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Overview

* Evidence for neutrino oscillations

Non historical approach

* How to go about detecting neutrinos



V Sources

The Sun Nuclear reactors

Atmospheric v (cosmic rays
65x10° v, cm2 51 at Earth 2x1020V, 5T GW,, P ( vs)

4x10% v, e m2 stsrlat 1 GeV
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Plus: Aastrophysical neutrinos, CvB, etc
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Atmospheric neutrinos
\Cosmicnay

e Cosmic rays collisions in upper atmosphere (15 km)

e Plenty of pions from hadronic interactions

— o, Air nucleus
* TS v, and put > efvy,

SO

Pions
v,:v,=2:1

(known better than 3% below 5 GeV)

2 muon 1 electron
neutrinos neutrino
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How to detect neutrinos?

e v electrically neutral

— no ionization tracks!
* nearly massless

— m, < 1eVbutim,>0.06eV
* tiny interaction cross-section

— 0 = 10%? cm? for Inverse Beta Decay

=>» need copious sources and/or large detector masses
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How to detect neutrinos?

e v electrically neutral
— no ionization tracks!
* nearly massless
— m, < 1eVbutim,>0.06eV
* tiny interaction cross-section
— 0 = 10%? cm? for Inverse Beta Decay

=>» need copious sources and/or large detector masses

Ex: SuperKamiokaNDE
R=¢ Ny oy

In order to see R=5v,,, evts/day
¢ =4x10°v,. m?stsrtatl1GeV=0.5cm?s?
oy = 1038 cm? / nucleon at 1 GeV
= Ny = 1.2x1038 nucleons = M = Ny x 1.66x10%7 Kg = 19x10° Kg = 19 ktons
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LAPP - IN2P3 - CNRS / UniSavoieMontBlanc

u+e

28/08/21 Annecy Summer School



Water Cerenkov detectors

* Huge underground water tanks e ‘;;
surrounded by photomultiplier tubes (PMTs)

Ve,vu e-, u
W+

n P

* Interacting particles produce light,

SUPERKAMIOKANDE  wsTiTuTE FOR COSMIC RAY RESEARCH UNIVERSITY OF TOKYO

light gives electrical signal in PMTs

Cerenkov effect: particles faster than M
speed of light in medium radiate light bl B A "
(e.g. blueish light in nuclear reactors) W
« Ex: (Super-)KamiokaNDE et SNO "

Pablo DEL AMO SANCHEZ,
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Water Cerenkov detectors
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* Huge underground water tanks i

e
NG

surrounded by photomultiplier tubes (PMTs)
Ve,vu e-,u
W+

n P
* Interacting particles produce light,
light gives electrical signal in PMTs i

Cerenkov effect: particles faster than
=V .

speed of light in medium radiate light wiw._ L i
(e.g. blueish light in nuclear reactors) ™
* Ex: (Super-)KamiokaNDE et SNO ‘l
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Water Cerenkov detectors

 SNO et (Super-)KamiokaNDE
* Directionality from Cerenkov cone

* Energy from total collected light
e Distinction between electrons and muons

Cerenkov
Li?:snorl_:_? "\ The Cerenkov radiation
—« [ a fromamuon produced
/I | by a muon neutrino event
BV T yields a well defined circular
\Ll u‘\l‘ .\ ring in the photomultiplier
Muon  Muon <y | detector bank.
neutrino T
y
',,// I )\ The Cerenkov radiation
‘ b, from the electron shower
y || produced by an electron
Ve \| neutrino event produces

| multiple cones and

Electron Electroﬁx“”--~..,_z j therefore a diffuse ring
Y

haOino shower in the detector array.



Super-KamiokaNDE

« 1000m deep, 50000 tons of water, 11000 PMTs

* Observed expected number of 2450
400
downgoing v, deficit in upgoing 2350
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Atmospheric neutrinos disappear?
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Atmospheric neutrinos disappear?

L/E (km/GeV)
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Atmospheric neutrinos oscillate!

