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Noutrinos in the Standard Model
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3 types of neutrinos
(although extra sterile neutrinos
beyond the SM could exist)

They are electrically
neutral particles

Much lighter than their
charged leptonic partners

Very weak interaction
with matter



2 Dirac neutrinos: particle # antiparticle
2 Majorana neutrinos: particle = antiparticle

For each particle, there is an
associated antiparticle with
the same mass and opposite
charge

Antiparticles are produced In
natural processes (as
radioactive decays) and
particle accelerators

Neutrinos could be their own
antiparticles

Equals amounts of particles
and antiparticles were created
after the Big Bang

 Where are the antiparticles?
 Why are we made of matter?



Charge Conjugation (C): transformation of a
particle into its antiparticle positive charge

®

Parity (P): transformation of left to right (world in
a mirror)

¢

left handed

Time Reversal (T): running backwards in time

CP Symmetry: It was thought that CP was a valid
symmetry however the observation of neutral
kaon decays proved that CP is not conserved in electron
weak interactions

O ¢

e Could it be also violated for neutrinos?

CPT Symmetry: conserved in the SM
transtormations

negative charge

—

right handed

<
&>

positron



* |n the Standard Model, there are not right-handed (vg) neutrinos
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ALLOWED NOT ALLOWED ALLOWED

Our World

% neutrino % neutrino Q anti-neutrino
A

Y pons HEERD S i R

M. Strassler 2013

 |n the weak interactions:

2 P symmetry is not conserved
2z C symmetry is not conserved

CP seems to be conserved

10

T neutrino T antineutrino
But...
T neutrino T antineutrino

e v; and v, may not exist at all
* May exist but with much larger mass

* Are unaffected by the weak nuclear
force




® Magnitudes:

2 Neutrinos produced by the Sun (are pretty low energy ~MeV)
travel (on average) 1.5 x 10'® m in lead before interacting

2 Neutrinos produced by accelerators (~1000 times more
energetic ~GeV) travel (on average) 1.5 x 10'> m in lead
before interacting

B For comparison, a proton ~GeV travels 10 cm in lead!!
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Weak interaction

e Magnitudes: | |l 1l

a
B For comparison, a proton ~GeV travels 10 cm in lead!!

2 Neutrinos produced by the Sun (are pretty low energy ~MeV)
travel (on average) 1.5 x 10'® m in lead before interacting

2 Neutrinos produced by accelerators (~1000 times more
energetic ~GeV) travel (on average) 1.5 x 10'> m in lead
before interacting

e U T
| B Neutrinos only interact with AVQ AVH Zy V1

members of their own family
(electron, muon or tau)

Neutrino appearance
B The identification of the partner e “

charged particle allows us to know 1
the type (flavor) of the neutrino Ve Vy \/T

1 Neutrino disappearance




* There are 3 types of neutrinos (families) in the SM

2 | 2v iny = 1'z — I'hag — 317
3

w| ALEPH | 2\ Fipy = Ny - Iy
 DELPHI [/ \
OPAL

*“ \ K.A. Olive et al. (Particle Data Group), Chin.

O
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| { average measurements, ,.;};ffv" \ Phys. C, 38, 090001 (2014)
error bars increased |/
by factor 10 W \

Number N = 2.984 4 0.008
(Standard Model fits to LEP data)

Number N = 2.92 + 0.05

(Direct measurement of invisible Z width)




NATURAL

ARTIFICIAL

Nutrino sources

E ~ MeV
The Sun
L ~ 108 km
E ~ MeV
Earth
L ~ 10- 108 km
E = meV
Big Bang
L ~ Mpc
E ~ MeV
Nuclear reactors
L ~ 1-100 km

E ~ GeV-TeV

Atmosphere

L ~10- 104 km
E ~ MeV

Supernovae
L ~ kpc- Mpc

E ~ TeV-PeV
Cosmic
accelerators
L ~ kpc- Mpc
E ~ GeV
Particle

accelerators
L ~ 100-1000 km
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» Pauli proposed the existence of neutrinos in 1930 as a desperate remedy
to solve the beta radioactivity “problem”

* |n a two-body emission, the electron energy has a fixed value (energy
conservation)

Expected
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 1962: v, observed in Brookhaven (US)

* First accelerator neutrino experiment

* Discovery of a second type of neutrino (muon)
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 1962: v, observed in Brookhaven (US)

* First accelerator neutrino experiment
* Discovery of a second type of neutrino (muon)
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were accelerated. The pi-mesons (1), T -heam
which were produced in the proton - ey
collisions with the target, dea;hinto concrete _
muons (j1) and neutrinos (V). The 13 ~ e P
m thick steel shicld stops all the T s
particles except the penetrati o o
ncutrinos. A small fraction of the !
neutrinos react in the detector and
give rise to muons, which are then
observed in the spark chamber,

Based an a drawing in Scientific American,
March 1963
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 Much later, in 2000, the third type of neutrino vs (tau) was
discovered by the DONUT experiment at Fermilab (US)
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Neutrino from accelertors

e |tis possible to create an intense beam of neutrinos from an intense beam of
protons
e Advantages:

e the beam can be switched on and off to know when we have neutrinos and
when not (signal over background events)

« the neutrino energy can be selected (within a certain range)

e Disadvantages:
* the neutrino beam is not pure (several types of neutrinos are produced)

o the flux is not very large

e it is expensive!
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Discovery of neutral currents at CERN

« 1973: discovery of the weak neutral currents in
the Gargamelle bubble chamber at CERN
« Leptonic NC (interaction of a neutrino with an

electron) y hadronic NC (neutrino scattered from
a hadron).

