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Introduction on neutrinos:
 What is a neutrino?
* Neutrino sources and fluxes.

* Interactions and detection techniques.

Neutrino oscillations:
 Phenomena of oscillation.

* Vacuum Vs. matter;

Neutrino experiments:

- Experimental evidences.

Conclusions
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WHATI IS A NEUTRINO!?

» The neutrino is a particle “invented' by Pauli in 1930 in order to conserve the energy and the
momentum In B decays.

@ s N
3 decay (before | 930)] In 1930 B~ decay was the decay
o J of an atomic nucleus (not
Il 2T E known to contain or involve

the neutron at the time)
\ y

Example of observed spectrum

Analytical calculation

-
r A docay elacions from £ 0
2-body decay therefore z
the positron energy is fixed # -
at the Q value of the reaction Q value
\ J l
0 0.2 0.4 0.6 0.8 10 12

\ Kinetic energy, MeV

~

B~ decay (after 1930)
n—=ptetv
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WHATI IS A NEUTRINO!?

* The neutrino is a particle “invented’ by Pauli in 1930 in order to conserve the energy and the
momentum In B decays.

» This particle was observed for the first time by Cowan and Reines in 1956.

(

Why did it take that long?

T B o Al L il Snd 1 ot - ,.-',—' -:P:~v‘--}
s AR ATt T
Rl ] PT""’"”"."" BT ¥ SSe R
'ﬁ- N

The interaction probability (cross section) is
very low (order of 1038 cm? at | GeV).

Every day 4 x 10'” v pass through our body and
on average only | interacts in our life
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WHATI IS A NEUTRINO!?

» The neutrino is a particle “invented' by Pauli in 1930 in order to conserve the energy and the
momentum In B decays.

» This particle was observed for the first time by Cowan e Reines in 1956.

* In 1962 it was discovered that neutrinos exist in (3) different flavours.

« In 2000 the last neutrino (v) foreseen In the

Th G i
Standard Model (SM) has been observed. el
| I Il
Neutrinos have been assumed to be massless chovoe gt o /3C /Bt . Y
[ EERetondrct [Model, however strong e U | s “ !
: . name- up charm top photon
evidences point to small but non zero values of e o B
the neutrino masses. «2d S b | g
5 |% 7 Y 1
8 down strange bottom gluon
<2.2eV <0.17 MeV <15.5 MeV 91.2 GeV 0
0 0 0 0
s o ) w Ve .Vu Vi |p Z |
In this lecture we will discuss neutrino electron || muon tau yeak |
. . neutrino || neutrino || neutrino rce ]
masses related to oscillations. =
° . . ° 0.511 MeV 105.7 MeV 1.777 GeV 80.4 GeV L
For a discussion on Dirac Vs Majorana 2 |- 1 1 o —
and absolute masses see lecture by S % e 2z l—l v U || 5
% G.Drexlin. ) §' electron muon tau %?gek g
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NEUTRINO SOURCES

« There are many sources of neutrinos: they can be divided into natural (sun, natural radioactivity,
etc.) and human-made (accelerators and reactors).

f(

Supernova 1987A Rings

Hubble Space Telescope
de Field Planetary Camera 2

Solar v Atmospheric v Supernova v Big Bang v
6x 10'°vs-lcm-2 I vs-'em-™2 (330 vem-3)
. on earth onh earth )
4 )

—

Reactor v
Accelerator v 102! vs -
produced
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NEUTRINO INTERACTION

* Neutrinos are subject only to weak interaction.

 The interaction is therefore given by the exchange of a W boson (charge current interaction)
or a Z boson (neutral current interaction).

-

/0

Time
direction

Angle between incoming neutrino
and outgoing lepton

4-momentum transferred —>

hadronic invariant mass —>

Nucleon mass

transferred energy >
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NEUTRINO INTERACTION

* The interactions can be divided into quasi-elastic (QE) and deep-inelastic (DIS). The intermediate
regime Is given by resonant interactions (RES).

* This classification has a strong impact what can be observed I.e. on the detection.

-

r

The invariant mass Is almost
only the nucleon mass:

W=x=M

N

( QE ) .

(

“soft collision”(only a nucleon

is emitted (before nuclear W
reinteractions)

r

.

The invariant mass 1s much

larger than the nucleon mass:
W>>M

N

J

( DIS )

“hard collision”:(many hadrons
are emitted
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NEUTRINO DETECTION
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Neutrinos can be detected only looking at the products of their interactions.

For NC events the nucleon/hadronic shower produced can be detected.

For €C events both the lepton and the hucleon/hadronic shower can be measured.

The resolutions, thresholds and types of measurement depend on the detector used.

v.CC in OPERA

-l-I|||I||||I|I|||II|I|I|||I||||||I|I|l||||||||||
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Super-Kamiokande IV
T2K Be, un 0 Spi.

v,CC in SK
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NEUTRINO OSCILLATIONS



SOLAR NEUTRINO PROBLEM

* The sun emits a huge number of neutrinos and the energy and flux have been computed by
Bahcall starting in the960's.

* These fluxes are computed according to our knowledge on the solar model.

: SuperK, SNO
m Gallium | Chlorine | P -
2 9 9 - 1012 -l T —r—TrTTr - - -
prpt—=-Hte v, Sl L= prtetpt—Htv, E Bancan N TEEEE
1
105 % 10 l/__Pﬂ +1%
Hip'—*Hety  |[2fHetp* — He +ettv, w U
5 oo}
ep 3
15,08 % E £10%
3SHe+4 Re+ 108 g
He+'He— Bet v o E . -
S 107
7Be 99,9 % 0.1% e ]
-BC+C_—>—Li+\'e 'Be+l)+_)SB+ Y '.5 10¢ r
Q :
84.92 % = 108 |
SHe+3He—*He+2p* Litp*—*He+*He SB>8Be*+et+v, 104 f .
ﬁ =1 . /

*Be*—>*He+'He 102
pplll

1 " 1 M M F— |
10 0.1 0.3 1 3 10

Neutrino Energy (MeV)
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SOLAR NEUTRINO PROBLEM

« Experiments measured however about half of the expected neutrino flux.

. Threshold Ratio
Total Rates: Standard Model vs. Experiment EXPel‘lment
Bahcall-Serenelli 2005 [BSO5(OIF)’)] (MeV) exp/theory
vV

T = < ' —\ Homestake (1968) Oei] 4 S8}

é +1.2 1

8.1,1_2 % 1.0+018 % oo |
_ 05ie Kamiokande (1989) 6.5 0.48
Gallex (1992) 02388 0.55
O.41i0

e °i° SAGE (1990) 0.233 0.53
i S . SK (1996) 6.5 041

\§ ? =
theory = B¢ R N0 Uncertamiie. SNO (1999) | 5 (CC events) 030

| SNU= 10-3¢ capture per target atom per second

- Possible explanations:

|. The solar model is not well enough understood?

2. The neutrinos are not well enough known!?
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SOLAR NEUTRINO PROBLEM

« Experiments measured however about half of the expected neutrino flux.

. Threshold Ratio
Total Rates: Standard Model vs. Experiment EXPerlment
Bahcall-Serenelli 2005 [BSO5(OIP)’)] (MeV) exp/theory
Ve
T = ' —\ Homestake (1968) Oei] 4 ShEL )
é +1.2 1
8.1,1_2 % 1.0+018 % oo |
_ o Kamiokande (1989) 6.5 0.48
Gallex (1992) 02388 0.55
O.41i0
2 °i° SAGE (1990) 0233 0.53
W oo R . SK (1996) 6.5 04
\§ ? =
= "Be = PP, pe Experiments
Theory Bg = }C)N(}; o Uncpertainti;s SNO ('999) 5 (CC events) 030

| SNU= 10-3¢ capture per target atom per second

- Possible explanations:

\

-
B Disfavoured by good agreement with

B TWWd? (_y helioseismology measurements )

r N

Neutrino oscillation? |dea of
Pontecorvo back in 1957

2| The neutrinos are not well enough known!? T
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SOLAR NEUTRINO PROBLEM

« Experiments measured however about half of the expected neutrino flux.

