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Neutvinos atthe playground ... ou cantt pick

Your own
flavor!

status of the art

elementary-comic.com
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http://elementary-comic.com

2. Large Scale
experiments
looking for
neutrinos:
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How do you
find neutrinos?
It's difficult to
find them
because they

go through
everything...

https://www-he.scphys.kyoto-u.ac.jp/nucosmos/en/files/NF-pamph-EN. pdf



NEUTRINOS EVERYWHERE

imaflip:
Valentina Lozza,




ol -

JLom)_

| ®

L L charm top
down strange bottom photon
= 4
2 e z
S 4 Ht L
E electron muon tau Z boson
L ——
-l
electron muon tau
neutrino neutrino neutrino VVbosonA/

Valentina Lozza, LIP Lisboa

GAUGE BOSONS

Nucleus Neutron

* = elementary particles

e Atoms
* electrons
* nucleus
* protons and neutrons matter
e quarksued?®

* photons *

And the neutrinos? Where they come from?
5



Number ,

beta rays Radium-E (Bi-210) *Th N |
spectrum | I'nis spectrum was very ‘
= different from that of alpha and |
xpected |
Chadwick, 1914 2.body decay | gamma decays.

1.05 KE (MeV)
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Number

beta rays ?::;:Tf<8i'210) | W Pauli in 1930 proposed the
Exected | existence of a third particle in
Chadwick, 1914 2-body decay | the decay, which was carrying

‘part of the energy, but didn't
have charge and an extremely

' small mass

1.05 KE (MeV)

Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will
explain to you in more detail, how because of the "wrong" statistics of the N

and L16 nuclei and the continuous beta spectrurn, I have hit upon a desperate
remedy to save the "exchange theorem" of statistics and the law of
conservation of energy. Namely, the possibility that there could exist in the
nuclei electrically neutral particles, that I wish to call neutrons, which have

Valentina Lozza, LIP Lisboa 8



Number
beta rays

Chadwick, 1914
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k

Radium-E (Bi-210)
spectrum

Expected
2-body decay

decay theory (1934)

1.05 KE (MeV)

Enrico Fermi gives it the name of neutrino (from
italian, little neutral one) and includes in his beta

'W. Pauli in 1930 proposed the
| existence of a third oarticle in |
the decay, which was carrying
‘part of the energy, but didn't

have charge and an extremely
' small mass
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1 have postulated a particie
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that cannot gtected.
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° In 1952-1959 two experiments finally detected neutrinos!

Project Poltergeist Herr Aug

Nobel prize Reines 1995
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LAY Necutrinotransformed
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into p-meson
. ; s 2 o)
ST . ] Invisible neutrino
——:." 7 : > collides with proton  §

35 -The Neutrmo Event
" Now. 13, 1970 World's first - g
i observation.of a neutrino in a. @
¢. i .. . hydrogenbubble chamber = . -

Collision creates . *
T-meson :

Ca
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Extra-Galactic

Galactic

Accelerator

Atmospheric
SuperNova

S0l1ar

Our region of interest
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22 orders of magnitude!!!!
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S s = e - . . '_
* What we know about neutrinos: 2 ‘ ‘ ‘
o 3 types ( = flavours) of neutrinos exist = electron, muon, tau B o % u

e According to the lepton they produce when they have weak CC

interactions

P 7\ but .... @)

Source J Detector
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* What we know about neutrinos:
e No charge - do not participate in electromagnetism
o Weak interactions
e They have a tiny but different from 0 mass
e Mass eigenstates is different from the flavour eigenstates

e Neutrino can change their flavour once they have been produced

‘ ,

Valentina Lozza, LIP Lisboa 10



* Neutrino can change their flavour once they have been produced =

‘Neutrino’s oscillations

\ANAANANANNAAN
Neutrinol ,uH,; VAVRNANARRY

l,'|,|.| I || ||l,| '|'||||'|

vVVVVVVYVVVUVYVVY UL

Neutrino2

Neutrino3

|
Supefposed M\W
waves
1 1

9Q— O — 9
Electron Neutrino Electron Neutrino
Muon Neutrino

Artwork by Sandbox Studio, Chicago with Corinne Mucha
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* Oscillations are parametrized by 3 masses (m;, mz, ms), 3 angles (0:2,0:3,0,3) and an extra