* This was a significant step toward the unification of
electromagnetism and the weak force into the electroweak
force. The result led to the discovery of the W and Z
bosons, which carry the weak force.
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Discovery of neutral currents at CERN

« 1973: discovery of the weak neutral currents in
the Gargamelle bubble chamber at CERN

« Leptonic NC (interaction of a neutrino with an
electron) y hadronic NC (neutrino scattered from
a hadron).

* This was a significant step toward the unification of
electromagnetism and the weak force into the electroweak
force. The result led to the discovery of the W and Z
bosons, which carry the weak force.
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Why are neutrinos so special?

* They are the only neutral fermions

* Their mass: (value, origin) Why are they much lighter than the other
particles?

* Their nature: (Dirac, Majorana)? They could be their own antiparticles
* They mix flavors (oscillation)
* They are really hard to detect (only interact very weakly with matter)

* They could violate the CP symmetry (matter-antimatter asymmetry in
the Universe)

* They are extremely abundant in the Universe

 They are Cosmic messengers

20
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In the Standard Model, neutrino do not have mass...
.. however neutrinos have a long history of unexpected surprises ...
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What do neutrinos look like?



« CC interactions: exchange of W d u
* The lepton in the final state determines if it is a v
neutrino or antineutrino and its flavor -
 NC interactions: exchange of v /'\
« The total lepton number is conserved in the A I

weak interactions observed experimentally:

Le L, L, Le L, L, -
. Z0
(Ve,e”) +1 0 O (vS,e") -1 0 O .
(v, ™) 0O +1 0 (y;;, u*) 0 -1 0 /\
vy, 7) O 0 +1]| (vs,77) 0 0 -1 A V
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Nutrino Cross ection o
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* Inverse beta decay
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Interactions with
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 Elastic scattering

e 0 well known (1%
or better)
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Nutrino Cross section o

G. Zeller
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E,> 100 GeV
v astronomy
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(few %)

E, <100 MeV

* Inverse beta decay

e CC & NC
Interactions with
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* Elastic scattering

e 0 well known (1%
or better)
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utrino cross sections
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G. Zeller
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 Elastic scattering
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Atmospheric, accelerators
o poorly known (20-40 %)
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utrino cross sections
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E <100 MeV ° o v astronomy
VS © w08 . ' 0 accurately known
50.6_ . : (feW %)
e Inverse beta decay: 20.4F [ :
« CC & NC 202 [:: :
interactions with > ghual i
nuclei 107
 Elastic scattering E,-1GeV

e 0 well known (1%

or better) Atmospheric, accelerators

o poorly known (20-40 %)
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utrino traps
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utrino traps
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* Filled with water lod liquid scintillators (~Ktoh)
* Surrounded by photosensors to detect the light
produced by the,nbutrmo interactions
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Neutrino traps

Underground detectors installed in the most deepest mines to be
protected from the cosmic rays continuously traversing the Earth
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e Bubble and spark chambers
2 First pictures of neutrinos
 Radiochemical experiments (Homestake, GALLEX, SAGE, ...)
2 No real time detectors
e Cerenkov detectors:
2 Suitable for low rate, low multiplicity, energies below GeV (and around TeV)
e Tracking calorimeters:
2 High rate and multiplicity, energies ~GeV and above
e Unsegmented scintillator calorimeters:
2 Large light yields at MeV energies
e Emulsions:
2 High spatial resolution, direct detection of primary vertex

e Liquid Argon TPCs:

2 Potential for large mass with high granularity

27



Pictures of real neutrinos

1) Neutrinos in CMS

2) Neutral currents at CERN

3) Cerenkov rings

4) PMTs hits in liquid scintillators
5) Tracks in T2K, OPERA, ICARUS

6) Ultra-energetic neutrinos
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Neutrinos in GMS — INVISIBLES

A< . | CMS Expenment at LHC, CERN

. ( \ \\ Data recorded: Wed Jul 14 03:32:41 2010 CEST
Run/Event: 140124 / 1749068

Lumi section: 3

b tagged Jet
p,=82.2GeVic,n =-1.79, ¢ =1.03

Jetp_=56.6 GeVic, n =0.389, ¢ =2.38

¥ E.=119.0 GeV, ¢ = 0.010

Jet p; =152.2 GeVic, n =0.354, ¢ =-2.75 iy

-
/
s

1 / Jet pr =43.4 GeV/c, n =0.827, ¢ =-0.587

/

muon pT = 30.6 GeVic, n =-1.67, ¢ =-2.06

— -



. | CMS Experiment at LHC, CERN
CMS Run 133874, Event 21466935
Lumi section: 301
| Sat Apr 24 2010, 05:19:21 CEST
|
Electron p = 35.6 GeV/c
ME, = 36.9 GeV
M:=71.1GeV/c?