. Threshold Ratio
Total Rates: Standard Model vs. Experiment EXPerlment
Bahcall-Serenelli 2005 [BSO5(OIP)’)] (MeV) exp/theory
Ve All v Homestake (1968) 0.814 0.32
8.1“-2 1407518
Z rols 0 881006 Kamiokande (1989) 6.5 0.48
Gallex (1992) 0233 0.55
O.41i0
e °i° 2 SAGE (1990) 0.233 0.53
el B . ALy SK (1996) 6.5 041
e H,0O Kamiokande DO A DO y
theory = B¢ R N0 Uncertamiie. SNO (1999) | 5 (CC events) 030
| SNU= 10-3¢ capture per target atom per second
- Possible explanations:
o — )
S Disfavoured by good agreement with
. TWWd? <  helioseismology measurements
2| The neutrinos are not well enough known? <« Neutrino oscillation? Idea of
. Pontecorvo back in 1957

A.Meregaglia s



ATMOSPHERIC NEUTRINO PROBLE

- Cosmic rays hitting the atmosphere produce hadronic showers:

p+N—X+7/K's

* Due to low density of the atmosphere most of the hadrons
decay before interacting and also a large fraction of the muons
produced by the secondary particles decay before reaching the
ground.

* The most relevant chainis: 7~ — 1, ™ =y,
AN TR _|_ _|_ =
B — e ey, B — et vy, 1 | -
8
45 7r — Honda flux
: : : 6 --- Bartol fl
- We might naively expect that the ratio —+—F . " Fuka
Vs =1V
4

s = 2, however this is true only at low energies (E, < | GeV)
since at high energies muons reach the ground before decaying — 3}
and the fraction of ve Is therefore reduced.

Flux ratio

vu+vu/v otVe

lllllll L llllllll
10~ 1 10 10

E (GeV)

v
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ATMOSPHERIC NEUTRINO PROBLEM

(V,u e ﬂ,u)/(Ve s De)Observed
(V,u Sk D,u)/(”e B pe)Expected

+ Many experiments measured the ratio: RR =

Experiment Ratio
Frejus (19388) OOEEORES = G1EE
INMIE A U5 =005 cieR Rl
Kamiokande s cev (1994) 0160, 005 BIES
Kamiokande muti Gev (1994) GRSl o 010ler == 0,017
Soudan? (1997) G4 GRS
SK sub Gev (1997) OEES) == (OO0 w5 (00
SK rutti Gev (1997) Qo7 ==1810A; == (0 Cfe

 Are the electrons too many or the muons too few?
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AITMOSPHERIC NEUTRINO P

ROBLE

» Super Kamiokande (SK) studied the dependence of
electrons and muons (outgoing leptons of neutrino
interactions) from the zenith angle.

- A "disappearance’ of muon was observed In
particular for up-going muons (l.e. neutrino that
travelled through the earth to reach the detector).

Isotropic flux of
COSMIC rays

Zenith

Al

SK latest results
K-1+11+11l, 2806 Days

' . (] E—_—\ﬁ‘k—‘
« This was a strong evidence for neutrino - R Expected
. . : 500% SOOM
oscillation (v, = v, with vx # Vve). i —e— Data
£ I '
G, SuGeVelke | SubGeVyike
to5 -1 0 1 -1 0 1
. ; Q@ 00— 600,
» It also proved that the oscillation phenomenon has a € | |
dependence on the baseline (ic. the distance = « 1
between the neutrino source and the detector). ol 1
- Multi-GeVedike |  |Multi-GeV p-like + PC |
* cos zenith + * cos zenith +
17
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NEUTRINO MIXING

» Neutrino 3-flavour oscillation i1s now well established both at the solar and atmospheric scale.
» This means that mass eigenstates and flavour eigenstates are different.

» Neutrinos are produced in weak interactions Ie. as flavour eigenstates and propagate as mass
eigenstates (Hamiltonian eigenstates).

 The relationship between the two eigenstate bases can be expressed using the Pontecorvo—Maki—
Nakagawa—Sakata (PMNS) matrix:

4 )

Ve Uel Ueﬁ UeS 74
L-"‘u_ = U ul U u2 U w3 Vo
Vs U-r 1 UTQ U-r 3 V3

. J

« This means that the neutrino of a given flavour a can be expressed as a combination of mass

states | :

A.Meregaglia |8



NEUTRINO OSCILLATIONS

- The mass eigenstates are cigenstate of the Hamiltonian and their propagation can be
described by plane wave solutions as:

[| vi(7,8)) = =BT | (0, o>>]

- The probability that a neutrino of a flavour a at a certain position and at a certain instant is
measured as a neutrino of flavour 3 is called oscillation probability and can be computed as:

( Pog =| (vg | va(Z,t)) | )

» Under the assumption that the mass eigenstates have the same energy but different momentum
due to a non zero value of their mass,

C—dieD)

the development of the computation gives raise to terms of the form:

( N
Am?j = m? — m? . )
: — ee exercise
( SIHQ(Am?jL/ZlE)) where L = baseline (normally distance between ( by C.Jollet J
L v source and detector) )

A.Meregaglia i



NEUTRINO OSCILLATIONS

» The oscillation term has been given in natural units, i.e.(c =h=1 )

 Once the units are restored we have:

L = [km]
( sinz(AmgjL/ZlE)) e (Siﬂ2(1-27Am?jL/E))—[ E = [GeV] ] (

Am? = [eV?]

See exercise
by C.Jollet

J

- Note that oscillations are possible only if at least two masses are different!

* The full oscillation probabllity in case of 3 flavours can be written as:

e

Pog =00 —4 )  Re(U;UpiUa;Up;) sin*(1.27Am;; L/ E)
1>]

+2) Im(U;;UpiUaiUs;) sin®(2.54Am;; L/ E)
1>

A.Meregaglia
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A SIMPLE PICTURE: 2 FLAVOURS

* As an example we take the 2-flavour case. The mixing matrix can be written as:

( )

o7 cosf/ sind
—sinf cosf

. J

 This means that we can write the flavour eigenstates as:

| Vo) = cos @ | v1) +sinf | o)
| vg) = —sinf | v1) 4+ cos O | vo)

+ For example the fraction of vq made of v Is:

(\ (Ve | 11) 2= 00820)

V| V7 Va
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A SIMPLE PICTURE: 2 FLAVOURS

 Although In experiments the time is not measured and the fixed parameter is the baseline, for a
better understanding let's look at the time evolution only:

(10(0) = 5 | wi(0)))
» [he time evolution of flavour eigenstates can be written as:

(| vg(t)) = —sin fe 1 | 11(0)) 4 cos Be 2t | 1, (0)) J

( | 1o (t)) = cos Be 1 | 11(0)) + sin fe "2t | 15 (0)) J

 The oscillation pattern can be graphically described as:

Pure vg Pure vg Pure vg

0 Time, t

A.Meregaglia 5



A SIMPLE PICTURE: 2 FLAVOURS

* In the 2 flavour case the oscillation probability can be written as:

Am?L :
.2 . 9 See exercise
[Pag = sin” 260 sin“(1.27 = )] [ by C.Jollet J

* If we take as an example a baseline of 295 km and the atmospheric mass splitting we can compute
the oscillation probability from a flavour a to a flavour B as a function of the neutrino energy:

2" maximum of _
oscillation Baseline L = 295 km
Am?2 =25 x |03 eV?

| st maximum of
oscillation

| S minimum of
oscillation
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WHAIT ABOUT ANTINEUITRINOS?

* In the SM every particle has its own antiparticle.

* In physics we have a theorem stating that CPT symmetry (Charge, Parity and Time) is
EEhSeved:

» CPT symmetry guarantees that the particle and its antiparticle have the same mass and opposite
quantum numbers.

» |t can be easily seen in the osclllation probability equation that:

( P(voa — v3;U) = P(rvg — vq; U*)] T transformation

* From the conservation of CPT we can therefore infer that:

[P(ua —vg;U) = P(Uy — v3;U") ] CP transformation

* If the mixing matrix is complex the probability of oscillation for neutrinos and antineutrinos will be
in general different: this would lead to CP violation.

A.Meregaglia e



MORE ON THE MIXING MATRIX

- For N neutrinos the most general mixing matrix is a complex matrix N x N. This gives 2N?
free parameters.