o UE »

complex phase:e®

.
|
L]

v

*

Responsible for the CP-violation part

Flavour

eigenstate OCTTTT T LI TIIIIIIII T -, eeeeasseessssssssssesnns

Ve 1 0 0 C13 0 sy3e” % ci2 Sz 0

Vi =:[ 0 o3  So3 0 1 0 (| —s12 ci2 O

U+ 0 —S923 (€23 —81362.(S 0 C13 0 0 1
Accelerator and SBL reactor Solar +
... Atmospheric ; LBl reactor

= -

Simplified 2-neutrinos case
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Mass
eigenstate

a Vl
V9
V3

| The préébi'ity of an electron neutrino to be 3 :A m2 L
- detected in the same flavour depends on the mass P ('V >V ): 1 — Siflz (2 8) SiIlz ( )
/ difference squared and the distance source-detector } € € 4 FE
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Flavour
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Survival Probability
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< MEMORY [

First observation of neutrinos e i
@ Gbserved Expected m T Muown neutrino Ls discovere
é s;s)zgrum of electron 1 956 “ n““ .Nllme = 1 962 | )
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ol N L e ) e TR Leutrino(v) ttteee..,
©
s
E
=
Z
: Energy Endpoint of
spectrum

Neutrino Ls born
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We know that neutrinos change flavour

Lap %

Illustration: © Johan Jarnestad/The Royal Swedish Academy of Sciences

What is the origin of the neutrino mass?

Dirac
Valentina Lozza, LIP Lisboa

Majorana

21

1 Majorana and Dirac proposed two
different answers to the question of
whether neutrinos and antimatter

neutrinos are different particles or a single |
particle masquerading as two. As of today |
‘the topic remains an open question. .“

—_




Matter and Ant| Matter
Early Universe

M aj orana 1,000,000,001 000,000,000

BlE BANG scaie

ASXMmeTR Y
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SNO+ & DUNE
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* Neutrinos have a very small interaction probability:
o The probability for a neutrino to interact in the Sun is extremely small: 1042 cm?
® You need more than 1076 neutrinos to observe 1 neutrino/s in 10 m3 of water

o Important: We don’t observe neutrinos directly (weak interaction and no charge), we

v,+e —U,+e
* So how do we study neutrinos?

o We need large detectors

Valentina Lozza, LIP Lisboa 25
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* Neutrinos have a very small interaction probability:
o The probability for a neutrino to interact in the Sun is extremely small: 10-42 cm?
e You need more than 1076 neutrinos to observe 1 neutrino/s in 10 m3 of water

o Important: We don’t observe neutrinos directly (weak interaction and no charge), we

* So how do we study neutrinos?
o We need large detectors

o And large neutrinos fluxes

o™

-

NEUTRINOS
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* Neutrinos have a very small interaction probability:
o The probability for a neutrino to interact in the Sun is extremely small: 10-42 cm?2
e You need more than 1076 neutrinos to observe 1 neutrino/s in 10 m3 of water

o Important: We don’t observe neutrinos directly (weak interaction and no charge), we

v,+e —rU,+e
* So how do we study neutrinos?
o We need large detectors

o And large neutrinos fluxes

o A looooooot of time

]

. TH -
a .
"m -~
. e ~

o

| DONT HAVE ALL DAY SHEFS 3t
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* Neutrinos have a very small interaction probability:

o The probability for a neutrino to interact in the Sun is extremely small: 10-42 cm?2
® You need more than 10 neutrinos to observe 1 neutrino/s in 10 m3 of water

o Important: We don’t observe neutrinos directly (weak interaction and no charge), we

v,+e —v,+e
* So how do we study neutrinos?
o We need large detectors
o And large neutrinos fluxes
e A looooooot of time
e Reduce as much as possible other sources of contamination

(cosmic radiation for example)

Valentina Lozza, LIP Lisboa 28
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LIP Coimbra
LIP Lisboa

)

SNOLAB
TRIUMF
University of Alberta
Queen’s University
Laurentian University
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Are neutrinos Majorana

particles?