C = = =
L
' = Y & =
e o, .
REEEET T . -
ot " - - C
Y -
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First candidate to leptonic neutral
current process in the Gargamelle
experiment at CERN (bubble
chamber)

e Significant step in the knowledge of
the electroweak force and the SM
structure
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Cerenkov rings

R
S5

‘e
Iyete?
T

603 MeV

Pu =
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Neutrinos in

KamLAND Event Display KamLAND Ewvent Display
Run/Subrun/Event : 207/0/5160074 Run/Subrun/Event : 207/0/5160075

UT: Tue Jan 1 07:40:01 2002 UT: Tue Jan 1 07:40:01 2002

| | ]
TimeStamp : 1027875301650 ‘ :Olor IS t” ' Ie TimeStamp : 1027875306078
s Oxb00 / Ox2

TriggerType : 0xal0 / 0x2 TrigeerTupe :
Time Difference 18,7 msec Time Difference 111 micro sec

NumHit/Nsum/Nsum2/NumHitA ¢ 596/318/567/0 NumHit/Nsum/Nsum2/NumHitA : 476/299/451/0

Total Charge : 1,2e+03 (0} Total Charge : 872 (0}
Max Charge {ch): 11 {403} Max Charge {(ch): 7.58 (396}

J.Iﬁ..a.l.l o

594 604 614 624 634

Prompt signal Delayed signal
E=3.20 MeV E=2.22 MeV




Eventinumbern: 110284 | Partition $68/|[Run number : 4200/ | Spill 107| SubRuninumber :25/| Mime'  Moni2010-08-22/14:06:35 ST [ligger: Beam! Spill

.,,__-":-’:-[— = R

....... -n "__'—n—...

* Jracks of charged particles produced by a neutrino
interaction in the T2K near detector
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8 daughter

daughter

* Detector specially designed to detect the
interaction of tau neutrinos
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Drift t cooordinate (1.5 m)

Drift t cooordinate (1.5 m)

v,CC event detected by ICARUS from

the CNGS beam

‘‘‘‘‘ =

I
Lt

Wire coordinate

® CNGS |
Oy BEAM l e
e T

¢ (0.9 m)

,..d‘a’ i ’k } |NDUC',|'Y'|O'|'\:I-H
Mo = :'7 ___-VIEW

o ‘
| !

Drift t cooordinate (1.5 m)

i e S A e L A S AL s ety e

INDUCTION I VIEW

Wire coordinate (3.6 m)

,;.,V_"Virif.tzecom‘c}l‘vinal':éé(B.Ti m)

~_|v BEAM

- | CNGS
- |v BEAM

time

cm

CNGS

time

cm
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Low charge High charge
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Physical quantities



Observables and fundamental quantities

& Mass: almost mall

* No direct measurement. Only upper limits from lab experiments and
cosmological observations

e \We know that the mass Is not zero because neutrinos oscillate

& Charge: maali

* Experimental limits derived from the neutrino magnetic moment limit
(<107'% g, for ve; < 107 g, for vy)

 Experimental limits from astrophysical measurements (<107°-107" q.)

& Spin (intrinsic angular momentum): 4/2

 Measured with angular distributions in scattering or decay processes
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PDG K.A. Olive et al., Chin. Phys. C, 38, 090001 (2014)

Mass m < 2 eV  (tritium decay)

Mean life/mass, 7/m > 300 s/eV, CL = 90% (reactor)

Mean life/mass, 7/m > 7 x 10° s/eV  (solar)

Mean life/mass, 7/m > 15.4 s/eV, CL = 90% (accelerator)
Magnetic moment 1 < 0.20x 10719 45, CL = 90%

(reactor)

 Best experimental limits:

e Electron neutrino mass

e °H - °He + e + vo MAINZ m(ve) < 2.2 eV
* Muon neutrino mass

« = u"v, PSI m(v,)<170 keV
* Tau neutrino mass

e T 5nv, LEP m(v,) <18.2 MeV

40

Mass Limit (eV, keV, or MeV)

10°E

10°

10°

10’

10°

1950

1960 1970 1980 1990 2000
Year

Points without error bars are upper limits



Measurement of the neutrino mass

KATRIN: goalm, < 0.2 eV (90% CL)

Search for a distortion in the shape of the
beta spectrum in the endpoint energy region

NCE,) % 1,E.E,~ E (B, £ G e

entire
spectrum

14 18

electron energy E [keV]

41

region close to 8 end point

m(ve) =0eV

only 2 x 10°13 of all
decays in last 1 eV

1 0
E-Ey[eV]




2vBB decay OvBp decay L — G‘M‘z <mBB >2

p
\\\ e- \\\
< 7 N > o
17 > - _ 20
< : Mpgg = EUei m,

e
L. n //
> D > D

(Z,A) = (ZH2,A)+ 26 +2v  (Z,A) > (ZH2,A)+ 2¢

T1/2N1021Y T1/2>1025Y

 Double beta decay with neutrinos (2v3f3)
* Observed in more than 10 isotopes

 Neutrinoless double beta decay (Ovf33)
« \iolates the total lepton number conservation
* |t requires Majorana neutrino mass

. . _ Maria Goeppert-Mayer
* Measurement: Effective Majorana neutrino mass <mgg>
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2vBB decay OvBp decay L — G‘M‘Z <mBB >2

p
\\\ e- \\\
< 7 N > o
17 > - _ 20
< : Mpgg = EUei m,

e
L. n //
> D > D

(Z,A) = (ZH2,A)+ 26 +2v  (Z,A) > (ZH2,A)+ 2¢

T1/2N1021Y T1/2>1025y

 Double beta decay with neutrinos (2v3f3)
* Observed in more than 10 isotopes

 Neutrinoless double beta decay (Ovf33)
« \iolates the total lepton number conservation

e |t requires Majorana neutrino mass . - 4
Maria Goeppert-Mayer

Nobel Prize in
Physics in 1963

* Measurement: Effective Majorana neutrino mass <mgg>
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* 90% CL lower limits on T™;> and upper bounds on mgg

