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matter constituents
FERMIONS spin = 112, 312, 512, ...

7 ~ s e ————
Leptons spin =1/2 \ /" Quarks spin=1/2

I Approx

Flavor Mass
GeV/c?

Mass ‘Eleclric
GeV/c?

Electric
charge

Flavor

Y lhiest . (0-0.13)x10-2

& slectron 0.000511 = 0005  -1/3

Wy midde +(0.009-0.13)x10~¢ 0 13 o3

M muon 0.106 -1 0.1 —1/3

Vi heciiiste | (0.04-0.14)x10-°| 0 173 -
L:E,/ tau 1.777 -1 4.2 -1/3

BOSONS

Unified Eloctraweak spine= 1 Strong Iff.l:;lnn-l:j ::priﬁ =1

o Mam | Electric Mass  Ebedtric
GeWic? chargo ] “GeNict | charge
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Particle Physics

Interaction: exchange forces

BOSONS o 3'%

Unificd Eloctrawaak spin - 1 Strong (caborl spin e 1

Mass Electric T Mass  Bhetric

Heam i
a GoVict  charge GeWic® | charge

8.4
B4
91187

L) A
z (. GEFAN:.#

Luis Goulart Peres



Particle Physics

Forces in nature

Weak
(Electro
Graviton Photon
(not yet observed)

Quarks and

and Gluons
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Particle Physics

Gravitacional force=weaker force for particles not for humans...
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Particle Physics

Symmetry matters in particle physics!!

Particle physics: gauge symmetries fix the interactions
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Particle Physics

Standard Model of particle physics
Proposed by Weinberg, Salam and Glashow in 1967

Nobel prize for them in 1979

In 2013 LHC confirmed one fundamental prediction: the Higgs boson
Nobel prize for P. Higgs em 2013

LHC physics : ':GEFAN%[%
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Particle Physics

Magnetic dipole momentum: B = % w=1TIA
’

classicaly i = -1 I, :
2m
Interaction : ji.B « L.B A= —
A | v
Stern-Gerlach experiment: quantized deflection — )
1
In Quantum Mechanics /i x ¢S S=spin g giromagnetic factor 7

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ e

QM cannot predicted the giromagnetic factor, it is put by hand g=2.

The value predicted by the Standard Model is theO = 2.0023318418.
It is measured g7 = 2.0023318418(13).

The Standard Model of elementary particles is the most successful theories in Physics!!
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Nobel Prize of Physics in 2015

The Nobel Prize in Physics
2015

Photo: A, Mahmoud Ph Aahmoud
Takaaki Kajita Arthur B. McDonald
Prize share: 1/2 Prize share: 1/2

The MNobel Prize in Physics 2015 was awarded jointly to Takaaki Kajita
and Arthur B. McDonald "for the discovery of neutrino oscillations,

which shows that neutrinos have mass"

Photos: Copyright © The Mobel Foundation
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Neutrino Physics

What we know about neutrinos at the end of 20th Century?

~ Nut W - - BB e There are 3 types of neutrinos: v flavor: v. v,
RUNOD PUNTECORYO -

CFlsa 2iBaE o Bt @ have ZERO mass e ZERO charge
T8 K L Sl ¢

e interact only by weak interactions:

The neutrino and charged lepton always have the
same flavor.

uw X
. or ‘ v, OF ‘ v,

Source
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Neutrino Physics

Pion discovery: Cesar Lattes (Raios Cosmicos e Cronologia) and Cecil Powell

| S
g e o B ¥ 475 T
!m&ﬂ\‘.f‘t PN PENST T 0 3 T SO LTS T

Example to produce neutrinos
Bdecay:n —p+e+ ve
mdecay::7m” = ut + v,
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Neutrino Physics

Neutrino interaction: past Neutrino interaction: present

 ticks)

Neutrinotransformed
into p-meson
i i

< The 'Neutrino Event’
. Nov. 13,1970 — World's first
observation of a neutrino in a
hydrogen bubble chamber
g

 ticks)