!

|

|

TU Dresden

Boston University
BNL
University of California Berkele
LBNL
University of Chicago
University of Pennsylvania
UC Davis

<

Oxford University
Kings College
University of Liverpool
University of Sussex
University of Lancaster




Deep Underground
~ 2 km

] [V CHE -
Nobel Prize in Physics 2015 w7
.\' N - 4

‘v\‘._\‘ o~
N 2]

Acrylic Vessel (AV)
12 m diam., 5 cm thick

PSUP (PMT Support Structure)
~ 9300 PMTs
54% Coverage

Light water (H20) shielding
- 1700t internal
- 5300t external

Urylon layer/Radon seal

Norite Rock
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- Solar neutrinos
. pep, CNO, low
) N energy 8B

Geo anti-neutrinos

Supernovae
. _ & neutrinos

double-beta
§ decay of 130Te

Rare decays

Valentina Lozza, LIP Lisboa 33
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* A radioactive decay is a way the nucleus becomes more stable by loosing one or more
particles. We have seen that in nature there exist 3 main decay modes: alpha, beta, and

gamma

e Sometimes a nucleus is unstable but cannot decay by a simple beta decay

o A double-beta decay happens

Double
beta decay

Beta decay

e-

\ /
Antineutrinos

Antineutrino

Valentina Lozza, LIP Lisboa 34
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The detected
spectrum is very

5 similar to the

\.\ normal beta
\ decay
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* A radioactive decay is a way the nucleus becomes more stable by loosing one or more
particles. We have seen that in nature there exist 3 main decay modes: alpha, beta, and

gamma

e Sometimes a nucleus is unstable but cannot decay by a simple beta decay

o A double-beta decay happens

Beta decay Double
beta decay

o

/
Antineutrinos

Antineutrino

Valentina Lozza, LIP Lisboa 35

Decay scale is 1020 yrs
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* A radioactive decay is a way the nucleus becomes more stable by loosing one or more
particles. We have seen that in nature there exist 3 main decay modes: alpha, beta, and
gamma

e Sometimes a nucleus is unstable but cannot decay by a simple beta decay
o A double-beta decay happens

Beta decay Double
beta decay

o

/
Antineutrino Antineutrinos

Valentina Lozza, LIP Lisboa 30
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* But we want to go further:

Beta decay Double Neutrinoless double
beta decay beta decay

>

e-

e e

P

Only happens if

§ neutrinos are Majorana §

C

/ \ /
Antineutrino Antineutrinos
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Not seen yet!
Decay scale is >1025 yrs

0 e
o f \ 0.901.001.10
2 X,/Q
32 / \'\ ‘
2 101 \

./ \"\

' \

054 /
/

This is what we
search for in SNO+

Valentina Lozza, LIP Lisboa
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201 6 201 7 2018 2019 2020 2021 2022 2023

Water Phase Several publications:

Optlca/ propertles of water and acry/lc

T T T T T T T T

£ ol Pope et al., AO.36.008710 (1997) ] )
O Mason et al., AO.55.007163 (2016) 1% g
: i ] &
é 0.025 | ® SNO+ Water Phase, Internal+External Water Absorption 1w B
i 1 a
S _ 1 [}
So020F JINST 16 (2021) 10, P10021 {50 &
=] [ ] g
S [ -
£.0.015 F 1o 2
8 4
)
<

0.010 — f ﬁ%@fﬁi 100

0.005 | I}HH{ HH%T
=—“rl.f,HJ.tﬂr‘ sy3ErEEE EFEEFEEE

325 475 500

Wavelength (nm)
n__-@ 5/
Ve p .- Q7 p \\.‘W
\o &= Phys. Rev. C 102, 014002 (2020)
\ Neutron capture efficiency: best for a
- water based detector!

