background:

1->e channel: electron id o F

@(mh)

v, CC

-.~..‘

HadrormicJet

a) Neutrino tau event

The @ @ plot:

0.6
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0.6 |
0.4 |
02 b

o F

Pumn 7T

0.8

' I
0 0.4 .
@mh) oo rm




Nomad typical events: — U
7] N
VIJ' + N g u_ + X I e : [
N 1] W~ track
i 11 T —
1 -/
2 vie
' N
Vot N - e +X .
/|| Energy deposition
| in the ECAL |
R
|

Vo+ N ef+ X




The LSND experiment (1993-2001)

Stopping 800 MeV protons in a dump
Pions and muons decaying at rest

protons Veto

800 Mev

target + dump Detector

Shielding
70 90% Decays At Rest (DAR) ~75% -V u.,. DAR 100% +
~200 r\ Decays In Fllgth l“l
proton-nucleus (DIF) ~5% )
Elfogé)s(i)ol\r/]lsv Nuclear absorption capture90% P - vyn
= e
/8 DIF few %
m TT—— — DAR <10%
1/8 H
Goal: search forv, —V; oscillations The only source Ve _ 10-3
of v, Ve =



LSND result: evidence for V,, —Voscillations

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

N( “beam-on”) — N( “beam-off”) = 117. 9+ 22.4 events

Background due to pr DAR =195 + 3.9 st
Background from it DIF + (U, +p - p*+n) =105+ 46  ©f 4

Signalv,=87.9 +22.4+ 6.0 events 75|
° © (stat.) (syst.) 3.8 o effect |

o — — _ _2 :E.“:;. .: 2R T s _". )
Sosd Vi —Ve) = (0.264 £ 0.067+ 0.045) x 10 e .
0.4 016 0.8‘ 1 1.2 | 1i4l
L/E, (meters/MeV)

17.5 - ® Beam Excess

15 e m pﬁp""-’e’e‘)n

2 pi.e)n

Beam Excess

LSND has not been confirmed by dedicated experiment MINIBOONE
(2001-2008)

However some small anomalies are still floating around in this domain
feeding speculations and additional experimental activity



The oscillation signaI\Tu —V,in LSND complicates the global scenario:
with 3 neutrinos only two independentAm? are possible:

2 2 2
Amy,©+Amyac+ Amg©=0

2 2 2
Am solar+ Am atm¢ Am LSND
Oscillation signals: S S
= Solar: Amy,2=7x 107 eV? 2 LSND
g 1 E VoV,
= Atmosperic: Am,?=2.5x 103 eV? 0l
= | SND: Am312| =02—2eV? N 2_ (Soudan, Kamiokang&mnospheric

10

| Am122 + Am232 + Am312 | =02—2 6V2

10 £

10

ln
TTT

MACRO, Super-K) Vi Vx

(Homestake, SAGEy1ar MSW |

GALLEX

_..5NO, Ka

, Super-kv_—vy,
MLAND)

10

107 10

> At least 4 neutrinos are needed to reconcile all the results, from LEP it is
known that the number of active light neutrinos is 3, so the other neutrinos must

be sterile

> Even under this assumption the global fit of oscillation signals is
poor:oscillations involving sterile neutrinos are disfavoured for the Atmospheric
and Solar neutrinos, more sophisticate mechanisms like CPT violation must be

advocated



The Perkins plot (PLB 349 1995) satant o -

102 10" 10° 10 w? 103 1wt 10® 107
Interpretation of solar + atmospheric

data in terms of just one v,->v, | ' F pcossses [ KAMIOKA (it Get)
oscillation with Am2~10-2 eV? 16 3 CARMEN S
C D KRASNOYARSK 5 ﬁggg{*”
The Acker-Pakvasa 3 flavours 8 f S sage
. s iy i
model hep-ph/9611423 included also =1 ¢} 44 Jﬁif
T o = i
LSND (Am2~1 eVZ) :é 08 | : Solar
l [ Acc. +Reaet : 4
1 E : lTl 5 g
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g o LTI A, . Icarus SPSLC 96/58 P304 19/12/1996
= ST 6. Conclusion
B IRRVRATAR N /N |
o IR i 17 e There is a substantial body of data leading to a theoretical prejudice
o Err— ara - = = which suggests that most probably the Gran Sasso and possibly the Jura
q Neutnino Energy. Ge¥ locations, coupled with the SPS neutrino beam could be the real ‘focal point’ of
3 the neutrino oscillation search. Spectacular vy <» vy conversion is expected to
i be visible behind the Jura and a monumental v, < Ve conversion is expected to
0.8 be observed at the Gran Sasso position.
‘é 0.07 5 _ E g
R .J (B) S B
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CHOOZ (the first long baseline