* In order to conserve probabllity the matrix has to be unitary (the inverse matrix is equal to the
conjugate transpose):

r ; N :
d UaiP=1 < N constraints
(87

Y UilUaj =0 for i #j4— N(N-1) constraints
\__° J

- We can redefine our flavour states to absorb some phases:

( o | (I = (L | €79 = Uns — ULy = =90, ) “«— Néonstran®

* The same can be done on the mass states to add N=1 constraints (one global phase will
remain). NOTE that this i1s true for Dirac neutrinos which means that neutrinos and
antineutrinos are different particles. J

See talk by
G.Drexlin

+ This leaves (N-1)? free parameters.
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MORE ON THE MIXING MATRIX

- If CP is conserved the osclllation probability for neutrinos and antineutrinos are identical and
the matrix can be formed by real parameters only giving N2 free parameters.

+ Taking into account the orthogonality constraints we have NI(N=1)/2 free parameters
conserving CP.

* The number of complex phases is instead (N=1)(IN=-2)/2.

General (Dirac case) SM case (N=3)
Mixing angles _
(CP conserving) IN(N-1)/2 3
Complex phases _ _
(CP violating) NN 0 |
Total free parameters (N-1)2 :

A.Meregaglia 26



MORE ON THE MIXING MATRIX

In the case of 3 neutrino families we have 3 real parameters (mixing angles) and 1
complex one (complex phase).

Various parameterisations exist but the most common one Is;

r
4 )
Uel Ue2 Ue3
U Upz Ups e
UTl U7'2 U7'3
\_ J
g

/ h

iy
C12 C13 S12 C13 S13 € CP\

i is
—S812 Co3 — C12 813 S23 € °°F C12 Ca3 — S12 513 S23 €Y (€13 So3

is is
\ S12 S23 — C12 S13 C23 € 7YY —C12 S93 — S12 513 Ca3 €°°F (13 Ca3 )

where “¢j"’ stands for “cos Uy and "'s;" for “'sin Uy"" with Uy a mixing angle.

This parametrisation allows for a rewriting of the matrix in 3 different ones, separating the

osclllations according to the experimental evidences:

1 0 0 C13 0 313€_i5 C192 S12 0
0 C23 593 0 1 0 —S12 (12 0
0 —S923 (23 —31362'5 0 C13 0 0 1
. J
Atmospheric scale Interference Solar scale

A.Meregaglia
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P e

S0 far we have considered the neutrino propagation and oscillations in vacuum.

* When they travel in matter the hamiltonian of the system is different according to the flavours
since only ve can do charge current scattering on electrons.

(

« The difference of potential seen by the electron neutrinos with respect to other flavours can be
written as:

( V=V.—Vyx =V2Grn. J m’ 2V2Gpn. = 7.56 x 1056V2,0(g/cm38

where X stands for u or t, Gr Is the Fermi coupling constant and n. the electron density.

* |f Hpis the Hamiltonian in Vacuum, the new Hamiltonian H becomes therefore:

( HO—>H:H0—|—V )

A.Meregaglia 28



P e

If the Hamiltonian changes, the eigenstates and the eigenvalues change as well I.e. effective
masses and mixing are different in matter and they change along the neutrino
trajectory If the matter density changes.

In the simple 2 flavour case, the mass eigenstates can be written as:

2 2
( M%,z =1 —gmz + E(V.+Vx) + %\/(Am2 cos(20) — A)? + (Am? sin(26))? JW (A = 2E(V, — VX)J

The mixing angle can be written as:

~ Am?sin(20)
[tan(%m) ~ Am2cos(20) — AJ

Ve note some important features:

|. As expected if A — O (vacuum) Om — 0.

2. If (A = Am?cos(20)) we have a resonant condition: no matter how small the mixing value
s In vacuum (provided it is not zero), the mixing in matter is maximal.

A.Meregaglia L



MASS HIERARCHY

* We have seen that the ingredients for the description of neutrino oscillations are: the 3 mixing
angles (012, 013, 823), possibly the complex phase (8cp), and two mass differences (Am?,,, Am?;, =

Am?3)).
* Another important ingredient is the sign of the mass difference.

. For Am?,, the sign is known by the solar oscillation measurements (see later) but the sign of
Am?2;, is unknown. This is called mass hierarchy degeneracy.

Normal Hierarchy Inverted Hierarchy

ve B — ve Il e, NN v
vy , vy el

AM atm :
Ve

+ The sign has an effect on the oscillation probability in matter and this indetermination has an effect
on the measurement of CP violation.

A.Meregaglia 30



FIERARCHY VO R

* Jo understand how mass hierarchy and CP violation effects mix let's take an example: a baseline of

1050 km and an energy of 2.5 GeV, for the measurement of v, —* vy transition (atmospheric
sector).

» To measure CP violation we have to observe a difference in the oscillation probability of neutrino
and antineutrinos.

0.012

X
|> _
T .
|>

Red = Sgn(Am?31) < 0 (i.h.)

0.008 —

Blue = Sgn(AmZ231) > 0 (n.h.)

@® 6=0
B 0=90
A 0=180
*x 0=270

o L L L I L L L I L L L I L L L I L L L I L L L
0 0.002 0.004 0.006 0.008 0.01 0.012

’VM_”VX

» The same spectrum can be fitted with N.H. and CP violation (6cr = 90) OR I.H. and CP
conserved (0cr= 0).

A.Meregaglia 3



EXAMPLE: vy, = Ve

» The full 3-flavour neutrino oscillation probability for vy, = Ve In matter is given by:

P(VM - ‘Uﬂ) = Ez':l,zi]jz'

P, = sin? 0,3 sin?(26,3) ( B
+

2
P, = cos? B3 5in?(26,5) (ﬁ) sin? —

A

2
%) sin? —Bﬁ:L

AL
2

_ ASPAWZASE: ApL . AL . BiL
P;;-Jcosé( " )(Bi)ms 5 sin 5 sin 3

B . ofA\ A\ . AL . AL . B.L
P4—$Jsm5( 1 )(Bi)sm 5 sin 5 sin 5

Atmospheric term

_ Solar term

AmZ;

25,
A = V2Grn.

By = |A+£ Ay

J = cos 03 sin(20,,) sin(26,3) sin(260,3)

&ij -

« 0,3 is crucial for the atmospheric part of the
osclllation, and it must be proved to be non-zero.

+ |In case of a value of 65 different from zero, the

oscillation probability depends strongly on the
value of ®.

- The so far unknown sign of Amag,? also affects

the oscillation probability (only in matter)
and mass hierarchy must be determined.

ﬁ

Probability (nu_mu == nu_e)

0.012

0.01

0.008

0.006

0.004

0.002

Baseline = 1000km

sin2(28,5) = 3.16x10°?
Am;2 =2.6x1073 eV?

B:=0
e 83-‘ = 0.028, a =0
__r,r-P—
___— 6:=0.028,5=50
B 0:: = 0.028, a=120

|||||||||

Osc. minimum

Osc.maximum

A.Meregaglia
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PARAME T ERS

 These are the parameters needed to describe neutrino oscillations in the 3 flavour scheme.

Parameter

Present knowledge
(90% C.L.)

Channel

Experiments

Future

023

0:2

0.3

|Am?,|

Sign (Am?2,))

| Am?;, |

Sign (Am?2,;))

Ocp

A.Meregaglia
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NEU ITRINO EXPERIMENTS



This 1s NOT a full review of all the experiments that
played a role In neutrino history!

NEU ITRINO EXPERIMENTS

[IFISHLIS

L an highlighs

importa

Nt results re

liE®

L on some detection techniques and
-

‘ed to neutrino oscillation, but 1t Is far

m being complete.



ATMOSPHERIC SECTOR

- To measure the parameters of the atmospheric sector (0,3, Am;,2 = Amg;,2) a good channel to
study Is the vy—vx transition.

* An approximation of the oscillation probability can be written as:

P(v.—vV,) ~ cos*0,; sin%0,; sin?(Am;,2 L/4E,)

+ To observe such an osclillation, the experiments compare the expected v, flux with the

v, flux measured
v, flux predicted

measured one.

No oscillation

« The experiments that play(ed) a crucial role in these measurements are: Super Kamiokande
(5K), K2K, MINOS and T2K

A.Meregaglia 36



SUPER KAMIOKANDE

« SKis a 50 kton water Cherenkov
detector with a fiducial volume of
22.5 kton.

* Itis located about | km underground.