K FV ]
e <5.3m
% [0 Syst. Uncertainty
A 60F 50<T,<150MeV
=
= % PHYS.REV. D 99, 012012 (2019)
=~ 40f
S 30
@)
20L,
Solar neutrinos in water '
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201 6 201 7

Several publications:

2018
Water Phase

T 1 I[IIII|

T TTTTTT

107!

Neutror

'E‘ 102 ErrrrrrrrrproroTT I TTTT I TTTT I TTTT I TTTT I TTTT I |||||||| =
= = Total events 3
2 B [[] 44 MeV ys(fitto data) ]
b 3 2.2 MeV ys (fit to data)

£ 10 =
> 3
84| ]

L1 Il[IlIl

L1l II]IIII

-2
10 0 5 10 15 20 25

PHYSICAL REVIEW LETTERS

Highlights Recent Accepted

Collections

Authors

45

50

PMT hits

Best neutron response of any H,0 Cherenkov
detectors (crucial to anti-neutrino signal)

REEIEES

Search

2019

Press

Events / MeV

O = N W s n O

About

Evidence of Antineutrinos from Distant Reactors Using Pure Water

at SNO+

A. Allega et al. (The SNO+ Collaboration)

Phys. Rev. Lett. 130, 091801 — Published 1 March 2023

Valentina Lozza, LIP Lisboa

2020

2021

—
—4— Data
—— Reactor IBD
— (o, n)
—— Atmosphenic NC

—— Accidentals
—— Total

Editorial Tea

40

2022

2023

First evidence of
reactor
antineutrinos in a
Cherenkov detector
(featured article!)

ACCELERATORS AND DETECTORS | RESEARCH UPDATE

v Reactor antineutrinos detected in pure waterin an

experimental first

& 28 Mar 2023
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2023
Scintillator Phase *

A
| 2020 | We are here

~. March-October 2020
“Partial fill” data phase

201 6 201 7 201 8 2019 2020 2021 2022

~780 t LAB+PPO April 2022
PETRESR CANRDR .
” Full PPO concentration
> - Li Alkylt
D . R e G Official start of the

scintillator phase

o ~ o
<
. ~
> 1Y
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201 7 2018 2019

Dsp
R=45m 6 +26.2% +8.8% 21
6.45x10 224_o/(t t.) 1150/(.s‘yst)cm s
=
© [ SNO+ Preliminary ¢ Data
E 5 [ FV<45m —— ®Bsolar v +v, Fit
<10 "
S e
9 ;_| — **TIFit
ERN| EEPT
210 F T1 Estimate
3
107 {
10—2 A a 2 2 1 a 1 2 a 2 1 a 2 1 2 1
1000 1500 2000 2500 3000 3500
nHit

Solar neutrinos is scintillator
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2020

2021 2022

Scintillator Phase

2020

March-October 2020
“Partial fill” data phase

~ 365t LAB+PPO

9

o P9

PETRESA CANRDAR

Linear Alkylbenzene
Qs Qo

2023

*

We are here
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201 6 201 7 201 8 2019 2020 2021 2022 2023

towards

Te

Neutrinoless Double-Beta Decay Phase loading
2024

QD

CUORE+CUORICINO

0.0001 0.001 0.01 0.1 1
myy [eV]

SNO+ Expectation after 5 years data
taking:

T1/2 > 2.1x1026 years
37 meV < mpg < 89 meV
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* Detector calibration

o Optical and Radioactive
sources

* Background events

o Water/Scintillator
characterisation

* Data analysis
@ Cosmic muons in SNO+
o Solar neutrinos

@ Reactor anti-neutrinos

o Ovbb

Valentina Lozza, LIP Lisboa

Events /0.02 MeV / year

10°

T TTTTI

3.0

25

Absorption Coefficient (1/mm)

0.5

0.0

1100

le—5 Absorption Coefficients of Water
T T T T — T T T T T

[ --- Popeetal., AO.36.008710 (1997) ..

