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0 Neutrinos

2 Where do they come from?

2 Why are they so weird?

0 What do they look like? How can we detect them?

o The big unknowns to be solved



Neutrinos






65 billion neutrinos
per cm2 per secona
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Neutrinos constantly hombard us...

...BUI... they are harmless. ..

Only 1 neutrino in several billions is
intercepted when traversing the Earth

>

>

>
>
>
>

Neutral particles, almost impossible to catch them, traverse all media and they are extremely abundant
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Standard Model of Particles

RMIONES




masa—| 3 MeV 1.24 GeV
carga—

spin—

nombre— charm

172.5 GeV

t
Z

95 MeV

strange

gluon

<0.19 MeV

° V
muon
neutrino

90.2 GeV 0

fuerza

0.511 MeV 106 MeV )

electron muon

_eptones

80.4 GeV

W

fuerza

Bosons (Fuerzas)

Neutrinos in the Standard Model

Las tres generacioness de la
Materia (Fermiones)

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

Together with photons, they are the most
abundant elementary particles in the Universe

fermion masses
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Antiparticles

2 Dirac neutrinos: particle # antiparticle

2> Majorana neutrinos: particle = antiparticle

For each particle, there is an associatea
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?
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How were they discovered?

» Pauli proposed the existence of neutrinos in 1930 as a desperate remedy to solve the beta radioactivity
"problem”

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

i Expected
* Observed
\‘
(A,Z+1)
* The beta radioactivity presents an anomaly Electron Energy

» Pauli: “There is a neutral particle able to cross all detectors
without leaving any trace and carrying all the missing energy” *\‘/
* In 1934 Fermi builds a new theory to explain the beta decay ~
and names the new particle “neutrino”
14



The neutrino discovery (1956)
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V.+p—e +n
\[f .m;\m \lW.l.nmn.

Savannah River reactor (US)

-
.

Ve

distance traveled = ~meters

235

U+n, >X+Y - [—decay

Neutrino production in the nuclear
reactor cores

Cowan Reines

stinhliseur
hqwde

Nobel Prize in
Physics in 1995

capture du
netAron par
l'atome de Cd
Cadmum

7.6 cm

scipallateur
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Later discoveries

» First accelerator neutrino experiment

i * Discovery of a second type of neutrino (muon)