Am?*L|km)
E [Ge V]

P(v, —>v,)=sin’(20)sin’| 1.27

N
oo

1.6

-l

=N
=
g

-
N

* + — Isinz(ZG) f
* |l :

-, 4
»

1 10 102  10°  10°
L/E (km/GeV)

o
N
-

pul ol Lo wauul o auul
10 10" J10° 10
L/E (km/GeV)
L/E ~500 km/GeV ¢<>Am? ~ 2.3 x103 eV?

Pablo DEL AMO SANCHEZ, 13
LAPP - IN2P3 - CNRS / UniSavoieMontBlanc

o

K‘

Data/Prediction (null oscillation)
o O
o o

28/08/21 Annecy Summer School



Atmospheric neutrinos oscillate!
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But why don’t we see this?

|< Diameter of Earth )|
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Because...

* Two effects:
Neutrinos not monochromatic - different oscillation lengths
Experimental resolution: if too close, maxima and minima blurred
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Thanks to T. Schwetz

First oscillation maximum
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The solar neutrino saga
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Neutrinos from the Sun

e Hydrogen fusion in the Sun requires inverse beta decay:

e —=>P -

4p + 2¢~ — He™™ + 2w, + 26,7 MeV

QP

n
p@ Solar constant = 1361 J/s m?

j b, = 6.4 x 1014 v, /s m?
L]

e'l-
[ ]
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Neutrinos from the Sun

p+p —2H +e" (Ve pp) p e +p—2H+e" (VoYvpep)
e Neutrino flux from the Sun \
accurately predicted (Bahcall et al) 21 + p = 3He fy
fcog
3He + 3He — 4He + 2p ? SHe +p — 4He +et hep)

3 4 7
Chlorine Kamiok He + “He — ‘Be + vy

I Gallium | b = 0.02%

1012 ¢ - g g T A

o _ = Bahcall r{- PR | Be) Be + p— 8B+ Y
l ¢
TLi+p - 24He %8 — 8Be + &* (e D)

8Be — 2 4He
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Neutrinos from the Sun

. ) Chlori Kamioka ||/|Il
e Neutrino flux from the Sun | Sl orine |
1012 E Lt I Ly ' T T X T X ' Y
accurately predicted (Bahcall et al) ol Baheall
v E pp
* Model in good agreement with 100 |
results from helioseismology p 10°F
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Pablo DEL AMO SANCHE?Z,
LAPP - IN2P3 - CNRS / UniSavoieMontBlanc

28/08/21 Annecy Summer School

20



Homestake experiment

: : P Veth > p +e°

Late 1960s: Ray Davis set to test v, flux predictions _ ..~ . Ve +31C1 5 91Ar + -
in underground mine (under 1500m of rock) P o PO
Experiment run for 30 years (till 1994): = 615 tons of C,Cl, (Cleaning fluid)

observed 2.56 + 0.23 SNU MO GG

~30% m Pump in He that displaces Ar

eXpeCted 3.2+ 1.8 SNU m Collect Ar in charcoal traps

1 Solar Neutrino Unit = 103 interactions/s atom G Ssuangiredodctiveldecay
AF m Never Calibrated with source

Pablo DEL AMO SANCHEZ,

28/08/21 Annecy Summer School PP - IN2P3 -C / UniSavoieMontBlanc
Raymond Davis, Nolﬁel Iinze Zé\gé




Neutrino Flux (cms')

Problems?

* Problems with experiment? With v, flux predictions?

* Test other parts of the v, spectrum with different experimental techniques

| Kamioka II/II[

| Galliiira | Chlorine

102 -I T
1o — pp
101 —
108 —

F Be
107 3
108 ..—
105 —
104 /’
102 —
1010.-1 ‘ o.|3 T 3

Neutrino Energy (MeV)
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Gallex: v, +7'Ga - "'Ge + e~
Observed 68.1 + 3.75 SNU

Expected 127 + 12 SNU ~>0%
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Neutrino Flux (cms')

Problems?

* Problems with experiment? With v, flux predictions?

* Test other parts of the v, spectrum with different experimental techniques

Event/day/bin

. Kamioka /111
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KamiokaNDE: v, +e > v, + e-

Observed ~40% of expectation
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Neutrino Flux (cms')
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Problems?