-~ Mason et al., AO.55.007163 (2016) SNO+ Preliminary} |

[ @ SNO+ Jull8 Internal+External Scan (Water Phase), Internal+External Water ]

1 {\HH-H it ]
Pt ]

[ {i Lt ]

B Treppriileer ]

[ FEEATEE- ET i

EFH:‘H;;I'}?TI?H}H{‘ R HJA.EHT P T L R T

325 350 375 400 925 450 475 500
Wavelength (nm)

Absorption Length (m)

*®
o

1133

20.0

40.0

Pos z [m]

Counts / 0.1 MeV / year

Energy (MeV) 4.8§

LA B B B B

6 7 8 9 10

-------- All reactors (no osc.)
— All reactors (osc.)
B Bruce

Il Dalington + Pickering
I Other reactors <1000 km
I Other reactors >1000 km

[ Geo-neutrinos

PDG global fit
Am3, =7.37e-5 eV’
sin’6,, = 0.297

sin’6, = 0.0214

b b b b b b

Antineutrino energy [MeV]

Counts/5y/20keV bin

I Ovpp (100 meV)
[ 2vBp
I (o, n)
I U chain
I Th chain
[ External
I °B vES
[ Cosmogenic

2.7 2.8 29

3
Reconstructed Energy (MeV)
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* If neutrino’s interactions DO NOT conserve CP, neutrino and antineutrinos oscillations are
different!

RN
J Q

Detected as ve

Produced as 7, Detected as 7,

Valentina Lozza, LIP Lisboa 40



Sanford

Underground
Research
Facility

* Neutrino Oscillation Physics
o High sensitivity for leptonic CP violation
® ldentify the neutrino mass hierarchy
® Precision oscillation physics

* Proton Decay

Fermilab

* SN burst physics and astrophysics
o Galactic core collapse supernova
@ unique sensitivity to ve
* Atmospheric Neutrinos
* Solar neutrinos (similar approach as SN)

o Target SUSY-favored mode p —> K+ V % Neutrino Interaction Physics (Near Detector)

Valentina Lozza, LIP Lisboa
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’ - 2 ’\_. e
Il DUNE FAR DETECTOR:.

* Major Challenges:

* Technology advantages:

o Event reconstruction (monolithic detector)

® 3D imaging (use image processing o |
technology for event classification) e Strong activity in ML algorithms

o Full event topology o Scaling of technology

e Understanding the detector

1 uvy ¥ wire plare wavelorms
| Liquid Argon TRC y -
1

L##Ftttxﬁ

o~
——%my»# D T *l( .
= - R T e

+ .
e e e S I i e S s o i e
e e o S W

- - - 2 _ .' a
5 : ok A
- e e e e e .

. -~

- & . . T, e

¥ wire plane wavedorms '
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—LONG BASELINA e

Measure a neutrino beam at long distance...

Sanford
Underground
Research o s \
Facility _==2223

Fermilab

* Measure neutrino spectra at 1300 km in a wide band beam

e Near detector at Fermilab: measurement of v, unoscillated beam

e Far detector at SURF: measure oscillated vy and ve

Valentina Lozza, LIP Lisboa 49



..and then repeat for antineutrinos

Sanford

Underground
Research
Facility

Fermilab

—————————
- -
aaaaaa
—_—
==

==

e

____

.........
eRees

* Measure antineutrino spectra at 1300 km in a wide band beam

o Compare oscillations of neutrinos and antineutrinos

e Direct probe of CP violation in the neutrino sector

Valentina Lozza, LIP Lisboa 50
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Events per 0.25 GeV §

350

300

250

Events per 0.25 GeV

200
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DUNE v, Disappearance
sin’,, = 0.580

Am2, = 2.451 x 107 eV?
3.5 years (staged)

—4— Signal v, CC

B v, CC
T Ne

B (v, + V.) CC
(v.+ V) CC

v, disappearance

3.5 yrs running

1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)

DUNE v, Disappearance
sin’,, = 0.580
AmZ, = 2.451 x 107 eV?