proton . e
beam  target proton accelerator b 3 S

P veai) CoLa AW s Lederman  Schwartz  Steinberger

detector -

pi-meson steel shield  spark chamber

beam

~~~~~
e,

The accelerator, the neutrino
beam and the detector

Part of the circular accelerator in :
Brookhaven, in which the protons ot 41 & [E Y

were accelerated. The pi-mesons (1), N \ 1t 108
which were produced in the proton o - g ‘

collisions with the target, dea:* into concrete R
muons (1) and neutrinos (;?a). e 13 : s e, .
m thick steel shicld stops all the —— Bty -
particles except the penetrati VT
neutrinos. A small fraction of the
neutrinos react in the detector and
give rise to muons, which are then
observed in the spark chamber.

gt e ’ Nobel Prize in Physics in 1988

e Much later, in 2000, the third type of neutrino v, (tau) was discovered by the
experiment at Fermilab (US)
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Neutrino from accelerators

target U q ( U e (\

* |t is possible to create an intense beam of neutrinos from an intense beam of protons

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

' . the neutrmo energy can be selected (Wrthln a certaln range)

o D:sadvantages

|+ the neutrino beam is not pure (several types of neutrinos are produced)

:

t » the tlux is not very large ~‘

[ ¢ itis expensive!
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HOW TO MAKE

A NEUTRINO BEAM

https://youtu.be/U xXWDWKqg1CM



https://youtu.be/U_xWDWKq1CM
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What do neutrinos look like? 0



Neutrino interactions

® Magnitud: 1]

2 Neutrinos produced by the Sun (~1000 times less energetic ~MeV) travel (on

Lo Loy Lo

Neutrino appearance

| B The identitication of the partner charged particle f € 2 !
. a Iows us to know the type (ﬂavor) of the neutrlno Ve /VIJ / V1 /

20 Neutrino disappearance

2 A GeV proton travels 10 cm in lead!!

2 Neutrinos produced by accelerators (~GeV) travel (on average) 1.5 x 1012 m in

lead before interacting

average) 1.5 x 10'6¢ m in lead before interacting

' B Neutrinos only interact with members of their

; own family (electron, muon or tau)




Neutrino sources

NATURAL

ARTIFICIAL

by ~65 billion /cm2s

The Sun

by ~106 /[cm? s

Earth

d)v ~300 /cm3

Big Bang

by ~2 x 1020 /s GWin

Nuclear reactors

¢y~ 102- 109
E ~ MeV /GeV cm2 sr s
Atmosphere
L ~ 108 km
E ~ MeV v ~several billions
INn 10 sec
Supernovae
L ~10- 108 km
E < meV
Cosmic
accelerators
L ~ Mpc
E ~ MeV
Particle
accelerators
L ~ 1-100 km

E ~ GeV-TeV

L ~10- 104 km

E ~ MeV

L ~ Kkpc- Mpc

E ~ TeV-PeV

L ~ kpc- Mpc

E ~ GeV

L ~ 100-1000 km

21




etectors

eutrino traps: () Bi
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IceCube (ice)
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Neutrino traps: (Il) Underground laboratories

Underground detectors installed in the most deepest mines to be protected
from the cosmic rays continuously traversing the Earth




Pictures of real neutrinos

1) Neutrinos in ATLAS/CMS
2) Cherenkov rings
3) PMT hits in liquid scintillators

4) Tracks In T2K

—

5) Tracks in LAr TPCs

o) Ultra-energetic neutrinos

27
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Neutrinos in CMS — INVISIBLES

CMS Experiment at LHC, CERN

Data recorded: Thu Apr 19 09:14:14 2012 CEST
Run/Event: 191721/ 76089774
Lumi section: 111

Orbit/Crossing: 28960009 / 815



eutrinos in ATLAS — INVISIBLES

ATLAS

EXPERIMENT

Run: 183081
Event: 101291517
2011-06-05 17:09:02 CEST

MT= 82.9 GeV

pr muon = 32.8 GeV

miss

Er = 52.4 GeV




Neutrinos in CMS — INVISIBLES

CMS Experiment at the LHC, CERN
Data recorded: 2018-Aug-27 18:16:09.757504 GMT
Run/Event/LS: 321879/ 102476714 / 86

T ——
— : - |
- 47A~-




Cherenkov rings

. = 603 MeV . = 492 MeV
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KamLAND Ewvent Display
Run/Subrun/Event @
UT: Tue Jan 1 07:

TimeStamp : 1027875301650
00 / 0Ox2
Time Difference 18,7 msec
NumHit/Nsum/Nsum2/NumHitA
: 1.2e+03 (0
11 (403>

TriggerType : 0Ox

Total Charg

e
Max Charge {(ch}:

Prompt signal

S g 2 < g A
P = - N 3 S Ny

2077075160074
40:01 2002

: 5967318756770
?

E=3.20 MeV

Color is time
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KamLAND Ewvent Display
Run/Subrun/Event : 207/0/5160075
UT: Tue Jan 1 07:40:01 2002
TimeStamp : 1027875306078
TriggerType : O0xb00 / 0Ox2

Time Difference 111
NumHit/Nsum/Nsum2/NumHitA
872 (0}

7,58 (3963

micro sec

476/299/451/0
Total Charge :

Max Charge {(chl:

Jlil-ﬁld o

604 614 624

Delayed signal
E=2.22 MeV

Sl N S @ AT

634

644

[

5

4

-

hibBd

Neutrinos in liquid scintillators




Neutrinos in T2K ND

]@M@ﬁﬁmm@@fsﬂﬂ!ﬂz[llﬁzwmmm@@fzéﬂgﬁﬂm@ﬂmum@@m@@ﬂﬂms[w@m@@ﬂ%%&@ﬂﬁﬂ@g@ﬁ@w

Tracks ot charged particles produced by a neutrino interaction in the T2K near detector
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Neutrinos in LAr detectors

CCQE event: vyn = pp

80 100 120 140 160 180 200 220 240
2000

1800
1600
1300
1200

°

1200

S mnmmmmmmmmmmmnT

80 100 120 140 160 180 200 220 2



Neutrinos in LAr detectors

nuBooNE

e

BNB DATA : RUN 5211 EVENT 1225. FEBRUARY 29, 2016
35
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The journey of neutrinos o






Solar neutrinos

e e Y N RSNy T D e T T o S e N e e NI 8y

Homestake Mine
South Dakota

B ve + 37Cl = %7Ar + &

.

. 2 P
4 N s
4 B o
4 g X
. - o o d
N AN
‘ g i
. . f
B R o )
C 75 3 de C2C|4
Iy ’ ‘
NG
- '.ﬁ:.\
4

N
ah ]
SRR
i.ﬁf”\\\‘ k/ | I

R. DAY
Nobel\gize n 2002

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

2/3 of neutrinos are missing!! .
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Atmospheric neutrinos

Kamiokande and IMB detected atmospheric neutrinos in the 80’s

A

® Expected: 2 times more v, than ve
2V, ~ Ve

¢ Found:




idea of oscillations

B. Pontecorvo (1957)

This phenomenon is only possible if neutrinos have different masses