BB~ decay experiment Tlo/”.2 y] mgg [eV]
iCa — 5Ti ELEGANT-VI [119] >14x 102 <6.6—31
Heidelberg-Moscow [224] > 1.9 x 10* < 0.23 — 0.67
©Ge — %Se  IGEX [226] > 1.6 x 10 < 0.25—0.73
GERDA [32] >2.1x10%® < 0.22—0.64
52Se — 2K NEMO-3 [120] >1.0x 108 <1847
34 36
Mo — '0Ru  NEMO-3 [121] >21x10% <032—0.88
HeCd — 138Sn Solotvina [234] >1.7x10% <15-25
128Te — 25Xe  CUORICINO [235] >1.1x 102 <7.2-18
oTe — 59Xe  CUORICINO [236] >28x 10 <0.32-1.2
136y, _, 136, BXO [239) >1L1x10%  <0.2-0.69
54 "7 56 KamLAND-Zen [241] >1.9x10% < 0.15—0.52
BONd — 29Sm  NEMO-3 [243] >21x10%  <26-10  arXiv:1411.4791

* Next generation of experiments between 100 kg and 1 ton with different
iIsotopes and different experimental techniques

« Goal: <mgg>~ 0.01 -0.1 eV
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Neutrino mass from cosmology

* Neutrinos are very abundant. Their mass contribute to the energy
density of the Universe

* The presence and interactions of neutrinos in the Universe must
be incorporated to the astrophysical and cosmological models

* Precision cosmology measurements can constrain the sum of
neutrino masses (> my) and the effective number of neutrinos (Neg)

e Best combined limits:

>m, =< 0.23 eV (95% CL)

Planck TT + low P + lensing + ext
(BAO + JLA + Hp)

Neff = 3.04 £ 0.18
Planck TT, TE, EE + lowP+ BAO

—300 1K 300 Temperature

arXiv:1502.01589
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Sola neutrinos

Homestake Mine
South Dakota
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e +3’Cl = 37Ar + e
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Solar neutrinos

Homestake Mine
South Dakota

) &

)

o + 37Cl = 37Ar + &

Prediction (J. Bahcall): 1 Ar atom per day
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Homestake Mine
South Dakota

Prediction (J. Bahcall): 1 Ar atom per day
Measurement (R. Davis): 1/3 of prediction!!
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Homestake Mine
South Dakota

2 \-‘- T ao"";.
.f~.“_ s b U “ ii iﬁ.’“ L .,
! : f' l N -

%
1 ‘r' ! ] .. X |

AN o L > g TI1 A
i £ =
Lo 1% i 3
LASTOR o i 4 v y b
IR A b S 4 e RiR g ¥R AT,
ST 6 PSR b Rl 4 <
{ gl X A "
' > g LA
, BN &
N i Sr 40K
< Y
= TR o ~
¥ y -
Z e == !
vy .
). Togr 2
C : Y ! -
1 i o) \ ]
T \ !
- SRR
B\
\ -« & i l
J 13
N
]
1
W
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Homestake Mine
South Dakota

R. DAY
Nobel\ize jn 2002

Prediction (J. Bahcall): 1 Ar atom per day
Measurement (R. Davis): 1/3 of prediction!!

2/3 of neutrinos are mis%ing!!



Kamiokande and IMB detected atmospheric neutrinos in the 80’s
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 Found:
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Idea of oscillations

~ B. Pontecorvo (1957)

Quantum interference phenomenon in which a
neutrino of a certain flavor is transformed into a
neutrino of a different flavor
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B. Pontecorvo (1957)

Quantum interference phenomenon in which a
neutrino of a certain flavor is transformed into a
neutrino of a different flavor
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Idea of oscillations

. Ponte‘clok\}/o' (1 957)

Quantum interference phenomenon in which a
neutrino of a certain flavor is transformed into a
neutrino of a different flavor

This phenomenon is only possible if neutrinos have different masses

47



Ocillations and waves

 Fundamental particles can sometimes
behave like waves

* When two waves of same frequency
are moving with the same speed in the
same direction superimpose on each
other

 When the waves have slightly different
frequencies, the resulting wave
exhibits interference (“beats”):

* Sometimes the component waves add
together

* Sometimes they cancel each other
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Oscillatins nd waves

 Fundamental particles can sometimes
behave like waves

* When two waves of same frequency
are moving with the same speed in the
same direction superimpose on each

other +

« When the waves have slightly different
frequencies, the resulting wave
exhibits interference (“beats”):

* Sometimes the component waves add
together

* Sometimes they cancel each other
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e In the SM neutrinos are 3 distinct particles
but when they propagate they are a

combination of 3 different waves (1,2,3)
V V2 « As a neutrino travels through space, the

waves combine in different ways

depending on the distance the neutrino

has travelled and its energy

>

distance
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e In the SM neutrinos are 3 distinct particles
but when they propagate they are a
combination of 3 different waves (1,2,3)

* As a neutrino travels through space, the
waves combine in different ways
depending on the distance the neutrino
has travelled and its energy

distance

49



e In the SM neutrinos are 3 distinct particles
but when they propagate they are a
combination of 3 different waves (1,2,3)

m Vi
V2 « As a neutrino travels through space, the
_JAVA! waves combine in different ways

depending on the distance the neutrino
has travelled and its energy

distance

During the journey the combination between 1, 2 and 3 might change:
 Sometimes the combination might look like a vy

 Then later, the waves might combine to look like a v:
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production