 The Inner detector Is made of about
| | 146 PMTs with a diameter of 50 cm.

ST e Rl Of water) Is made of about
| 885 PMTs with a diameter of 20 cm.

- The event rate I1s about 10 v/day both
for solar and atmospheric neutrinos.

r p
The detector started data taking In

1996 and it I1s a multi purpose
observatory: atm, solar and SN v

observation, far detector for K2K and

12K, proton decay search.
\. J

A.Meregaglia 3



SK DETECTION PRINCIPLE

B oRiclerdetection Is based on the

emission of Cherenkov radiation.

- Charged particles travelling through a 2| PMT
medium at a velocity larger than the
speed of light in that medium

emit light (Cherenkov light). --
» The angle O depends on the refractive Charged particle

index of the medium n and the velocity of /A
the particle with respect to the speed of <
light In vacuum f. -

* The number of emitted photons with

a wavelength between 300 and 600 nm cosO 21

(typical range of good efficiency of PMT) nf3

is only about 340 per cm. This is the

R e o P s In water n = 1.34 therefore
for =1, U =42 deg.

A.Meregaglia

g



SK PARTICLE 1D

- The particle identification (important for the lepton to distinguish between the different
neutrino flavours) is done using algorithms that study the ring shape.

stopping electron ring

Super-Kamiokande
Run 3013 Event 149004

Time ( )
500 1000 1500 2000
Times (ns)
ELECTRON
NEUTRINO
DR e € ) saesws electron
shover

1111111111

stopping muon ring

Super-Kamiokande
Run 3062 Event 475360

500 1000 1500 2000

Times (ns)

5 Not well

defined cone

MUON

NEUTRINO
..... s |NUOH

(:) Well defined
cone
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OSCILLATION OBSERVATION

- Up-going and down=going necutrinos travel difference distances between the production
point and the detector (i.e. they have different baselines).

K / Cosmic

ray

Detection of
down-going

v, —>Vx oscillation (CINARNE| and up-going
7 \‘l‘ /\\ k(L\

{
L

1
1 (A
1Y
1Y A
Ay
3 - /
) P :
\‘ ]
A [
\'\ ) » ’/
° ‘~
Cosmic a
. < AR

ray N
v

Atmosphere
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OSCILLATION OBSERVATION

- Up-going and down=going necutrinos travel difference distances between the production
point and the detector (i.e. they have different baselines).

» The oscillation probability i1s therefore different: oscillations can be seen for the up=-going

neutrinos.
SK
/ Cosmic

Earth diameter

1]

ray

Detection of

2.5x10-3 eV2

2
3
O
_ down-going e
vu—>Vx oscillation pEAREEN| and up-going 2 |
‘ 3 N
S 5 |
33 u
- Al
Cosmic < ) >1 T 10 10 T L(J.f)
rey / ~~~~~ down-going up-going
4 Atmosphere NO OSCILLATION  OSCILLATION
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OR RESULTS

(NO OSCILLATION)
1000+ s T
: : ' | e Data
ﬁ_‘_‘—
[ Y : q Best fit
Y paonic e zane —oa= IR i | (OSCILLATION)

Earth diameter

1]

- Sub-GeV e-like Sub-GeV u-like

-1 0 11

60— ———————— 600

Number of Events

1
1

400

zooﬂ 200;
. Multi-GeV e-like -  Multi-GeV p-like + PC -

400

e —
————

with Am2= 2.5x103 eV?

M
0 Tuk‘.%

1 0

] 0
* cos zenith * * cos zenith +

Vu—Vy probability for | GeV neutrino

L

( No Ve appeared) ( Vi disappeared) down-going up-going
\ / NO OSCILLATION OSCILLATION
Indirect v,—V, oscillation Best fit Ry sin%(2023) = 0.92
observation (3 flavours model) 1.9 < |Am2,,| / 103 eV2 < 2.6
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LONG BASELINE EXPERIMENTS

Long baseline necutrino oscillation experiments aim at the precise measurement of the
osclillation parameters using a neutrino beam.

The advantage Is that the neutrino energy can be tuned to match the baseline and the
expected mass splitting.

The neutrino spectra are measured near the source before the oscillation (near
detector) and at the foreseen baseline after the oscillation (far detector).

o

£

b :

3 5

X8 ! \

D o : near /\
O :

— = detector

~ N

L~

é\ |

= E far

s <

S < detector

cC B

a3

> | ol | Lol U
T:l

>

L (km)
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NEUTRINO BEAM

- Standard neutrino beams are used to produce v, and typically the chain is the following:

|. Protons are accelerated and shot on a Carbon target.
2. Pions (and kaons) are focused by electromagnetic fields in the “horns’.

3. Pions decay producing muons and neutrinos.

Scheme of the K2K beam

SK front dump decay pipe HORN(target) 12GeV-PS

detector
i

~af
250km 300m 200m

* The length of the decay pipe Is tuned to optimised the decay of ( T — 'y, )
the pions and avoid the decay of the muons which would
contaminate the beam with Ve. L v

A.Meregaglia 5



LONG BASELINE EXPERIMENTS

K2K - T2K

X

Q_*.’; * ,. Y
» ¢
v

b ;; z T2K : 295 km'

.‘ i

; Tokai

(8
amioka ""E‘

« SK as far detector,
« K2K took data between 1999 and 2005.

« T2K started in January 2010: unfortunately

the recent earthquake might retard the final
results.

Experiment Baseline
K2K 250 km
T2K 295 km

MINOS 730 km

v E (peak)

730 km _.l g
12 km

* The detection technology of MINOS
(both for far and near detectors) Is based

on scintillation strips interleaved by
magnetised steel.

« MINOS started data taking in 2002.

L/E (km/GeV) optimal Am? (eV?)
~ | GeV ~ 250 4.9E-3
~ 600 MeV ~ 490 2.5E-3
~ 3 GeV ~ 250 4.9E-3

A.Meregaglia
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RESULTS (90% C.L)

events/0.2GeV

O Y
~ o

-
N
T

:

sin2(2023) = 0.6
1.9 < |Am?;,| / 103 eV2 < 3.5

I L B
MINQOS Far Detector

>300 B —4— Far detector data _

[)) i —— No oscillations i

Q) | Best oscillation fit ]

(.\1)200 B |:’ NC background —

C — —

0 + -
O —_— R R R

0 2 4 6 8 10
Reconstructed neutrino energy (GeV)

sin2(20,3) = 0.87
2.24 < |AmZ,,| / 1073 eV2 < 2.44

T2K Goals

O(sin? (2023)) ~ 0.0
O(Am?y3) < 3 x 107
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RESULTS

4.0 i I | | | | | | | | | | | | | | | | i
3.5 =
& 3.0 -
> i i
°r :
S i
~ 25 - Q
N : L/E
£ B _ -""~~--_ . Zenith
< o0l ® MINOSbestfit § SKbestfits .. \ -~
- —— MINOS 90% —— Super-K 90% =
1.5 — ———~ MINOS68% === Super-K 68% ~
I K2K 90% i
1.0 I ] ] | | | | | ] | I | | ] | I | | | |
0.6 0.7 0.8 0.9 1
sin?(20)

A.Meregaglia



PARAME T ERS

Parameter

Present knowledge
(90% C.L.)

Channel

Experiments

Future

023

0:2

0.3

|Am?,|

Sign (Am?2,))

| Am?;, |

Sign (Am?2,;))

Ocp
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PARAME T ERS

Present knowledge
(90% C.L.)

Parameter Channel Experiments Future

023 sin2(2023) = 0.96 SK, (K2K, MINOS)

0:12

0.3

|Am?,|

Sign (Am?2,))

|Am2,| 224 < |Am?y,| / 103 eV2 < 2.44 (SK, K2K), MINOS MINOS, T2K

Sign (Am?2,;))

Ocp
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OPERA

* So far in the atmospheric sector only disappearance
has been measured 1.e. v,—>Vx.

Monte-Maggiorasca

S
S
S
S
=
S
5
S
&

Monte-Giovo
Gran Sasso

ERlERBove NNt the transition observed is actually
Vu—>Vy, another long baseline (from CERN to Gran

Sasso) experiment is taking data: OPERA.