3.5 years (staged)

—4— Signal v, CC

v, CC

[ NC

I (v, + V) CC
(v.+v)CC

anti-v, disappearance
3.5 yrs running

Reconstructed Energy (GeV)
o7

Events per 0.25 GeV

Events per 0.25 GeV

DUNE v, Appearance
160 Normal Ordering
sinn:'ze13 =0.088
; sin’6,, = 0.580
140 i 35 y?ars (staged)
- - —— Signal (v, + v,) CC
120 X I Beam (v, + V,) CC
s [INC
.. VH B (v, + V) CC
100 i. P (v.+ V) CC
sof 1 Ly,
: e B = T2
L —3d.,=0
60 -|- e By = T2
o
aof. : Ve dappearance
+ : 3.5 yrs running
20 . e .
0 1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)
50 DUNE v, Appearance
45 Normal Ordering
sin’20,, = 0.088
40 8ir!2623 =0.580
3.5 years (staged)
—— Signal (v + V) CC
35 B Beam (v, + v,) CC
[ NC
30 1 (Vu + Vu) CcC
(v.+ v;) CC
25
vmme §p = -T2
20 —_— 82: =0
15 }
10 H[¥| iU A anti-ve appearance
- 3.5 yrs running
0
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*Detector calibration

o Hardware design (laser, n-source)

e Analysis of calibration data

*DAQ

o Electronics design
o Data quality

*Data analysis

e Cosmic rays
o Beam data

Coverage: 56.2 %
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il' ' — SUMMARY W SNQ

Neuwtrinos

— ——__— _—_ — = — = —_— = = — —— __ S

| *They OSCIllate (and we know how)
*They are massive (but we don’t know how much)

* Are neutrinos their own antiparticles?

* What is the absolute mass scale?

| * What is the CP violation phase?

\
l
!
|
* What is the mass hierarchy? J
| . . . |
* A whole zoo of experiments are trying to address these questions )‘

KA rlch ﬂeld of opportunltles is in place
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Neutrino group @LIP

For thests/summeer
projects/general info:
ma weira@tip_xpj
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https://www.lip.pt/?section=research&page=research-group-details&details=project&area=physics&line=Dark-matter-and-neutrino&projectid=23
mailto:maneira@lip.pt

BACK UP SLIDES
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* Oscillations are parametrized by 2 masses (mi, m), 1 angle (0)

Flavour Mass
eigenstate eigenstate
v,]_| cos® smnB|rv,
Vu| [—sinB cosO]|V,
Pure v, Pure v,
The flavour composition changes ﬂ < (‘Y A; -
--- -- -- I
with time, because the mass states \/ \/ \/ | \<
have slightly different velocities | -
0 Time, t
The probability of an electron neutrino to be . 2 . 2 :’A- ;n-%:z
detected in the same flavour depends on the P (Ve 2 Ve) — 1 —sSin (2 e) S1n (........I.\_

4 FE

mass difference and the distance source-detector
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Pl
||| CANWE MEASURE

.

P A "" " DIRECTLY —_—

* Yes, but it is not easy!
e Measure their track curvature in a magnetic field doesn’t work
® neutrinos are neutral, not affected by EM fields
® Measure energy and momentum of daughter particles ?
o Neutrinos are the lightest particles, don’t decay in others

e Use quantum interference to probe neutrino mass v

Magnet
He

W P>y
™
- N

Lighier ions \\\ p m

.1‘(: defected <4 b

00 much on . 2 2

M2=(E1+E2)?—(p1+p2)?
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Meters and meters
of pipes

Valentina Lozza, LIP Lisboa