 Weak interaction

 \We know which kind of

produces neutrinos of a
certain flavor

neutrino is by detecting
Its associated particle
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L = distance

 \We know which kind of

production propagation detection
* Weak interaction Neutrinos travel a distance
produces neutrinos of a and mix

certain flavor

neutrino is by detecting
Its associated particle

200
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Detection of neutrino oscillations

production

L = distance

propagation

Weak interaction
produces neutrinos of a
certain flavor

We know which kind of
neutrino is by detecting
Its associated particle

Neutrinos travel a distance
and mix

detection

50

Neutrinos interact in the
detector

We know which kind of
neutrino is by detecting its
associated particle

Comparison of observations
with predictions (theory) or
expectations coming from
measurements at short
distances (no osc.)
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Detection of neutrino

L = distance

production propagation detection
Weak interaction Neutrinos travel a distance * Neutrinos interact in the
produces neutrinos of a and mix detector

certain flavor e We know which kind of

We know which kind of neutrino is by detecting its
neutrino is by detecting associated particle
Its associated particle

« Comparison of observations

with predictions (theory) or
expectations coming from
measurements at short
distances (no osc.)
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Detection of neutrino

L = distance

production propagation detection
Weak interaction Neutrinos travel a distance * Neutrinos interact in the
produces neutrinos of a and mix detector

certain flavor e We know which kind of

We know which kind of neutrino is by detecting its

peutrmo s by deteptmg Oscillation Probability associated particle
Its associated particle

« Comparison of observations

with predictions (theory) or
expectations coming from
measurements at short
distances (no osc.)
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Detection of neutrino osct

production

Weak interaction
produces neutrinos of a
certain flavor

We know which kind of
neutrino is by detecting
Its associated particle

L = distance

propagation

Neutrinos travel a distance
and mix

Oscillation Probability

50

detection

Neutrinos interact in the
detector

We know which kind of
neutrino is by detecting its
associated particle

Comparison of observations
with predictions (theory) or
expectations coming from
measurements at short
distances (no osc.)
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Detection of neutrino osct

production

Weak interaction
produces neutrinos of a
certain flavor

We know which kind of
neutrino is by detecting
Its associated particle

L = distance

propagation

Neutrinos travel a distance
and mix

Oscillation Probability

For 3 neutrinos:

2 values of Am2 (Am?221, Am23p)
3 values of 8 (612, B23, B13)

50

detection

Neutrinos interact in the
detector

We know which kind of
neutrino is by detecting its
associated particle

Comparison of observations
with predictions (theory) or
expectations coming from
measurements at short
distances (no osc.)
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Flavor mixing
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% LOOking for Ve — V? p NOMAD - 3d view
(disappearance) ‘

* |[LL, Goesgen, Bugey, Palo Verde and
CHOO/Z in reactors

2 Looking for v, — v; (appearance)

e CHORUS and NOMAD at CERN
(1995-1998)

2 Looking for v, — v, (appearance)

Ejection

+ KARMEN — :—/f/
in llat A T
* LSND / MiniBooNE (oscillation
O b S e rve d ,?,?) Schematic Neutrino Beam Line
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The discovery of neutrino oscillations

— Theory (no osc.
—— Theory (0osc.
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The discovery of neutrino oscillations

— Theory (no 0sc.)
— Theory (0sc.)

ownward

Super-Kamiokande detector in
the Kamioka mine (Japan)
(50 kton water, 11000 PMTs)
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The discovery of neutrino oscillations

— Theory (no osc.)
— Theory (0sc.)

Cosmic ray

neutrinov N

Cosmic ray
cosO=-1
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The discovery of neutrino oscillations

— Theory (no osc.)
— Theory (0sc.)

Clear vy deficit observed

Cosmic ray

neutrinov N

Cosmic ray
cosO=-1
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The discovery of neutrino oscillations

— Theory (no 0sc.)
— Theory (0sc.)

Clear vy deficit observed

Cosmic ray
cosf=1

nt
(] &:

imber of Events

= 60

neutrino v

Cosmic ray Atmospheric neutrino oscillations
cosf=-1 Vg = Vi




Solar neutrino anomaly solved (2001)

« SNO: 1000 ton heavy water (D,0O) in the Sudbury
mine (Canada)

* Able to measure all types of neutrinos from the Sun

» Reaction sensitive to all types of neutrinos (NC)
V.+d=p+n+v,

* Reaction only sensitive to electron neutrinos (CC)
V,+d=>p+p+e

* In case of no oscillations: Oye = P

* |f neutrinos oscillate: Oyc = O

Only ve are emitted from
the Sun by fusion reactions
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Solar neutrino anomaly solved (2001)

« SNO: 1000 ton heavy water (D,0O) in the Sudbury
mine (Canada)

* Able to measure all types of neutrinos from the Sun

» Reaction sensitive to all types of neutrinos (NC)
V.+d=p+n+v,

* Reaction only sensitive to electron neutrinos (CC)
V,+d=>p+p+e

* In case of no oscillations: Oye = P

* |f neutrinos oscillate: Oyc = O

Result: ¢CC / ¢NC = 0.301 = 0.033

Only ve are emitted from Oy In agreement with SSM
the Sun by fusion reactions

Part of v, converted into v, and/or v,
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KAMLAND (2002)
Long-baseline (~180 km)

e Confirmation of solar neutrino
oscillations

 Disappearance of v,

Crane

-
» = &/ b RS
——— “w -

Rock lining

PSP TIPS T L A

1 Quter water tank

Inner tank

Py Lig.-scinti.
Container

2B Aluminum sheets

Phototubes

Reactor neutino oscillations
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KAMLAND (2002)
Long-baseline (~180 km)

e Confirmation of solar neutrino
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Container