EDF power plant in Ardennes: two
r'eac‘ror's at 1115 and 998 m from

Target: 5 ton liquid scm'rllla'ror'

Prompt annihilation
signal (y rays)

N

V.+tp- e +n
n+ Gd - yrays (g, 8.1 Me

target with 0.09% Gadolinium™~

~

n capture on 6d 17 ton liquid scint. without Gd

after ;
thermalization (containement of y rays)

experiment) 1997-1998

v, > v, (disappearance experiment at

nuclear reactor)

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

L/E ~ 330 Km/GeV
y Photomulti Iigr's

} steel

containment
region

acrylic
vessel

~30ps 90 ton liquid scint. cosmic rays




Ratio

all data

N(V_e) ~ 2 1020 g-1/ GW'I'h From Bemporad, Gratta and Vogel

Observable V Spectrum

Arbitrary

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

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

E(VD) = E(€') + 1.8 MeV

id

175 Fositron spectmm (

- — Ratio measured/expected

125 H_‘
— g PRS- SRl N . 't B 50% CL Kamiokands (subtmm -GV
l byt H’ Integrated ratio = )

T 1.01 +£ 0.028 + 0.027

Meamured )

Expected ™
P % .

o ' V.=V,

3

1 7] %0% CL Kamiokande (multi-GeV)

035

035

Q35

CHOOZ did not observe a

Q 2 4 L} 3 a

"< significative deficit of V, ——
NO « monumental » V, - 'V,
conversion

Q

Positron energy (MeV)

This result was published in 1998 before the Super-
Kamiokande results and excluded the atmospheric neutrino

anomaly interpretation in terms of V, - V, oscillations o

L

[a] a.l 0.2 a3 0.4 a5 AK-] a7 0.3 a9 1
sin{ 28



50,000 ton water Cherenkov detector

. (22,500 ton fiducial volume) f;é’éf'ff“:,‘;’v'j““de
ol

111200 PMT(Inner detector)
1900 PMT(Outer detector)

1000m underground e =/ ncome

COSMIC RAYS

==

ATMOSPHERE




Neutrino 98 Conference in Takayama (June 1998)

First results from Super-Kamiokande on atmospheric neutrinos, evidence of a

zenith angle dependence of v, disappearance, V. in agreement with
expectations

g 40  Sub-GeVedike | LSub-GeVirike 1| SK: Atmospheric neutrinos anomaly

g intepretable in terms of v, - v,

E 200} oscillations with a Am2 ~ a few 10-3 eV/?

E S b T

= c ! V.-V
5L ot rometmie o)

,E 't 50% CL Kamiokands (subbmm -GV

4 0

= CHOOZ: nov, - v,

g oscillations, ©3<11°

Neutrino oscillations start to be taken seriously as

explanation of the atmospheric neutrinos anomaly st

Opens a campaign for a new generation of long baseline i:gﬁgtﬁxu_\"

experiments to provide a final proof o

a a1 a2 a3 a4 as 06 a7 as a9 1
Zini 28]



K2K results in 2004

Ly Ak !
Z‘L’(;:,Super Kamiokande

o i oka cho) Tharaki AT N, obs=108
N, &P (best fit)=104.8
?C_ | Entries 6

ﬂ'slfimLE gi{ty) :Ijrnt:h.r.n‘tn:m 4 Best Fit

KS prob.=52%

3 .5 4 4.5

2 2. E
[GeV]

Evrec[GeV

e

—— MINOS Far Detector Data
Prediction, Mo Oscillations
Prediction, AmP=2 41x 107 eV?
Uncertainty (oscillated)
[ Backgrounds (oscillated)