= 7307km . —

neutrino beam ——»

* The goal is the first observation of the oscillation in
the appearance mode, detecting the T lepton.
Thignt = 2.44 ms

Vu >  Oscillation > Vg

- The T lepton decays rapidly (~10-'3 s) and
travels about a hundred um.

- Jo observe 1t a huge spacial resolution is
needed: this Is achieved using photographic
emulsions.
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DETECTION TECHNIQUE

« The basic detection unit is the brick, made of sheets of lead and emulsions.
+ The signal signature is the kink decay topology.

» Jo extract the correct brick and for the muon identification (selection v, CC of events) the
electronic detectors made of plastic scintillators and RPC planes are used.

emulsion “grains ~16 grains/44 um

— track segment Brick weight: 8.3 kg
Plastic base(200um) vV
e, h
Decay “kink”
" '>25 mrad

Sandwich of 56 (Imm) Pb sheets
Oy~ 2.1 mrad + 57 FUJI emulsion layers
+ | changeable sheet

0,~0.21 um

—————
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T TPICAL EVEREE

v, CC interaction

Reconstruction in electronic detectors Reconstruction in emulsions

TOP VIEW (horlzontal prO]ectlon) Fvent Number 173520769, Tue Oct 2 17:04:25 200:h

3 =
C 400 — > l ¢ N
x = » . e <10p.e.
= : . o ® semme
300 = o T ey ® o >10p.e.
- e (S -
200 = ot . I I >30pe.
100 E_ | L : .' > 50 p.e.
o E- % s b Cross Talk
= ¢
=100 —
= . -
-200 = I 1 it Resut
300 f_ . Position X 258.31 cm
= | P Position Y -121.38 cm
400 E— . T ¢ Slope X 0.036
— o0
= el b ey by Ly | | StepeY 0423
-800 -600 -400 -200 0 200 400 600 800 1000 Momentum 11.280 Ge'
Z(cm) ———
SIDE VIEW (vertical projection) Pafticle s a1
E 400 — —
> = reeee——
300 — General
200 ;— **SM 1 **
= nb TT X 338
100 = nb TT Y 410
= nb phe X 5143.5
0 nb phe Y 6307.7
= nb RPC X 27
-100 = nb RPCY 19
— nb HPT X 52
-200 — ————————
= ©*GM 2+
-300 — nb TT X 41
= nb TT Y 63
-400 — nb phe X 287.2
= nb phe Y 460.6
-500 — nb RPC X 22
=i P 1 L 1 1 1 1 1 R B RPG Y 16
-800 -600 400 -200 0 200 400 600 800 1000 b HPT X 93
Z(cm) ("

(" | | | )
Data taking ongoing since 2007/

and 1 signal candidate has

been observed.
\_ J
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SOLAR SECTOR

- To measure the parameters of the solar sector (0,5, Am,;2) a good channel to study is the ve —
vx transition.

 Even In this case the idea Is to compare the measured flux with the expected one, which relies on
our knowledge on the standard solar model.

 According to the detection technology the different experiments are sensitive to different energies
and therefore production chains in the sun.

(Radio chemicaD ” ;/'Ga"‘“m Chiorine ) — == Cherenkov + ]
l o1 s scintillation
» 10“'E
r N 2 w
Homestake o ::
SAGE § o
GALLEX o : Cherenkov
GNO . o
9 ) 10} radiation j
o

[ : KL — I
0.1 . 3

Neutrino Energy (MeV)

- In addition, the ve — Vvx transition can be studied using reactor neutrinos as it is done in the
KamLAND experiment (scintillation).
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RADIO CHEMICAL EXPERIMENTS

* These are the first experiments on solar neutrinos: the Homestake experiment (also known as
Davis experiment) started in 1960.

* The detection principle is the following:

SAGE s T/ =143 days
GALLEX B i o I o e Threshold = 233 keV
. GNO

Vs +37Cl 437 Arlf e~ Tin =35 days
-
. Homestake )/ / R [Threshold = 814 keV J

These atoms are chemically

extracted and counted when they Observed deficit
decay

\_ J Experiment nasg

~N

exp/theory
Rl civenitace s the low threshold and the
T : : Homestake (1968) 0.32
possibility to explore neutrinos coming from the pp
chain. SAGE (1990) 053
» The disadvantage i1s the complex counting of the e i
i elcns and the fact that it 1s not real time s '

detection.
A.Meregaglia 95




SUPER KAMIOKANDE

 The working principle of SK has been described in relation to atmospheric neutrinos.

« The signal that can be observed is the elastic scattering on electrons:

Ve t € —Veg+e€ [Threshold = 6.5 MeV j

May 31, 1996 — July 13, 2001 (1496 days )

.E | | 1 I 1 1 |

2 5-20 MeV

5 i

2 2 . .
o | 22400+230 Observed deficit
LL solar v events

Ratio

Experiment exp/theory

(14.5 ev/day)

SK (1998) 0.4

NOTE: no evidence for
spectrum distortion.

A.Meregaglia



SNO

* SNO was an experiment located in Canada that uses Cerenkov detection method.

« The target is heavy water (D;0O) and the experiment can detect all flavours of
neutrinos (depending on the channel studied).

1000 tonnes D,O

* The advantage Is that it measures a
deficit of the ve but also it
confirms that the total flux of v
s In agreement with the SSM.

Support Structure
for 9500 PMTs,
60% coverage

12 m Diameter
Acrylic Vessel

1700 tonnes Inner
Shielding H,O

5300 tonnes Outer
Shield H,O

Urylon Liner and
Radon Seal

A.Meregaglia 9



SNO

* The three reactions used are the following;

Ve 9= =20 (U

Ve +d—p+n+v,

Vi =F @ = Wy o B

Neutrino Reactions on Deuterium
Charged-Current
Ve /.
o Cherenkov electron
neutrino deuteron \ @
protons
Neutral-Current
neutrlno
I neutron
neutrino deuteron \®
proton
Elastic Scattering
. [
'X /
Py ® Cherenkov electron
neutrino electron\* ®
neutrino
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SNO

* The three reactions used are the following;

Ve 9= =20 (U

Ve +d—p+n+v,

Vi =F @ = Wy o B

Neutrino Reactions on Deuterium
Charged-Current
Ve /".
o Cherenkov electron
neutrino deuteron \ @
protons
Neutral-Current
neutrlno
I neutron
neutrino deuteron \®
proton
Elastic Scattering
. [
'X /
Py ® Cherenkov electron
neutrino electron\‘ ®
neutrino

7

How Is the neutron
detected!?

~\

A.Meregaglia



SNO

* The three reactions used are the following;

Ve 9= =20 (U

Ve +d—p+n+v,

Vi =F @ = Wy o B

Neutrino Reactions on Deuterium
Charged-Current
Ve /".
o Cherenkov electron
neutrino deuteron \ @
protons
Neutral-Current
neutrlno
I neutron
neutrino deuteron \®
proton
Elastic Scattering
. [
'X /
Py ® Cherenkov electron
neutrino electron\‘ ®
neutrino

N
How Is the neutron
detected!?
y
l phase |
N
n+*H —y+°H
6.25 MeV
y
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SNO

* The three reactions used are the following;

4 N
Neutrino Reactions on Deuterium .
How Is the neutron
Charged-Current
detected?
®
Vo A Ch=—a U vl o 23 / Cherenkov electron N <
\
neutrino deuteron \ @
protons
phase |
Neutral-Current é h
neutrlno n —|—2 H — Y —|—3 H
Ve +d—p+n+v, .
™~ neutron 6.25 MeV
neutrino deuteron @ \_ Y
proton
Elastic Scatteri l phase 2
astic Scattering
2 tonzoniNa @l
®
pEk iR VX / ( N
. Al — e 8 Cherenkov electron
: ’ ST e— n+% Cl—~y+% Cl
neutrino electron ®
neutrino 8 6 M e\/
G J
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SNO

* Using all the channels SNO found:

|. About 30% of the expected ve flux (in case of no oscillation).

2. A total flux in agreement with the SSM prediction.

 The non oscillation hypothesis is ruled out at 5.3 o C.L.

- +1.01 — +0.44+0.46
Dm =9.05 581 Dgno =909 443 0143

b, (10°cm?s7)

,|’IIII|IIII

~

IIII|IIII|IIII|IIII|[
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KAMLAND

« KamLAND is a liquid scintillator detector located in Japan that measures ve coming from
nuclear reactors (equivalent of long baseline experiments for the solar sector).