3l Aluminum sheets

Phototubes

Reactor neutrino oscillations

Double Chooz, Daya Bay, RENO
(2011-)

Short-baseline (~1km)
 Measurement of a new type of oscillations

» Disappearance of v,
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Reactor neutrino oscillations

KAMLAND (2002)
Long-baseline (~180 km)

e Confirmation of solar neutrino
oscillations

 Disappearance of v,

Crane

Rock lining

,1 Quter water tank

Inner tank

i Lig.-scinti.
‘ Container

M Aluminum sheets

Phototubes

Double Chooz, Daya Bay, RENO
(2011-)
Short-baseline (~1km)

 Measurement of a new type of oscillations

» Disappearance of v,




Accelerator neutrino oscillations

K2K (2004): first measurement
of oscillations in accelerators

MINOS (2006): confirmation of
atmospheric neutrino oscillations

4
Y 4 , 4 Super Kamlokande 5
: ‘ A “;- iﬁwﬂ ),’/,"‘

Far detector
~5 kTon
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Accelerator neutrino oscillations

K2K (2004): first measurement  « OPERA (2010): measurement of the v-
of oscillations in accelerators appearance in a v, beam

MINOS (2006): confirmation of e T2K (2011-): measurement of the ve
atmospheric neutrino oscillations appearance in a vy beam
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Accelerator neutrino oscillations

K2K (2004): first measurement  « OPERA (2010): measurement of the v-
of oscillations in accelerators appearance in a v, beam

MINOS (2006): confirmation of e T2K (2011-): measurement of the ve
atmospheric neutrino oscillations appearance in a vy beam
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Accelerator neutrino oscillations

K2K (2004): first measurement  « OPERA (2010): measurement of the v-
of oscillations in accelerators appearance in a v, beam

MINOS (2006): confirmation of e T2K (2011-): measurement of the ve
atmospheric neutrino oscillations appearance in a vy beam

,u o e e l e SR VP &ﬁ 82
3",& 75 ! rf, & Super Kamiokande »"v e
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water equiv. m
1,000m

NEUTRINO BEAM §

295 km
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. Neutrino Measured
Experiment
source parameters
IMB, Kamiokande, SK, Vu = Vy Atmosphere / ,
K2K, MINOS, T2K 7, o T Accelerators  |AM?az| Ozs
T2K, MINOS Vu = Ve Accelerators O13

Double Chooz, — —

_}
Daya Bay, RENO Ve = Ve Reactors O13
Homestake, GNO, Ve = Ve
GALLEX, SAGE, SK, SNO, 7. — U Sun / Reactors Am2s1 B12
Borexino, KamLAND °
OPERA Vp = Vr Accelerators
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Neutrino oscillation measurements

 Mixing angles and mass diferences:
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Neutrino oscillation measurements

 Mixing angles and mass diferences:
PDG K.A. Olive et al., Chin. Phys. C, 38, 090001 (2014)

sin2 2912 — 0.846 + 0.021

)(7531018)><10 > e\

>3) = 0. 999+8 8%13 (normal mass hierarchy)
0r3) = 1. OOO+8899 (inverted mass hierarchy)
= (
(
013) =

w

2.44 4+ 0.06) x 1073 eV2 Il (normal mass hierarchy)

— (2.52£0.07) x 1073 eV2 il (inverted mass hierarchy)
(9.3 + 0.8) x 1072

L,
3

/\w[\)w[\) /‘\ /-\ [\)[\)/-\
OO

[/] The sign of Am%2 is not known at this time. The range quoted is for
the absolute value.

58



Neutrino oscillation measurements

 Mixing angles and mass diferences:
PDG K.A. Olive et al., Chin. Phys. C, 38, 090001 (2014)
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the absolute value.

e But still unknown:
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Neutrino oscillation measurements

 Mixing angles and mass diferences:
PDG K.A. Olive et al., Chin. Phys. C, 38, 090001 (2014)

sin2 2912 — 0.846 + 0.021
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[/] The sign of Am%2 is not known at this time. The range quoted is for
the absolute value.

e But still unknown:

* Mass hierarchy (sign of Angg)?
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Neutrino oscillation measurements

 Mixing angles and mass diferences:
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Neutrino oscillation measurements

 Mixing angles and mass diferences:
PDG K.A. Olive et al., Chin. Phys. C, 38, 090001 (2014)

sin2 2912 — 0.846 + 0.021

)(753i018)><10 > e\

>3) = 0. 999+8 8% (normal mass hierarchy)
0r3) = 1. OOO+8899 (inverted mass hierarchy)
= (
(
013) =

b\)

2.44 4+ 0.06) x 1073 eV2 Il (normal mass hierarchy)

= (2.52+0.07) x 1073 eV2 [l (inverted mass hierarchy)
(9.3 + 0.8) x 1072

L,
3

Aw[\)w[\) /\ /\ [\)[\)/-\
(A)

[/] The sign of Am%2 is not known at this time. The range quoted is for
the absolute value.

e But still unknown: Vv, I e S ' -
5 BNV, v, ..
* Mass hierarchy (sign of Am~35)7 v, S
v, I Ve
e Oo30ctant v, — |

e CP violation phase
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Big questions to be answered



Neutrino masses: value, origin...

Type of particle: Dirac or Majorana

Relation with the other particles

Do neutrino interactions violate the CP symmetry?