500

400

300

Low Energy Beam, v -mode

10.71x10°° POT
MINOS PRELIMINARY

Events / GeV

no
o
=

0 5 10 15 20 30 50
Reconstructed v, Energy (GeV)




The final proof for solar neutrinos:

2001: SNO 1000 tons of heavy water, sensitive to
neutral current reactions > measure the total
neutrino flux independently from their flavor
(NC) v+ d—>v+ p + n

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

2002: Kamland

reactor experiment
1000 ton liquid

scintillator
reproduces the
solar neutrino

oscillations on
earth using
antineutrinos of far
reactors (on
average 180 km)

et Muchen Sty Geter m AL er 132 o

Ik TRE T4 1HE jE-a- Tk 42k THE EE

Events/0.425 MeV

20L
15k
10E

— 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)
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evidence for v, — y, oscillations in

CNGS2

: (2002)
in appearance mode



i

ik

G : . E) n:
T~ 1.61sin°(20)Am* )L J I (E)- }; dE v, flux vs o(z)/E2
— produce the max.

number of vy CC
Dependence ofthe events

2y 2
rate on (Am-) Signal constant as a

function of L forL << A
@, contains a factor 1/L2

CNGS fluxes

v fluance

l-\..

0 5 10 15 20 25 30 35 40 45 60
E (GeV)

Q=

— Expected number of interactions in 5 years :
~ 23600 v, CC+NC
~170 v, +v,CC
~115v, CC (Am?2=25x10%eV?)

After efficiencies, 8 tau decays are expected, with <1 background events




Firs’r OPERA Vy candidate http://arxiv.org/abs/1006.1623
(single hadronic prong T decay) Physics Letters B (PLB-D-10-00744)

Visible tau decay topology

with kink and two gammas




Neutrino velocity measurement

Time Neutrinos production time (CERN)
Neutrinos interaction time (OPERA detector)

Accurate determination of the distance (Geodesy)

— Massive application of metrology techniques in HEP

2009-2011 measurement with standard CNGS beam -2 Blind analysis: “box”
opened after assessment of delays, previously fixed to arbitrary values:

High neutrino energy - high statistics ~15000 events

Precise measurement of neutrino time distribution at CERN through proton

waveforms

Sophisticated timing system: ~1 ns CNGS-OPERAsynchronization

Calibrations techniques of CNGS and OPERAtiming chains: ~ 1 ns level

Measurement of baseline by global geodesy: 20 cm accuracy over 730 km
(longest neutrino baseline actually available)

Result: ~10 ns overall accuracy on TOF with similar stat. and sys. errors




GPS common-view mode

Standard GPS operation:
resolves X, y, z, t with 2 4 satellite observations

Common-view mode (the same satellite forthe two

sites, for each comparison): —— h=20,200 km

d
sB
" X, YV, Z known fromformer dedicated
measurements ionosphere

determine time differences of local clocks (both
sites) w.rt. the satellite, by offline data exchange

730 km << 20000 km (satellite height) — similar
paths in ionosphere

Twin geodetic GPS receiver PolaRx2e +
Cs clock = Time-transfer (~1 ns accuracy )

data exchange

Standard technique used in TAI (International Atomic Time) by BIPM



uTC

7 "\
‘| \-’\\f‘y

“waveforms

g

GPS
common view LNGS

-!- uTC

data

p | /K- | v
BCT target decay tunnel

|

baseline = (TOF)

8t=TOF_ -TOF,




First extraction Second extraction

. | 1ot=10434ns | . E ¥ ok ’l" = 1043.4 ns Neutrino data vs protons: after
i {! i i E_ 'i“ || | delay determination
€ 20 f L_-| 18 1;_3 E_ ! :-; | F A% (2009-2011) ~15000 neutrinos
2 100 g E LTS ﬁl (September 2011)
= 1! =2a N ’
£ & i =~ '
E.i £0 i % E— } UNBLIND: &t = TOF.-TOF, -
0 ' 40 E . (57.8 = 7.8 (stat.) -5.9 +8.3 (sys.)) n
20 '|. 20 E |! ‘
i I 0 el i 1 | Wy
5000 10000 @ 000 10000 -
(na) _ (ra)