 The reaction used is the following:

ﬁe—l—p—>e+—|—n

A.Meregaglia 58



KAMLAND

+ KamLAND is a liquid scintillator detector located in Japan that measures Ve coming from
nuclear reactors (equivalent of long baseline experiments for the solar sector).

 The reaction used is the following:

ﬁe—l—p—>e+—|—n

(( \\ /

Charged particles
passing through a liquid %/
scintillator emit light (no A
directionality) that can be »

detected with PMT \

- P

| ;

4 )
The positron

annihilates producing

gammas at 1.022 MeV
\. J

LT ———

Prompt signal (~10 ns)
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KAMLAND

+ KamLAND is a liquid scintillator detector located in Japan that measures Ve coming from
nuclear reactors (equivalent of long baseline experiments for the solar sector).

 The reaction used is the following:

Ve—l—p—>€

e AN

Charged particles
passing through a liquid ..
scintillator emit light (no + - The neutrons are
directionality) that can be \ Jbsorbed on H:
detected with PMT |

L

4 N
The positron

annihilates producing -
gammas at 1.022 MeV :x.,f\. Z)

N )

n+p—2H+~

producing gammas at
2.2 MeV

Delayed signal (~200 us)

\ y,
L ———

Prompt signal (~10 ns)
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KAMLAND

+ The antineutrinos come from reactors and they

Reactor v, spectrum (a.u.)

have a spectra (flux times cross section) between |
and 10 MeV.

» The antineutrinos come from many reactors and the
average baseline (weighted on the flux) Is about

180 km.

£
~
o
o
[
-
(&5
Re
>
=
=
o
o)
0O
o
a
(]
>
T
(V)
>

neutrino with Am?2 = 7x10-° eV?

0.8 [

0.6
0.4

0.2HT

10?2 107
E (GeV)

t

Reactor neutrinos

7 Observed spectrum (a.u.)
70f
? -
"
aad
59
%)
+ vt
=
T e -
e o
* 9 1k
n B
v B ST S S

Thr=1.8MeV E, (MeV)

Primorskaya|

- Russia

Mladivostok
e
o]

Kimchaek
A

-
China

. South Korea
‘ 38'N
36°N

| 34'N
32'N

.

Internstionsl Noclear Safety Center at ANL. Oct 2082
I I

30°N
146°E

130°E 132°E 134°E 136°E 138°E 140°E 142°E 144°E
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KAMLAND

Clear evidence of
oscillation and

parameter « Data-BG-GeoV. No
__Mmeasurement ) Expectation based on osci. parameters | "
I determined by KamLAND e atlc?n
o : + expectation
= 0.8 —
=" ——
E: _
8 -
A 0.6 + +
?d : N L
: bl :
S 04
3 .
0.2
Ol—l 1, | | : | . | | | L | T

20 30 40 50 60 70 80 90 100

L/E_ (km/MeV)

Energy (MeV)
corregsr:onding NG 1 1 4T5 1 1

to a baseline of
180 km
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RESULTS

- KamLAND has a great precision on the mass splitting since the positions of the maxima of
osclllation are well measured.

- However the normalisation is less precise and the solar measurements gve more stringent
constraints on the mixing angle.

20- s e
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o1 15 : % :
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o '.‘. 3 :
< o < 3 -~
IO_ B 3 Iy 0
S Sl T Joo - ccccccccccccce- g ===--
- . o -
x 3 . "
- . 4 3 .
D: .............. .‘...‘\.---‘.". ..... ....'.-.--..---..: ...... -. Q.--
_ e ... -'..-. . .'p..‘. . .......'. .?.. ....... l.o.. .a
AR Al 'l « —

KamLAND Bag s & 8§
B 95% C.L. R A
99% C.L. R I :
B 99.73% C.L.
*  best fit )

......
------
........

o Em ' :
< %
Solar ‘r :
~ 95% C.L. HER U :
""" 99% C.L. o ‘ 5 iot
— 99.73%C.L. [} | el o
e . ' - e, ’
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I ' ' ' '
| 000 1 ' |e. l '
2L 1 2 1 2 IRNEEENRTEsEw ‘J lllllll

107! | 10 20 30 40
tan’@, 5 Ay’
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SOLAR OSCILLATIONS

* As In the atmospheric case, a best value for the mixing angle and the mass splitting has been found
combining all experiments.

- With this value of Am,,? and the known baseline (the distance sun - earth is about .5 x 108 km) it
s clear that no oscillation pattern can be measured and only the average of sin%(0,) can be seen

(ie. 0.5)

* [t Is clear that if the mixing angle is maximal, we
expect half of the neutrinos, otherwise we expect
more than half:

Am?, L
180 — ) = 1. — it 2@12@112(1.27 ”;12 ﬂ

¥
R =l —Sm2 2019

- However, the deficit found by some experiments
s larger than 0.5. The answer comes from the
MSW effect.

|.5x108 km

o~
>
()
w
o
X
N
|
~
-
<
=
Rt
2
(o)
c
=
)
-]
()
c

-l
<
O
>N
=
=
c
0
)
pud
o
)
>
T
)
>

Solar neutrinos
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MSWV EFF

O

R SOLAR'N

me

RINOS

ee

Survival probability for v, P

varying density.

of propagation.

We have seen that in matter the oscillation is modified.

Solar neutrinos are produced inside the sun and therefore travel through a medium with

This is quite complicated since instantaneous eigenstates of the hamiltonian are not the eigenstate

The flavour transformation of neutrinos from one flavour to another in a medium of varying

density Is called MSW (Mikheyev-Smirnov-Wolfenstein) and it depends on the neutrino energy.

0.8 B

- P, for LMA

B "Be: Borexino
0.7 - ®B: Borexino, (> 3 MeV)

B ®B: Borexino (> 5 MeV)
0.6— °’B: SNO (>4 MeV)

thd IRSuua R R n RN o .

ASSS .- ALY O pp: all solar v experiments
0.5

B 1 matter

: 1— 5 SiIl2 2012 \N\\\\\ SiIl2 912
04— \\*{?3\\

B vacuum 1 <~

: TR
0.3 ——
0-2 _I 1 1 1 1 1 11 I I

10" 1 10

E, [MeV]

Neutrino Energy

<2 MeV

Transition

Vacuum oscillations

Interplay between

2 - 10 MeV

>10 MeV

vacuum oscillations
and adiabatic transition

adiabatic transition

Survival
probability

1
1 — = sin’ 26
281n 12

|

sin2 2812

NOTE: Matter effects in the Sun have uniquely determined the positive sign Am?2,,.
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PARAME T ERS

Parameter

Present knowledge
(90% C.L.)

Channel

Experiments

Future

023

sin2(2023) = 0.96

P(Vui—=vy)

SK, (K2K, MINOS)

T2K

0:2

0.3

|Am?,|

Sign (Am?2,))

| Am?;, |

224 < |Am2,| /103 V2 < 2.44

P(vi—=vy)

(SK, K2K), MINOS

MINOS, T2K

Sign (Am?2,;))

Ocp
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PARAME T ERS

Present knowledge

Parameter (90% C.L.) Channel Experiments Future
023 sin2(2023) = 0.96 P(vi—vy) SK, (K2K, MINOS) T2K
: Solar v +
012 0.82 = sin%(20,,) < 0.89 . . SK, SNO, KamLAND
P(anti ve — anti Vve)
+
|Am2,,| 7.2 < Am2,, [ 10° eV2 < Solar v SK, SNO, KamLAND

Sign (Am?2,))

|Am?2;, |

224 < |Am2,| /103 V2 < 2.44

P(anti ve — anti ve)

Solar v +
P(anti ve — anti ve)

P(vui—vy)

SK, SNO, KamLAND

(SK, K2K), MINOS

MINOS, T2K

Sign (Am?2,;))

Ocp
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INTERFERENCE SECTOR

» To measure the mixing angle of the interference sector (0,3) there are two possibilities:

v, — Ve transition (appearance channel)

P(Vp — V) = V=148

P, = sin? 0,3 sin?(26;3) (&13) sin? B.L

By 2
&12) o AL

P, = cos? 053 sin?(20,,) (T sin? -

Py = Jcosé(iig) (gi:) cos Al sin % sin B;L
g ofD2\ Ay . AL AL . BiL
P4—:FJ51115( 1 )(Bi)sn 5 sin 5 sin 5

. AmZ;

Y 9E,

A =V2Gpn.