Problems with experiment? With v, flux predictions?

Test other parts of the v, spectrum with different experimental techniques

Gallium

Chlorine ! Kamioka II/II!

T

2 pp

“Be

1 3 10

Experiment type | Observed/Expected

Chlorine ~30%
Gallium ~60%
KamiokaNDE ~40%

Perhaps neutrinos are oscillating after
all, as suggested by Pontecorvo et al?
These experiments only sensitive to v,
try and detect v, and v, too! - SNO

Neutrino Energy (MeV)

Pablo DEL AMO SANCHEZ,
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Sudbury Neutrino Observatory (SNO)

* Water Cerenkov detector

2000 m deep (Sudbury, Ontario)

* Cosmics veto

e 1000 tons of Heavy water (D,0),
shielded by 7000 tons light water (H,0)
seen by 9500 photomultiplier tubes (PMTs)

Pablo DEL AMO SANCHEZ

28/08/21 Annecy Summer School _ _
LAPP - IN2P3 - CNRS / UniSavoieMontBlanc

25



* SNO measures well v, flux:

CC:vo+d—p+p+e

® Good measurement of the ve spectrum.
e Some directional information.
® Only sensitive to ve.

ES: v+ e v+ e

® Strong directional sensitivity.

® | ow statistics.

Charged current

* Cannotseev, / v, flux in this way: neutrinos from Sun not energetic
enough to produce heavy u or T particles in interactions

Pablo DEL AMO SANCHEZ,

28/08/21 Annecy Summer School _ _
LAPP - IN2P3 - CNRS / UniSavoieMontBlanc
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SNO

* But it measures the total v +v +v_flux by
means of Neutral Current interactions!

Measures total 8B flux from the Sun.
Equal cross-section to all (active) neutrino flavours.

Signature event of SNO

3 neutron detection methods:
n+d—=t+y+6.26 MeV SNO-I
n+"°Cl="Cl+y+8.6 MeV SNO-II
n+He—p+t+0.76 MeV SNO-III

Neutral current

Pablo DEL AMO SANCHEZ,

28/08/21 Annecy Summer School _ _
LAPP - IN2P3 - CNRS / UniSavoieMontBlanc
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7L Solar neutrinos oscillate!

SNO

ne = Pvetv +v)

Pssm = d(Sun)

(Y
-~
e
-
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§~'
Y
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e
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~

3
SNO
7 cc ~ d)(ve)
6=
S
4F
3
2=
5—/\/%0 Tl o Kswes oo -
Bruno Pontecorvo (1957) ] E_
oF —
0 ] 2
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Matter effects are important!

e High electron density in Sun - matter effects!
* V. get heavier, v, & v, unaffected.

electron neutrinos muon, tau neutrinos

\/
_|_
/\

Wl

~
:Z
e/\e

28/08/21 Annecy Summer School Pablo DELAMO S.ANCHEZ’ 29
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Matter effects are important!

e High electron density in Sun - matter effects! Ve
* V. get heavier, v, & v, unaffected. Mass v
Resonance effects may enhance oscillation H
A 2L[km] Electron Density
P(v, > v,)=1-sin’(20)sin’| 1.27 "7
E[GeV]
! Oscillations
Oscillations = +matter effects

pp

_\ VBe
/

in vacuum

P(Ve = V)
()
V)]

N

v MeV)

l
0.38/08/21 Annecy Sunimer 10 Pablo DEL AMO SANCHEZ).1
School By A2 LAPP - IN2P3 - CNRS / UniSavoieMontBlanc

=



V., survival probability

Peet

Matter effects are important!

* Found oscillation parameters for solar neutrinos:

E|GeV]
sin%(20) = 0.857 + 0.024 Am? = (7.5 % 0.20) x 10~eV?