Are there more than 3 neutrinos?
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The ne

TZ Direct measurements: m

Tritium beta decay experlments 3H
* Troitsk & Mainz: m <2 eV (95% CL)
 KATRIN (goal): m < 0.2 eV (90% CL)

. _ . 2
IZ Neutrinoless double beta decay: 715, = ZU i

* |f measured, neutrinos are Majorana particles

* GERDA, EXO, CUORICINO, KamLAND-Zen, NEMO-3:

* Future ton scale experiments: mgg < 10 meV

[/ Indirect measurements (Cosmology): 7 = 2 m,

PLANCK 2015 (arXiv:1502.01589)
* 2m,<0.23 eV (Planck TT+lowP+lensing+ext.)
* Nyt =4 excluded at > 99%CL

* Ngs =3.15 £ 0.23 (Planck TT+lowP+BAO) S o g M O

1Kemb
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Neutrino nature

V V
@—» momentum _@’ momentum
-— Spin — SpIn
Neutrino Antineutrino
(left-handed) (right-handed)
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Neutrino nature

, , V v
* Neutrinos do not have electric charge @_, momentum _@, momentum
* They could be their own antiparticles <&— spin — spin
(Majorana) Neutrino Antineutrino
(left-handed) (right-handed)
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* Neutrinos do not have electric charge

* They could be their own antiparticles
(Majorana)

* How to know it?

e Search for rare processes: neutrinoless
double beta decay

 There are currently many experiments
looking for this process
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* Neutrinos do not have electric charge

* They could be their own antiparticles
(Majorana)

* How to know it?

e Search for rare processes: neutrinoless
double beta decay

 There are currently many experiments
looking for this process

62

Neutrino nature

Vv \'

@-» momentum .@. momentum
-— Spin — Spin
Neutrino Antineutrino
(left-handed) (right-handed)

Neutrinoless double beta
decay



Neutrino nature
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* Neutrinos do not have electric charge

* They could be their own antiparticles
(Majorana)

* How to know it?

e Search for rare processes: neutrinoless
double beta decay

 There are currently many experiments
looking for this process

* If neutrinos are Majorana particles, this
could naturally explain why they are much
lighter than any charged fermion and...

* this could explain the matter-antimatter
asymmetry in the Universe:

= LEPTOGENESIS
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* Relation with the Higgs boson?

* Relation with quarks?

* Relation with the other leptons:
why are neutrinos much lighter?

63



Relation with the Higgs boson | e @

Vi

Quark Mixing Elements Lepton Mixing Elements

* Relation with quarks?

de s pe
u-e ce
° Relation with the other leptons: . | _ ce
why are neutrinos much lighter? - e = = =
< & 5 < T g

63

Aol



Oscillations: GP violation and mass hierarchy

64



Oscillations: GP violation and mass hierarchy

* |SM3>m50r my>ms;? (Mass
hierarchy)

64



Oscillations: GP violation and mass hierarchy

¢ |S m3 > m2 or m2 > m3,? (maSS 2 Normal Hierarchy Inverted Hi
hierarchy) 3

64
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* |s there CP violation in the leptonic
sector? |s there any difference between
neutrinos and antineutrinos”
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e |[f CP violation draws a clear distinction
between matter and antimatter, then
CP violation may be what caused our
Universe to be matter-dominated!
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neutrinos and antineutrinos”

e |[f CP violation draws a clear distinction
between matter and antimatter, then
CP violation may be what caused our
Universe to be matter-dominated!

* Experimental requirements to measure
CP:

e \ery intense neutrino beams (increase of the
accelerators power)

e Giant detectors (~100 kton)
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S M3 > My Or My > M3? (Mass
nierarchy)

s there CP violation in the leptonic
sector? |s there any difference between
neutrinos and antineutrinos”

If CP violation draws a clear distinction
between matter and antimatter, then
CP violation may be what caused our
Universe to be matter-dominated!

Experimental requirements to measure
CP:

e \ery intense neutrino beams (increase of the
accelerators power)

e Giant detectors (~100 kton)
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Oscillations: GP violation and mass hierarchy
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o |f CP violation draws a clear distinction
between matter and antimatter, then
CP violation may be what caused our
Universe to be matter-dominated!

e Experimental requirements to measure
CP:

* \ery intense neutrino beams (increase of the
accelerators power)

e Giant detectors (~100 kton)
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Approved by the CERN Council in
2014 to develop in the next 5 years
a unique R&D and test facility of
detectors, beams and components
for future neutrino experiments

A new test area is in preparation
(EHN1 extension) with charged
particle beams capability: available
in 2017

WA105 (LBNO-DEMO):
construction, operation and
exposure to charged particles
beam of a 6 x 6 x 6 m® double
phase liquid argon TPC
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" - 200 e proton bee from
* Positive signal of LSND and \
MIHIBOONE (\_/U — \_/e) ‘[éi:f:beamstop
* QObserved oscillation not compatible oy (SND Detector
with 3 neutrinos (different frequency).  z* — u'v,

My >> M3, Mo, My |—>e+veVﬂ
+ Not confirmed by KARMEN & ICARUS ~ @laon” 7,

e (Galio experiments .
e V, deficit observed from intense -
radioactive neutrino sources (°'Cr & o
37A|’) Am?~Am? o~ | eV
=
. H [
* Very short-baseline reactor [ ameeam
\ M™3~AM % tm
experiments —— Y RS
— —— | |
e V. deficit at short distances (few meters (not to scale)

from reactors)

" EE O ~UpL
A% A%

V. A%

e u T s
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Sterile neutrinos (vs):

* Do not interact weakly with
other particles

* They only feel the
gravitational force

* They can mix with active
neutrinos

e Possiblilities:

Vy = Vs = Ve

Or Ve ™ Vs

Fig.1 La famille élargie des fermions

1 Force nuc]éaire foné :
! Force électromagnétique
Force nucléaire faible

UNE NOUVELLE FAMILLE DE

NEUTRINOS DITS « STERILES » (envert)

pourrait agrandir celle des douze fermions.