— P
ARGONEUT experiment

- ¢ > GEFANY%

see next talks by Sebastien Murphy and Ettore Segretto & o
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Neutrino Physics

Neutrinos from unknow sources: 2015 in ICECUBE experiment

HNovembos 513 | 315

Science

1
AYAAAS
N A
First time that it was detected high energy neutrinos from space '. GEFAN:::;*:,
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Neutrino Physics

Neutrino are feeble Big detectors are necessary

FACT: about 65 million neutrinos pass
through your thumbnail every second. i1surocom

2
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Neutrino Physics

A . = I Fa r
FIRST STEPS GRAND EXPERIMENT DECADES OF DOUBT MYSTERY SOLVED
1920-1956 1964-1668 156g-1035 19g8-2002

Eddington, Bethe: Sun luminosity is due atomic fusion :
Chainpp: 1H+1 H -2 He+ v, 2He »? H+ et + 1.

Sun luminosity
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Neutrino Physics

First measurement of neutrinos from the Sun

Nobel Prize in 2008 for R. Davis.

L
X TE 0

7 A

Puzzle: the number of neutrinos was small then expected,

Possible explanations

e sun hidrodynamics: convection ??

e .
e nuclear physps. . > GEFANS:
e We are counting electron neutrinos. Maybe the problem are the neutrings.
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Let’s take a break
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Classical analogy

Simple Pendulum Two Pendulums connected by an spring

-@
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Classical analogy

Possible oscillations

AARA

Ve [ Ve +Vy - Yy
|
|

— = tme

fixed fixed
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Classical analogy

Two possible joint movements:

—- — — -
A V2

—_—
fixed

Two type of descriptions:
Isolated movement: v., v, or global movement: v, vo
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Neutrino oscillation

e Pontecorvo(1958) :

Flavor of Neutrinos, v. v, - are a linear combination of states with well defined mass,
V1 V9 Vg
we have

Ve = +cosf vy + sinf vy ‘

vy = —sinf vy +cosf vy ‘

the states 11 e v» are mass eigenstates
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Neutrino oscillation

Using the Pontecorvo mechanism

Ve \ _ cosf  sind vy
vy )\ —sinf cosé Vo
——— ——

flavor mixing:U mass

The evolution equation is in the shape of Schroendinger equation

0 Ve . Er 0 1 Ve
s )=o (8 e )o ()

: _— , mi m3
With relativistic energies : E1 ~p+ — Es~p+ —.
2p 2p

Correspondence between Pontecorvo mechanism and the classical analogy

Normal modes «+— mass eigenstates
Non-normal Modes +—flavor eigenstates

frequency w; +— FE = \/p? +m?

spring coupling k +— mixing angle ¢ ':GEFAN%}?'
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Neutrino oscillation

The conversion probability of electronic neutrinos is

. ..2 .2 Am2L
P(ve — v, = sin® 20, sin ( 7P )

Definition: Am? = m2 — m?

0 100 200 300 400 500 600 700 800 900 1000
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Neutrino oscillation

We can write down the survival probability of muon neutrino as

P(v, — v,) =1 — sin® 20,,,, sin® ( 7

AmQL)

ke—— Diameter of Earth ————|
Plv,—v,) = 1-sin“20sin’(1.27 Am’L/E)
Meuttinos that travel Meutrinos that trawel
short distances keep thelr long distances have roughly S0%

>= ariginal flavar chance to have changed flavars
R
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Neutrine Flight Distance (km)

Voyage of a Neutrino

n T

w Long Journey T
Original Vii V2, Vs parts of New,

VaiVa Vs soup travel at different

Soup different speeds Vi Vs Vs
because they have Soup

different masses.

The v, mixture of Vy, V,, V5 has turned into the v, mixture.
But only because v, V,, V5 have different masses.

Neutring flavor change implies neutrino‘mass!