P, —v,)=1 —sm2(29)5m2(1,z7 AmzL[km]j

1
0.9
0.8 1
0.7 Oscillations
0.6 I | ! ey +matter effects
0.5 f— l I E—’ \ VBe
0.4F T o5 - —
= ® pp - All solar i3 4B
0.3 e 'Be - Borexino o = VB
- [ pep - Borexino
0.2F e °B - SNO LETA + Borexino
- e °B - SNO + SK /
0.1 MSW-LMA Prediction \
0:1 1 1 Lo 1 1 Lol | |
10 1 10 4] 1 10
Pablo DEL AMO SANCHE?
28/08/21 Annecy Summer Schegl [MeV] 4vIo ’ E, MeV) 31
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Reactor neutrino experiments

Pablo DEL AMO SANCHEZ,

28/08/21 Annecy Summer School i )
LAPP - IN2P3 - CNRS / UniSavoieMontBlanc
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v from nuclear reactors

" 3
. o £
— Fission of heavy nucleus — B¢ 5
3 5
Neutron o —
o o B 5
. Neutron (@)
| u
o ©

L

233U Excited nucleus | 1>o/0N
products

N = # neutrons

* Fission products are neutron rich and undergo beta decay: n—»>p e V;

28/08/21 Annecy Summer School Pablo DELAMO S_ANCHEZ' 33
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Reactor neutrinos

* Nuclear reactors, source of abundant antineutrinos! vV,

Fission products are neutron rich S aton

Too many neutrons to be stable |o., Electron

.o Anti-neutrino

— plenty of beta decays!

Gamma 4
— . . 144 o / O/' (some loss)
e ~6V,/fission 3 S — 4 &
Zj:U 236U O/' ZbU 236U O/'
~ 200 MeV/fission o—>+@—>®—> O —> o—>+@—>@—> o

2 x 102 ¥, /GW

9 Chain Reaction
egKf \

.

thermal

Pablo DEL AMO SANCHEZ,

28/08/21 Annecy Summer School
08/ / LAPP - IN2P3 - CNRS / UniSavoieMontBlanc 8%y &




Liquid scintillator detectors

- e e+
* Detect reactorV, through inverse beta decay € W
| | | --—--- Emitted spe: p n
E : ----- Cross-section
xponential
decrease of —— Detected spectrum

emitted spectrum Detected Spectrum

~  Relevant E range

B-inverse [1.8 — 8] MeV

detection process

/ (arbityary units)

V,+p—>¢e +n
e

lllllllllllll o 1

2 3 4 5 6 7 8 9

Pablo DEL AMO SANCHEZ
28/08/21 A S School ’ ;
/08/ nhecy summer >choo LAPP - IN2P3 - CNRS / UniSavoieMontBlancV (MeV)
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Reines and Cowan:

1956 v discovery by Reines and Cowan at Savannah River
already a typical reactor experiment:
* Inverse Beta Decay (IBD): V_, p—=>€e*n (o, ~20x0(V; & > V; &)

* Liquid Scintillator (LS) loaded with neutron-hungry
element (Cd, 6,=2500 b, 2E,= 9 MeV)

E i prompt signal

(=]
\ ;
i
o i
= -
[ 0
T
o W
v iz
e - JF 2 B
- SoF e
> | &
= [ 2
= ofF =
© S e
-
[
[ &
S § ;
delayed signal

. \NCHEZ,
LAPP - IN2P3 - CNRS / UniSavoieMontBlanc
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Reines and Cowa\n'

y’
4

v discovery &

Signal a coincidence: prompt (e+), few us, delayed (n—Cd), coincidence greatly
reduces background. Remaining background:

 Accidental coincidences c ated

orrelate

 Correlated coincidences
— from reactor

— from cosmics

E E prompt signal
o
T

3, =

0l

Accidental

Gl
T

[s1i] awn

0Z
B s T[]V IS (Vi E=15) 6705
Ay

delayed signal

: \NCHEZ,
LAPP - IN2P3 - CNRS / UniSavoieMontBlanc
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Reines and Cowan
v discovery & oaf« %

e+ - n coincidence :

o
M()(w
S

=

Shleldlng'
=

Segmentation

IN /\
— W O
B\

Cd-loaded water instead
of LS as v Target,
surrounded by LS

Concrete, paraffin,
borax and...
water soaked sawdust

Cosmic ray
|




Shieldir

Concrete, ¢
borax and..
water soak

28/08/21 Annecy Summer School

Reines and Cowan:

"i.’.i.‘;k"-.;—}» -
E ﬁ"ﬁ'r
T ,:r /AE <1 0

-1 9
Moressm ey o P Post
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- ( ;nor.;‘ﬂ. AL -
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p,mmnos FRON FISSION FRAGHENTS BY OBSERVING INVERSE BETA DECAY tead
djﬁ"PRnTO'&s' OPSERVED CROSS SECTION AGREES YELL ¥ITH EXPECTED SIXQ
STIMES TER TO MINUS FORTY FOUR/ SQUARE CENTIMETERS l

., B FREDERICK REANES AND CLYDE COWN
EEEEENB0X 1663 LOS | ALAXOS NEW MEXICO j
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Liquid scintillator detectors

 KamLAND: Kamioka Liquid scintillator AntiNeutrino Detector

m 1000 ton liquid scintillator:

reactor neutrino

m Spherical plastic balloon g neuine Y\e-}-prompt

m 1325 17”7 + 554 20” PMTs Ve P,

Y delayed

m Inverse 3 decay detection mean capture time L/rf y

~ 200 usec on proton

Crane

Rock lining Buffer|gil<, / L G

(! ;'«: Outer water tank

Inner tank

Lig.-scinti.
Container

Aluminum sheets

Phototubes

Pablo DEL AMO SANCHEZ,
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Reactor neutrinos oscillate!

* Confirm solar neutrino oscillations

KamLAND v, > v, (2008)

Survival Probability

0.2

— 3-v best-fit oscillation —e— Data - BG - Geo V,

e 2-v best-fit oscillation

lIlIlIIIllIIllllIIlllllllIIIlIlIlIIIIlllIIlIll

20 30 40 50 60 70 8 90 100 110
Ly/E; (km/MeV)
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Reactor neutrinos oscillate!

* Confirm solar neutrino oscillations

Daya Bay v, > v, (2015)

2 L3
e |4
__ADS \_IH Ling Ao-1I NPP e
- EH2 §9 o LI 1.00 i
L A
.-\Il’?_‘_-(_‘: A4 Ling Ao NPP — I E:g
U >
7@ ADS >
" 200 m T 0.95— —_ beSt ﬂt
| \l)_lj[_‘\l)l L?j)
b a
0.90—
Dayva Bay NPP
I I I [

0 0.2 0.4 0.6 0.8
Ler/(E, )(km/MeV)

Pablo DEL AMO SANCHEZ,
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Fast oscillations in reactors

Oscillation probability depends on energy - search for energy-dependent depletion

e Daya Bay: 1-2 km away from reactors

sin2(26,,) = 0.089 + 0.012

= N
O
= X —4— Far hall
42000 *4ot —|—Nar a;111( hted) 0,.=9.1°+0.6° 0 |
; r ear halls (weighte — . LN . (z . _)
S . 13 Cabbibo
-81500— .’
= ' --
m - ») s

1000F A

C P
500
0_
3 ! o
%D L e No osc'lllatlon
5 i —— Best Fit
2 - |
g i .
< |
= - L
F—
0 5

10
Prompt energy (MeV)
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Accelerator neutrinos

Pablo DEL AMO SANCHEZ,
LAPP - IN2P3 - CNRS / UniSavoieMontBlanc
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vV, —> V appearance

* (Can also produce neutrino beams:
* Results in excellent agreement with

Monte-Maggiorasca

)
S
3
&
s
e
8
=
§

Monte-Giovo
of Gran Sasso

other neutrino sources:

| =pgokm- — NG

neutrino beam ——»

Tf|ight =2.44 ms

B S0E 4 muon detectors
________ z .
G e Vyu [.l.+
S PesszsIIiiiiiiiiiosisemesoht--- 4P :
. proton beam | N el & 3 v,
(400 GeV/c) target Ry t - ut+ Vv
(graphite) magnetic decay tunnel hadron stopper
focusing (1 Km) (C,Fe)
28/08/21 Anjnecy Summer School Pablo DEL AMO SANCHEZ, -
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What have we learnt so far?

e Neutrinos oscillate!