Elle ne seraitsensible qu‘a la gravitation. Cette famille

de neutrinos stériles se déclinerait en particules plus ou
oins massives : ici on en a représenté deux (boules vertes).

© INFOGRAPHIE : L. SCOLA



Cosmic messengers
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SN1987A: first detection of extragalactic

* 10°8 neutrinos were emitted
from the Supernova 1987A
160.000 years ago

e About 5 x10' crossed the
Kamiokande detector

e 10 neutrinos detected!!
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Orgma detectlon Eetrlos

Origin of HE neutrmos

WIMP decay products? Astrophysical objects

X

— PP ————
%

—
g O ——————————

HE neutrinos are the decay HE neutrinos appear as the sub- f
sub-products of the product of interactions of

annihilation of WIMPs which  accelerated protons or nuclei *
may concentrate in with matter or radiation °

astrophysical objects

' ]
-‘_‘.——b— . v
¥
. ——
11
- e
T
:
- —p—t——% ———3—

p+Aly—=m+..
xX+xy—qq,.—>X+vw U+, (V) +.

—e +v, (V) +v,(1,)+...

* v, are well suited for high energy detection (since its cross-section and muon range increase with
energy) although v, and v_can also be detected

* An array of photomultiplier tubes detect the Cerenkov light from charged particles produced by
neutrino interactions

» The Cerenkov cone needs to be reconstructed to determine the energy and direction of the muon

73



Amundsen—Scott South
86 strings
DeepCore

Pole Station, Antarctica
A National Science Foundation-

managed research facility
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Data from every sensor is
collected here and sent by

IceCube
Laboratory
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Very HE neutrinos observed in IceCube

* |ceCube has detected 37 very high
energy neutrino events between May
2010 and May 2013 (5.70 significance).
This is a solid evidence of astrophysical
neutrinos from a cosmic source.

fw
* The astrophysical neutrinos observed so \ Za
far do not allow us to identify any gmm W\ :’ ?
individual source “Cosmic Clues L
. . & S T 0
* Neutrino flux in the energy range of 30 to . ~ AVAAAS

2000 TeV and isotropic arrival directions

 More data are needed to understand the
source of this astrophysical flux

* Data taking is in progress
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Very HE neutrinos observed in IceCube

Deposited Energy (TeV)
10, 131.6
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* |ceCube has detected 37 very high
energy neutrino events between May
2010 and May 2013 (5.70 significance).
This is a solid evidence of astrophysical
neutrinos from a cosmic source.

* The astrophysical neutrinos observed so
far do not allow us to identify any
individual source

* Neutrino flux in the energy range of 30 to S
2000 TeV and isotropic arrival directions

* More data are needed to understand the
source of this astrophysical flux

* Data taking is in progress
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Very HE neutrinos observed in IceCube

Deposited Energy (TeV)
101 131.6
1040.7 T 1545

* |ceCube has detected 37 very high
energy neutrino events between May
2010 and May 2013 (5.70 significance).
This is a solid evidence of astrophysical
neutrinos from a cosmic source.

* The astrophysical neutrinos observed so
far do not allow us to identify any
individual source

» Neutrino flux in the energy range of 30 to S e
2000 TeV and isotropic arrival directions P el i T—
* More data are needed to understand the R \
source of this astrophysical flux o i - EE: L L
e 7 ,
\ Sl 12}:LS o /
* Data taking is in progress \ . /
\t\\_"‘--\-_- " :;‘ 10 ¥ _-_---“"‘-_/ff Galactic

il 21 i e

|
77 0 TS=2log(L/LO) 11.3



KM3Nel-HQ@

Facilities of the
KM3NeT Research Infrastructure

KM3NeT-Data Centre iy
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e KM3NeT: 1 km3 second-generation neutrino telescope in the Mediterranean Sea

« 3 installation sites located in Toulon (France), Sicily (ltaly) and Pylos (Greece)

 ANTARES was the first undersea neutrino telescope: 12 lines (885 PMTs) providing
an excellent angular resolution. Taking data until the end of 2016.

/8



History of the Universe

Inflation
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q quark %) meson galaxy
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CMB as seen by PLANCK
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« A cosmic neutrino
background is expected
(~330 neutrinos per cm®)

o Still not directly detected...



CMB as seen by PLANCK

Heavy Elements:
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70% “ Matters H e Still not directly detected..

The SM neutrinos cannot explain dark matter but they could
be the key to understanding the matter-antimatter

asymmetry in the Universe
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Conclusions



e Neutrinos are special among elementary particles
2 Their masses are extremely small (the exact value is unknown)
2 They interact extremely weakly with matter
2 They mix flavors (oscillation)

2 They could be their own antiparticle

e Neutrinos are extremely abundant in the Universe

2 They carry crucial information about the phenomena in the Cosmos

e Neutrinos could explain the excess of matter in the Universe

Neubrinos still have surprises for us!
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