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Combination of 3 waves

* In the SM neutrinos are 3 distinct particles but when they
] Vl propagate they are a combination of 3 different “waves” (1,2,3)
B \/3  As a neutrino travels through space, the waves combine in different
ways depending on the distance the neutrino has travelled and its

energy

During the journey the combination between 1, 2 and 3 might change: distance

« Sometimes the combination might look like a v,

« Then later, the waves might combine to look like a v+

44



Detection of neutrino oscillations

production

e 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

P(v, =Vg) = sin”20- sin’

ve?/
V?/'
’ vT?/

detection

L 4-E, y
For 3 neutrinos:

2 values of Am2 (Am2,¢, AmZ23,)
3 values Of 0 (912, 923, 913)

45

 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.)

2009




The discovery of neutrino oscillations (1998): Super-Kamiokande (Japan)

— Theory (no osc.)

Clear v, deficit observed —— Theory (0sc.)

Cosmic ray
cosO=1

Number of Events

l downward

et s s sl sras

0 0.5 I
cost

Atmospheric neutrino oscillations
cosO=-1 Vil - Uy

Cosmic ray




S

olar neutrino anomaly solved (2001)

o e oy o= O Nt O i e S G = g N e e o= g NNV S Doy S e T T NNV S g/Dv g SIS o S =

 SNO: 1000 ton heavy water (D,0) 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,+td=p+pte

* |n case of no oscillations: ®ne = Pcc

e |f neutrinos oscillate: One # ¢

Result: @cc / OPnec= 0.301 £ 0.033

One in agreement with SSM

Only ve are emitted from

the Sun by fusion reactions Part of ve converted into v, and/or v,

47



Neutrinos have mass!!

Takaakl KaJ 1ta and
Arthur B. McDonald

Nobelprize.org

e Evidence that the Standard Model of Particles is not complete

Can this observation open the door to new Physics beyond the SM?

48
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: o S - lrarge Magellanic'Cloud
~.160.000 light-years = - = - s
23 February 1987 A A 2% ‘ S S AT | 23 P e i
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SN1987A: 1st detection of extragalactic neutrinos

. | Kamiokande
» 1038 neutrinos were emitted from the Supernova )

1987A 160.000 years ago s YIRS | R

2h47 fg GAREE XBEXE AR I L S
» About 5 x10% crossed the Kamiokande detector 2

. 4h34 Zg;_ ..... Foer ..,;,.-.-,.,....,Z‘.-.....- ..... % -..,.........e.....e...‘...,..,... 0.
® 10 neutrinos detected!! N S i Rl SO i 1Y

a'54 56 58 0 2 a4 & 8 10

Koshiba 0h37

h32
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High energy
neutrinos




LICECUBE
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FOLE NEUTRINGO OBSERV.
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Module (DOM)

5,160 DOMs deployed

in the ice

ital Op

Dig

satellite to the IceCube data
warehouse at UW-Madison

Data from every sensor is
collected here and sent by

Laboratory










Very HE neutrinos observed in IceCube

* |ceCube has detected >100 very high energy neutrino
events in 10 years of data taking. This is a solid evidence
of astrophysical neutrinos from a cosmic source.

* |ceCube has observed a diffuse flux of astrophysical

neutrinos. After 10 years of data, IceCube points to the hh o A
“Cosmic Clues'
~ “Cos {

possibility that the neutrino sky map might not be isotropic.

AVAAAS
.‘P,.,_,____,_cheCube Preliminary

e More data are needed to understand the source of this

astrophysical tlux
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Foto: IceCube/NASA



Ima IRy | IceCube 170922
| ' || 22 sept 2017
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Mass value and origin? Type of particle: Dirac o Majorana?

[Double beta decay]

Double beta decay Neutrinoless
which emits anti-neutrinos double beta decay

chchch

More than 37 Sterile neutrinos? Neutrinos = Antineutrinos?
s CP symmetry violated”

62






Short-baseline neutrino experiments

MicroBooNE SBND

Icarus 110 m, 112 t

600 m, 470t
....... ."P‘ UL ' l/‘:‘.
| g ‘ --—-— ?-o -O'-s~.t~gC ‘B.e'a'-nl. e i :&-:"‘ \ =
L s e & 8 — awm —

* Short-baseline Neutrino (SBN) Program at the Booster neutrino beam in Fermilab

* Liquid argon detectors at different distances from the neutrino source

 Goals:
* Understand neutrino oscillation anomalies found in other experiments (like MiniBooNE): sterile neutrinos
 Measure cross-sections in Ar (v-Ar interactions)

* Beyond the Standard Model searches "



Long-baseline neutrino experiments

banl

i o o Elevation 800+

* The most powerful neutrino beam in the world will be sent from Fermilab (Chicago) to SURF (South Dakota)

along 1300 km distance to be detected by huge liquid argon modules (70000 LAr ton) at 1.5 km deep
underground

« Goals:

* Precise measurement of neutrino oscillations (mass ordering, differences between neutrinos and antineutrinos - CP violation)

* Detection of supernova neutrinos

 Beyond the Standard Model searches (proton decay, ste%iilse neutrinos, non-standard interactions, dark matter...)
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Cryostats built at CERN
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Small Particles, Big Science
The International LBNF/DUNE Project

https://www.voutube.com/watch?v=AYtKc/MJ 4c



https://www.youtube.com/watch?v=AYtKcZMJ_4c

Conclusions
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° Neutnnos are extremely abundant Tak the Unlverse L e AL
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.. They carry cruua\ mformatlon about t‘ne phengmena |n the Cosmos
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. Neutnnos have: mass but |t is extremely small (the exac:t vald'e 'IS unknown) '
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.. Neutnnos cou\d-explaln the excess of n'latter m the Unlverse
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Thank you!
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