Ve, Vy, Vy different from vy, v,, v,

v
* Two different oscillation frequencies: &
: = AmZ;, ~ Am?
fast: atmospheric, Am?;, ~ Am?;, <621)< 03, S 32 31
slow: solar, Am?,; atm™ 20 x solar v, I , |
t Am?,,

* Neutrinos mix a lot! (Mixing angles large!)

atmospheric, maximal 6., = 45° + 6° Convention: v, is state with most v,

solar, large 0,,=34°+1°
notsosmall 6,;=9.1°+£0.6° (c.f. biggest angle in quarks, Cabbibo’s = 13°)

Pablo DEL AMO SANCHEZ,

28/08/21 Annecy Summer School _ _
LAPP - IN2P3 - CNRS / UniSavoieMontBlanc
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Neutrino mixing matrix

3 angles and 1 CP phase: [JCHS RSN

\ (% ~
oﬁQ‘\e 60. o\g‘
lrac_'—

5, matter-antimatter asymmetry in neutrinos?

Pablo DEL AMO SANCHEZ,

28/08/21 A s School
/08/21 Annecy Summer Schoo LAPP - IN2P3 - CNRS / UniSavoieMontBlanc
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Mass ordering?

v, T, v, I T I“ Am?,,
v, I T
? o |V
% ' 2
<
= Am?,, = Am?3
v, I T
v 2
\2 —I Am%; vy T Y
Normal mass ordering Inverted mass ordering
Which mass state is the lightest?
28/08/21 Annecy Summer School Pablo DEL AMO SANCHEZ, 55
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Future long baseline projects...

1300 km
- >

South Dakota . Chicago
L — TR Fermilab

40 kton Lg. Ar TPC
Starting around 2026

Sensitivity

Mass Hierarchy CP Violation
sy s |y s
s.fzu,,:on;';nm: [ 10 yeare (stagea) f‘,.‘,’,.";:'jm'{m I 10 ycara {staged
0,y NuFit 2018 (90% G.L rangc) === &in'd,, w0441 + D.0G2 0,7 NuFit 2018 {90% G.L. mngc)  +===r &In"A,, w 0.441 - 0.042

GCVA ¥

IllIlllIIIIIIIIIlllllllllllllllllllllll ; !
E1 08060402 0 02 04 06 0.8 1 -1 08-06-04-02 0 02 04 06 08 1

dcgfm dcpfm
Pablo DEL AMO SANCHEZ,
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Future long baseline projects...

1300 km

* >
South Dakota _ n—
Underground -
<y - Research . o . S N
g P Facility 00 mile® i v \ 7
4:,: : l — : " ,’ "l'v v " nl.‘ ‘II ?’/
40 kton Lg. Ar TPC - P A -
On q. r v . ™ v K
W/ | s W ODN / ll
N YOS I
AA NN [ —

Broad physics programme!

* Long baseline oscillations

= * Mass ordering

* Matter-antimatter asymmetry
* SN neutrinos

* Proton decay

* And more...

Pablo DEL AMO SANCHEZ, 57
LAPP - IN2P3 - CNRS / UniSavoieMontBlanc
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* Neutrinos oscillate! Masses # 0

0.8

0.6

04

Survival Probability

0.2

28/08/21 Annecy Summer School

Conclusions

Ve, Vy, Vy different from vy, v,, v,

T T

KamLAND v, = v,

— 3-v best-fit oscillation —e— Data - BG - Geo V,

----- 2-v best-fit oscillation

I|IIII|IIII|IIII|IIII|IIII|IIII|III

I|IIII|IIII

20 30 40 50 60 70 80
Ly/E. (km/MeV)

9 100 110

Pablo DEL AMO SANCHEZ,
LAPP - IN2P3 - CNRS / UniSavoieMontBlanc

(2015 Nobel prize)

1.8 T T T T
16 Oscillatio
1.4k Decoherencs

0.8
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o
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0.2F SuperKamiokande v, > v,

Data/Prediction (null oscillation)
o

10 10° 10" 10
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Conclusions

* Neutrinos oscillate! Masses # 0 (2015 Nobel prize)

Ve, Vy, Vy different from vy, v,, v,

* Two different oscillation frequencies:
fast: atmospheric, Am?;, ~ Am?;,
slow: solar, Am?,; atm™ 20 x solar
* Neutrinos mix a lot! (Mixing angles large compared to quarks’ mix angles!)
atmospheric, maximal 65, =45°+6°
solar, large 6,,=34°+1°
reactor, not sosmall 0,5 =9.1°+ 0.6° (c.f. biggest angle in quarks, Cabbibo’s = 13°)

* Forthe future: matter-antimatter asymmetry in neutrinos?

which is the lightest mass state?