November 2011 (20 neutrinos measured individually)
= (62.1 £ 3.7 (stat.)) ns

- Events/bin .,

December-February 2012

_ Two unknow sources of 3

bias identified

May 2012 (59 neutrinos
measured individually)

ns

d=-16%1.1 (at)} (sys)| ns

v—-¢c ot
07150IIIL1DOIIII*EOII‘IGI‘I‘SO‘I‘I1OOI‘I‘1ED G‘ TDFC_

=(=0.7 +0.5 (stat. )= (gve))<107°
1.5 i




The search If the angle 613 is different than zero at the same L/E of the
for 013: atmospheric neutrino oscillation there should be a subleading
oscillation between the muonic neutrino and the electron neutrino

The determination 813 of is fundamental for the next

o - : steps in neutrino physics (study of CP violation)

a4

Kamiokay» 1.,-_,%

Tokai ,
, 295 km T SR Supek

T o :
R e

- .L nmonitor _ INGRIONY NO220
0 118m 80

The of f-axis heutrino beam
First hint of electron neutrino appearance signal in

March 2011 before the earthquake Sl e onlse
: | fau = saas0
10events | T hNaS | fo| ) “

- b, ¥, OO 5 o
gz ° v, 5, CC 10 events of electron & 1000 @\i OA2.5 Y,
= B v, 7, O . ; o
= | e o neutrino appearance nz)™ }Q % N .
B ar observed with a § o ﬂ{ . Oscillation probability
£ background of 2.7 : asElE| N am®=2.5x107 eV*
Z sl . ﬁ

3.2 sigmas

% 1000 000 3000

Reconstructed v energy (MeV)




Adjacent mountains with horizontal access
provide 860 (250) m.w.e cosmic shielding.

2012 the Daya Bay experiment

-
ﬁ —4— Far hall
§2ﬂm:— 4o —}— Near halls (weighted)
‘EISDD} Ling Ao | + 11
&3 B ;
10005 6 commercial reactor cores
- with 17.4 GW,, total power.
200F 6 Antineutrino Detectors (ADs)
03 give 120 tons total target mass.
T | o
E 1oL _E:SSSF"IIIHE“ Via GPS and modern theodolites, relative %‘
2t ﬁ detector-core positions known to 3 cm.
E 1-_- -
2 3 115
§ 08f L , g F
0 5 10 5 r
Prompt energy (MeV) Z
R = 0.944 + 0.007 (stat) £ 0.003 (syst) Z§ - :

sin?20,; = 0.089 * 0.010 (stat) £ 0.005 (syst)

EH1 EH2
095

The value of is just below the CHOOZ limit
Confirmed by other two reactor experiments: 00

DOUbIC'CHOOZ and RENO . . . . 0 | I0.|2I | b.|4l | I(}.llf'aI | 'I[}l.SI | I1II | I112I | I1.|4I | Il.llﬁI | Il.lgI | I2
A huge boost to future neutrino oscillations physics Weighted Baseline [km]




Neutrinos: a window beyond the S.M. - G.U.T.

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

—
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CP violation in the neutrino sector can explain
the matter/antimatter asymmetry in the

fermion

universe

»Why are neutrino masses so small ?
»Why is the mixing matrix so different than the one of the quarks ?

0.80.5 o2 1 02w
Varws ~ U-l UG UT Vernr ~ | 0.2 l 0.01
0.40.60.7 o 001
»>Which is the mass of the () —
lightest state (o, e
»Are neutrinos Majorana
particles ? . | v,
(Am),
L . e (o),
»Which is the hierarchy of the .
mass eigenstates ?
>ls there CP violation in the ! (o
neutrino sector ? ()




Several projects are being proposed and discussed for the next steps
An example in Europe submitted to CERN in June 2012
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2100 km from RAL, 1500 km from
DESY, and 1160 km from Protvino.

LBNO:
Beam from CERN to Finland over 2300 km

Profits of the study of underground sites
performed by the european program LAGUNA

50 kton Liquid Argon detector for the
determination of neutrino mass hierarchy,
search for CP violation, search for proton decay
and for supernova neutrinos

anode & charge readout

botiom of tank &
light readout



I hope you will find neutrino physics interesting

Thanks for your attention