By =|Ax Al

J = cos 3 sin(20,,) sin(26,3) sin(260,3)

This channel is investigated by the T2K

experiment and it will be investigated by future
LBL such as NOVA.

Ve — Vx transition (disappearance channel)

Am>.L
P(v —v )=1-sin*(26..)sin’ 23
( e e) ( 13) ( 4E )

Am12_72 107 eV? 2003612_038 sm613_20 .23

Am23_3010 eV Am23_2510 eV

L [m] (¢E,) = 3 MeV)

E [MeV] (L = 1.050 km )
This channel was investigated by the Chooz
experiment and it is now studied by other
reactors experiments, one of which is the

Double Chooz experiment.
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« Chooz was an experiment that uses the detection principle of the liguid scintillator.

300 mwe
Hill topology |

« The neutrino source consists of two nuclear ; . i ‘E!?R
reactors (produced ve and observation of the st Reacté_f -« .
Ve —> Vy transition).

* As described for the KamLAND experiment, the reaction observed is:
e 0 = 2
* The scintillator i1s doped with Gadolinium (Gd) and the signature of the delayed signal (neutron
absorption) is given by:

r N
n+ Gd — Gd* — Gd + v

producing gammas at

8 MeV
~—

Delayed signal (~-30 us)
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DOUBLE CHOOZ

r B
Double Chooz uses the same
technique but two detectors in order to
measure the flux before oscillations and
reduce the systematics.

\_ y

Am12—7210 eV C03612—08 S|n913—023
1 Am§3_301o eV Am23_2510 eV
0.8
> 0.6
+CIJ
a~ 0.4
0.2 | REEN e ‘ i
ol
10’ 10°
L/E [eV'?]
10’ 102 10° 10%
L [m] ((E,) = 3 MeV)
10° 10" 10° 107!
E [MeV] (L = 1.050 km)

300 mwe
Hill- topology
M15m 2
""*“ﬂmﬂ il
008y s~

__

2 /—i‘g\\?‘ ﬁem _

=8 West Reactor .

~ .
3
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DOUBLE CHOOZ

4 )

Double Chooz uses the same < >
. . 300 mwe &

technique but two detectors in order to

measure the flux before oscillations and

reduce the systematics.

""‘5?;§§§x ~—
‘ T - ,
= : ":_:'_'..“ — §~ — NN N N -1
b ~ - West Reactor. .\‘, o

. y T ~ -
’ O > 2 b L v > 2

Am%z =7.2 10'5 eV2; 003612 = 08, Sin913 =0.23 - 7
Am§3_=_3.0 103 eVv? Amgs = 251072 eV? N .

M ‘ ‘ ‘“ : “-f’oFlﬁ'toboIOgy

- & o

0.8

tectoﬁr

e

° 06 ________ .......

>V

ard

D_> 04 + ,,,,,,,, ...... o '

N

10’ 102 10° 104 10°
L/E [eV'?]

10’ 102 10° 10%
L [m] ((E,) = 3 MeV)
10° 10’ 10° 10°
E [MeV] (L = 1.050 km)
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(DOUBLE) CHOOZ

- Chooz did not measure any oscillation and gave a limit on the value of the mixing angle 3.

- Double Chooz has just started and it should provide In a few years a limit 5 times better than
Chooz or in a good scenario observe the oscillations.

* Other reactor experiments such as RENO and Daya Bay will also give results in a near future.

Double Chooz

- Sensitivity N
.
g Excluded by Chooz
N :
v |
‘“« 0.15 :
05 I
I
2 N W NS N S AN SO N B :
N 0.10 -
i | | | | | | | | ? ] ;
SR 0.05 :
gt Far detector Far + Near detectors
0 0.1 10.2 0. 04 05 06 07 08 09 1 1
! sin® 219
- J O 1 2 3 4 5 6 7 8
(sin2(2813) < 0.15) L Exposure (years))
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TEN

measurement of the v,—>Vvy transition.

measurement of the @3 mixing angle.

12K uses a neutrino super beam (high intensity) and the

neutrino energy Is focused using the "off=axis’ technique
to the maximum of oscillation corresponding to the
atmospheric mass splitting.

The goal in case of no oscillation is a limit on sin? (203)

of 8 X 103 (90% C.L.) (factor of 20 better than

CHOOZ).

sin? 20,5 sensitivity

Sy -
90% C.L.

0BG = 20%
0BG = 10%

0BG = 5%

in?26,,~0.008 (90%

-
3

3
-
3

Exposure (22.5kt x 102! p.o.t)

7

10°

The main goal of the experiment is the observation of the v, —= Ve

T2K experiment has been presented in the framework of the atmospheric sector for the

transition for the

08l 2 degres
OAB 2.5 degree
OAB 3 dagres 30

2 4

6 Px (GeVic

Flux * o (arbitrary unit)

F!m:cx{ i

2
1+T’B’J

n
Am?, = 2.0~3.0x10%eV?

[ Ev=0.48-0.72GeV ]
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ECEIN' T RESULES

« T2K and MINOS have recently published some results that strongly disfavour the possibility of a
vanishing 0,3 mixing angle.

SRNERE oo meriments found an excess of events over the background of 25 aric Rans =i
respectively.

2.0 A e oL

(o0}

o

(q\]

1

15 S

<

— =

£ <

a 1.0 ©
(&)
o

0-5

0.2 0.4) 0.2 0.3 04
2sin?26, .sin%0 2sin?20, ,sin%0
13 23 13 23
Neutrino Mixing Angle - sin? 20, Neutrino Mixing Angle - sin? 20,,
Normal Neutrino Mass Hierarchy Inverted Neutrino Mass Hierarchy
_ T2K Range T2K Range _
L L ||||||||||'|||||||||||i|||||||||||||
0 | 0.1 ‘ 0.2 0.3 (] | 0.1 0.2 0.3
0.04 0.1 0.08 014
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RESULTS

- Chooz is still the experiment with the best limit on 0,3 but in the near future we expect much

better sensitivities both from reactor experiment and from long baseline
neutrino osclillation experiments.

sin® 2045 sensitivity limit (NH, 90% CL) 5in22313 discovery potential (NH, 3o CL)

-

| -2 -
| GLoBES 2009 . 107

1072

= =
A g
E _ E | ® -
IE‘ -_._-..-l"‘-'-- ._-.:::._'_ E‘I I r,"
= - = | ] :
E [ ",.ﬂ'— | E : /
S . L Double Chooz @ 107" | : Double Chooz
T3] . - . = !
m 107" o f eeea- T2K - o
. 2 I RENO & |
= /’ | B=
’ ;" Laya Bay | ? | Daya Bay
':' — NOVA: v+7 : - NOwvA: v+7
. ' iSo T === NOvA:vonly — == NOvA:vonly
100 | | Solar excluded | _ ] 10° | _ Current bound (3c) | | !
2010 2012 2014 2016 2018 2010 2012 2014 2016 2018
Year Year
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PARAME T ERS

Present knowledge

Parameter (90% C.L.) Channel Experiments Future
023 sin2(2023) = 0.96 P(vu—>V,) SK, (K2K, MINOS) T2K
; Solar v +
0.2 0.82 =< sin?(2012) < 0.89 , ) SK, SNO, KamLAND
P(anti ve — anti ve)
0i3
+
|Am2,,| 7.2 < Am2, [ 105 eV2 < 7.9 e SK, SNO, KamLAND
P(anti ve — anti ve)
Sign (Am?,,) + tile SK, SNO, KamLAND
5 P(anti ve — anti ve) ’ :
|Am?,| 224 < |Am2,,| / 103 eV2 < 2.44 P(vy—>vy) (SK, K2K), MINOS MINOS, T2K

Sign (Am?2,;))

Ocp
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PARAME T ERS

Present knowledge

Parameter (90% C.L.) Channel Experiments Future
023 5in2(2023) = 0.96 P(v—vy) SK, (K2K, MINOS) T2K
Solar v +
012 0.82 = sin2(2012) = 0.89 s SK, SNO, KamLAND
P(anti ve — anti ve)
° — - T2K, Double Chooz, RENO,
013 sin2(20,3) < 0.15 Panti ve = anti ve) By By
P(Vu—Ve) Future LBL
+
|Am2,,| 7.2 < Am2, [ 105 eV2 < 7.9 Dol SK, SNO, KamLAND

P(anti Ve — anti Ve)

Sign (Am?2,))

Solar v +
P(anti ve — anti ve)

SK, SNO, KamLAND

| Am?;, |

224 < |Am2,| /103 V2 < 2.44

P(vui—vy)

(SK, K2K), MINOS

MINOS, T2K

Sign (Am?2,;))

Ocp
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OPEN QUESTIONS

The past and present generation of neutrino oscillation experiments allowed to almost
complete our knowledge on the mixing matrix. However there are still two
ingredients completely unknown: the sign of the atmospheric mass splitting 1.e. the mass
hierarchy (sign Amj;2) and the value of the complex phase dcp.