Pablo DEL AMO SANCHEZ,

28/08/21 A S School
/08/ fhecy SUMmMET Schoo LAPP - IN2P3 - CNRS / UniSavoieMontBlanc
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BACK UP SLIDES

Pablo DEL AMO SANCHEZ,
LAPP - IN2P3 - CNRS / UniSavoieMontBlanc
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Opaq (D]

How many neutrinos are there?

School LAPP - IN2P3 - CNRS / UniSavoieMontBlanc

| A [inv = 'z — T'haq — 317
| ALEPH [ 3\
30 - e\ [igv =N, - T
 DELPHI [/ _\ v = My * b
L3
il OPAL
» h PDG K. Nakamura et el., JPG 37,075021 (2010)
| § average measurements, |/
error bars increased |/
[ by factor 10 Number N = 2.984 + 0.008
10 (Standard Model fits to LEP data)
Number N = 2.92 £ 0.05 (5=1.2)
0' SR R T (Direct measurement of invisible Z width)
86 88 90 92 94
E_ . [GeV]
28/08/21 Annecy Summer Pablo DEL AMO SANCHEZ,

61



Etats propres de saveur et de masse

Matrice PMNS (Pontecorvo-Maki-Nakagawa-Sakata) relie états propres de
masse (v, v,, v3) et de saveur (v, v, V,)

(v, (v)) ‘U, U, U,)
Vi |= U pavs| Vs Upanvs = U,ul U,u2 Uy3
\\V: V3 ) \Uﬂ U, Ug; )
p.ex.

‘V >:Uﬂl‘vl>+Uu2‘V2>+Uu3‘V3>



Oscillations des neutrinos

* Neutrinos sont créés dans des états propres de saveur, se propagent comme
des états propres de masse, et sont détectés comme des états propres de la

saveur : (ex:neutrinos atmosphériques, issus des désintégrations des pions)

+
1
/ )
> —g'j?
VH Propagation Ve

_ Etats propres de o
Production masse Détection
Etats propres de Etats propres de

Vi, V2, V3

saveur saveur
V69 V}La V’E Vea Vu) V’E

(Analogue aux oscillations des kaons neutres : production et détection en

termes des états de saveur K° et K°, propagation en termes de K,; .. et K;o.,)
|8 é short ong

Pablo DEL AMO SANCH
28/08/21 Annecy Summer School apio i ) 63
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Oscillations des neutrinos

* Neutrinos sont créés dans des états propres de saveur, se propagent comme
des états propres de masse, et sont détectés comme des états propres de la

saveur : (ex:neutrinos atmosphériques, issus des désintégrations des pions)

+
il
/ .
V > N
H Propagation dans le vide Ve
Production Vi exp(?Elt) Détection
_ v, : exp(-1E,t)
V)= v3 : exp(-iEst) (v,

U|vi)+U|Va)+U slvs)

Masses m;, m,, m; différentes - phases -1Et , -iE,t , -1E;t différentes >

— proportion des composantes e, U, T change avec le temps
Pablo DEL AMO SANCHEZ,

28/08/21 A S School
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Un peu d’histoire

Oscillation neutrino-antineutrino proposée par Bruno Pontecorvo
(1957) par analogie avec les oscillations K° et K°

Mélange entre les saveurs proposé par Maki, Nakagawa et Sakata
(1962)

Calcul de la probabilité d’oscillation entre saveurs par Gribov et
Pontecorvo (1967, 1969)

Etudes expérimentales expliquées en détail page 12 et suivantes