Out of these two, 0cp is the most interesting measurement in neutrino physics since If it is different
from the conserving values (O, ) it would cause CP violation in the leptonic sector,

which would be an important ingredient In the explanation of the matter-antimatter
asymmetry in our universe.

Unfortunately, as explained before, mass hierarchy degeneracy and CP violation effects are difficult
to disentangle, since both give a difference between neutrinos and antineutrinos.

Moreover the intrinsic CP violation can be observed ONLY if the mixing angle 0,;
is not zero.
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CPVIOLATION

Future long baseline experiments aim at the measurement of CP violation comparing neutrino and
antineutrino osclllation probabilities.

The mass hierarchy can be observed when the baseline is long enough (i.e. = ~ 1000 km) and
matter effects become measurable (effect dependent on the baseline).

The intrinsic CP violation s independent on the baseline.

* A way to disentangle the two effects is to measure neutrino oscillations at different
baselines (always comparing neutrino and antineutrino oscillation probabillities).
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CPVIOLATION

* Future long baseline experiments aim at the measurement of CP violation comparing neutrino and
antineutrino oscillation probabllities.

- The mass hierarchy can be observed when the baseline is long enough (1.e. = ~ 1000 km) and
matter effects become measurable (effect dependent on the baseline).

- The intrinsic CP violation s independent on the baseline.

* A way to disentangle the two effects is to measure neutrino oscillations at different
baselines (always comparing neutrino and antineutrino oscillation probabillities).

>
= 0.14
o]
8
2 0'12 second maximum
o
c
CryE S 01 ﬂ/ .
S leoicipossIBllity Is to compare the 5 fist maximum
different maxima of oscillations g 0.08

since their ratio has a difference 0.06
dependence on the value of ocp. 0.04

0.02

| L L DL L L LI L L N N N N A

1 1 1 l 1 1 1 1 1 1L l
0 0.002 0.004 0.006
E(GeV)/ L(km)
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CPVIOLATION

Future long baseline experiments aim at the measurement of CP violation comparing neutrino and
antineutrino osclllation probabilities.

The mass hierarchy can be observed when the baseline is long enough (i.e. = ~ 1000 km) and
matter effects become measurable (effect dependent on the baseline).

The intrinsic CP violation s independent on the baseline.

* A way to disentangle the two effects is to measure neutrino oscillations at different
baselines (always comparing neutrino and antineutrino oscillation probabillities).
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CPVIOLATION

* Future long baseline experiments aim at the measurement of CP violation comparing neutrino and
antineutrino oscillation probabllities.

- The mass hierarchy can be observed when the baseline is long enough (1.e. = ~ 1000 km) and
matter effects become measurable (effect dependent on the baseline).

- The intrinsic CP violation s independent on the baseline.

* A way to disentangle the two effects is to measure neutrino oscillations at different
baselines (always comparing neutrino and antineutrino oscillation probabillities).

013 Sensitivity

Double CHOOZ

A third way consists in comparing results &350
of appearance and disappearance 300
experiments since disappearance

experiments are CP conserving:

250

200

R —(P(Va 5 VaD 150
y

CPT conserved + T conserved

|

CP conserved

IIllI]lII]II]I]IIIIIIIIIIIIIIIIIIII
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PARAME T ERS

Present knowledge

Parameter (90% C.L.) Channel Experiments Future
023 sin2(2023) = 0.96 P(vi—vy) SK, (K2K, MINOS) T2K
; Solar v +
012 0.82 =< sin?(2012) < 0.89 : ! SK, SNO, KamLAND
P(anti ve — anti ve)
: P(anti ve — anti ve) T2K, Double CHOOZ
2 ’
Oi3 sin?(203) < 0.15 P CHOOZ SR
+
|Am2,,| 7.2 < Am2, [ 105 eV2 < 7.9 e SK, SNO, KamLAND
P(anti ve — anti ve)
Solar v +
i 2
Sign (Am2,)) + T s SK, SNO, KamLAND
| Am?,,| 2.24 < |Am2%,,| / 103 eV? < 2.44 P(vi—v,) (SK, K2K), MINOS MINOS, T2K

Sign (Am?2,;))

Ocp
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PARAME T ERS

Present knowledge

Parameter (90% C.L.) Channel Experiments Future
023 sin2(2023) = 0.96 P(vi—Vy) SK, (K2K, MINOS) T2K
, Solar v +
012 0.82 =< sin?(2012) < 0.89 : , SK, SNO, KamLAND
P(anti ve — anti ve)
: P(anti ve — anti ve) T2K, Double CHOOZ
2 ’
O3 sin?(2013) < 0.15 o) CHOOZ Fi e
+
|Am2,,| 7.2 < Am2, [ 105 eV2 < 7.9 il SK, SNO, KamLAND
P(anti ve — anti ve)
Sign (Am?,,) + tile SK, SNO, KamLAND
5 P(anti ve — anti ve) ’ ’
| Am?,,| 2.24 < |Am2%,,| / 103 eV? < 2.44 P(vi—V,) (SK, K2K), MINOS MINOS, T2K

Sign (Am?2,;))

Ocp

Unknown

Unknown

P(vui—Ve) Vs
P(anti ve — anti Vve)

P(Vvui—Ve) Vs
P(anti Ve — anti Ve)

Future LBL

T2K+Reactor
Future LBL

A.Meregaglia

80




CONCLUSIONS



FUTURE OF NEUTRINO PHYSICS

The present generation of neutrino oscillation experiments will allow to reach a limit on sin?
(20,3) < 8 x 103,

According to the fact that 03 is different from zero or not (strong evidences recently

obtained), the next generation of experiment will aim to a reduction of such a limit, or to
the search of CP violation in the leptonic sector.

r N
Detectors
\_ Y,
r N
Beams
\_ Y,

The future can be schematically summarised as:

New technology:
Beta Beams
Neutrino Factories

-
Larger O(100) j
.
f p
More powerful O(10)
. J
f p

GLACIER
MEMPHYS
LENA

J-PARC upgrade
FNAL upgrade
CNGS upgrade

All these projects require a huge amount of money and R&D.

The neutrino community is evaluating all the different options (projects such as
LAGUNA or EUROV) to have a joint effort on the next generation experiments.
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NEW PHYSICS!

« What has been presented is what is normally called “standard’ neutrino physics.

* In 1996 LSND experiment saw an excess of antineutrinos in a new region of parameters
incompatible with other flavour trnasitions: more than 3 neutrinos! Sterile neutrinos?

« MiniBooNE did not see the excess studying neutrino oscillations, but has some hints of an
excess In the antineutrino mode.

- MINOS has shown hints for a difference in the oscillation parameters of neutrinos and
antineutrinos: how to explain this?

IAm?| and |AT| (107 eV?)
AN

I(J.IIII_

I I I I | I I I I | I I
—— MINOS vy 90%
----- MINOS v, 68%

B ® Best V“ Fit

I I | I I I I | I I I I
— MINOS v, 90%

----- MINOS Vi 68%
@ Best vy Fit

m-mm
- wag
.
Naa
.
-

-
LT
~

R
"
e
""""
-----------------

- MINOS Prellmlnary
[ 1.71x10°’ POT v,-mode
- 7.24% 102 POT v,-mode

-

05 06 07 08 09 1
sin®(20) and sin*(20)

There are some hints of “‘new physics’ in the neutrino sector. If proved to be true
many things about neutrinos that we think we understand are to be rethought...
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