N
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Atmospheric neutrinos

=,

_— Noise for the search of proton decay

AT N 4 ST A S OGHACACENY O S
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http://assinaturadigital.cienciahoje.org.br/revistas/reduzidas/332/#8

Atmospheric neutrinos

NEUTRINOS FROM
COSMIC RADIATION

COsSMIC l
RADIATION
.. ATMOS;
. Pne

SUPER-
KAMIOKANDE

MUON-
NEUTRINO

SUPER-
KAMIOKANDE
KAMIOKA, JAPAN

Muon-neutrinos
arriving directly
from the
atmosphere

Light detectors
measuring Cherenkov
radiation

oy

PROTECTING
1000 m ROCK

Muon-neutrinos
give signals in
the water tank.

o~
40m
%

* Muon-neutrinos
that have travelled
J through the Earth
CHERENKOV
RADIATION
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Atmospheric neutrinos

Zenith ﬂngfe dependence
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In 1998, Kajita show this slide:

Muonic Neutrinos change flavor:
neutrinos are disappearing.
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Atmospheric neutrinos

A better way to look is the dependence of L/E, distance over energy

For neutrinos E = 1GeV, L ~ 500 km macroscropic distance!!

1.8 T T T T
1.6

o
- N B

o !
o

Data/Prediction (null osc.)
o =}
B @

o
o

o

P N R ,
; 10 10 10 10 Disappearance of v,

L/E (km/GeV)
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Neutrinos solares

@ Sun as neutrino lamp

The dominating solar pp - cycle

99.8%

0.2%
p+°H = *He +~
H. Bethe
85% 10*
| [Hep)
*He +*He — 'He + 2p| |*He +'He — "Be+v | |*He+tp > ‘He+e‘+v_‘

15%

m 10.016%

‘Be+e — Lity, H Be+p-—> Bty ‘

l *B-v.

5 A Pt
B »2 Hete'tv,

2
(> GEFAN:

W. Fowler

‘ itp— 2'He ‘

pp-1




Experimento SNO

@ SNO Experiment: Arthur B. McDonald, Canada

Slight cover fas AL Rn

2
(3 GEFANE:
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Experimento SN

@ Detection method

a pure v source

C ed-Cur
Charged-Current (CC) PO T
vetd = e+p+p - o
Neutral-Current (NC) P
¢ — ()i @— ("p) - () +
v,+d = v +N+p o A 2N
neutrino euteron e deuteron friton
proton E’ 6.25 MeV

2
) GEFANES
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Experimento SNO

In 2003 SNO measure different reactions of neutrinos from sun

dcc
[H
[INC:v+iH = p+n+v

[Esivtesvre]

H’HII'IIH

0,0 (10°em? 57}

[ T L = e B« o]

o

1 2 3 4 5 6 a -
S,
0, (10° em™ s (. GEFANE:.2
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Experimento SNO

In 2003 SNO measure different reactions of neutrinos from sun

:': 8F svo SNO
S 7R Pgs bec
=} £
© E
“’9 6=
— 5 onl
= e
b
OF e -
0 1 2 3 4 5 6 q W
Y
¢e(106 em?s) (. GEFAN:.#
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Experimento SNO

In 2003 SNO measure different reactions of neutrinos from sun

:-: 8 sno SNO
S 7R Pgs Occ
=] E
< E
“’9 6= only
— 5 onl
& e
4
o e Bestfitfor: ¢, #0
IF Oscillation signal ve — v..
oF———r——-4 e :
0 1 2 3 4 5 6 \ oh
%,
0, (10" cm? 1) (2 GEFAN:Z

Orlando Luis Goulart Peres



We saw neutrino oscillatio

T8
- 5 7 [
b =]
3 s S [
2 &0 [
c 4
S
8 3
o
o 2
a
]
T
[a]
o R 0 1 2 3 4 5 6
1 10 10° 10° 10* 0, 10° em? s1)
L/E (km/GeV)
Oscillation signal v,, — v-. Oscillation signal ve — v,,.
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How to explain neutrino oscillations? Pontecorvo +

Refraction effect

Pontecorvo mechanism: mixing

The survival probability of electron neutrino is in vacuum

P(ve — ve) = 1 — sin® 20sin® (Am2L)

4p

C

Light refraction: v = -~

Refraction for neutrinos: effective mass in matter

Wolfestein -Mikheyev-Smirnov 1986:

The neutrino get different mass and mixing angle
that are function of medium density

Orlando Luis Goulart Peres



Oscillation discover in other expts

MINOS experiment 2010: UFG/USP/UNICAMP

2008' Kaml.and experiment

N
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Paradigm of 3v oscillation

Uel UeQ UeS
Upmvns = U Up Uus
' — (m,)’ (m,)” e— w— Ui U Urs
(Am),
(m, )’ — —
Described by three mixing angles: 033, 013, 021
Vt
(Amd),, . . -
m o, aa and one CP violation phase, dcp
Am),,,
VT
— — (mz)2
(Am%)
- (m,)’ (m,)’ ‘—
normal hierarchy inverted hierarchy

Unknowns: Mass hierarchy (ordering), CP violation
N &
¢ > GEFANZ2
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DUNE Experiment

o Intense beam of v, (7,,) fired 1300km at large detector

e Compare v, — ve(7, — ve) o

o Probe fundamental differences between matter and antimatter DEEP UNDERGROUND
NEUTRINO EXPERIMENT

o T
/ ;. 28
Wisconsinl {eF Mighigan

.

\ i .
Mi'waukee &y s

Nebraska

(> GEFAN%

UNICAME
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DUNE Experiment

e Muon neutrinos/anti-neutrinos from high-power proton: 1.2 MW
e Large underground Liquid Argon Time Projection Chamber
Mass of 40 kton

e Near detector to characterize the beam

Sanford -

Underground Fermilab
Research - —

Facility __ goomiles ™

NEUTRINO
PARTIGLE  PRODUGTION
DETECTOR

UNDERGROUND
PARTICLE
DETECTOR

Q2
¢ 2> GEFANL:
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DUNE Experiment

e Good separation of electron/y : v. appearence

Electron/photon Separation with LAr TPCs

1 GeV electron shower Decay of a 1 GeV n? to two photons.

» sn i 10 200

10 150

Single Shower MC Reco
e electrons

@ammaE- A TPC

3
H Neutrino
3

94% gamma rejection
@95% electron efficiency

MiniBooNE o
1 2 3 4 5

* hetnes st evem] 59 ': GEFAN%‘I'{?

UNICAME
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DUNE Experiment

e Why L=1300Km?

- ]
~2a L. sin( Mgy —[al) 4
PU! - U] =~ | 510 I92:|-§|1I!1J 231;; (ﬂ._;l ] E.le &il a= GFNQ_J'f ||'2
gin{Ag —|aL] sinfaL] . .
-+Hsain 2844 |sin 28,5 5in 28,4 (Ao —Jal, LAy oI} = Ay cos{Ag @ A Am;L
8in nr.u‘.. ij=
+Heos? B in’ 26, 2 = A3, v AE

For anti-neutrinos a — —a.

e Dependence on 623,a, CP violaton phase jcp

e Present Range for sin® 623 for one octante : 0.03 : With DUNE 0.005.
e Present Range : Any value for dcp

¢ At the present we did not know if Az; > 0 or < 0.

¢ 2 GEFAN{%
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DUNE Experiment

Events/0.25 GeV

™~ DUNE v, appearance
150 kt-MW-yT + made

Reconsiructed Energy (GeV)

Events/0.25 GeV

DUNE v, dleappearance
150 ki-MiW-yr v mode
MPE =045 = Surmy, 00
—x
oo
B, 60
O Piren Domign

iz 3 4 5 @ T
Reconstructed Energy (GeV)

2 3 4 5 @ 7T
Reconstructed Energy (GeV)

L )
¢ 2 GEFAN

&

g
uNEAME

Goulart Peres



DUNE Experiment

Mass Hierarchy CP Violation
25 8
DUNE Sensitivity . DUNE Sensitivity _ ]
Normal Hierarchy ——— CDR Reference Design Normal Hierarehy CDA Reference Design
300 kt-MW-years ~ ______ imi i T[ 300 kt-MW-years  ______ imi i
o Si28,; = 0.085 Optimized Design sin20,; = 0.085 Optimiz=d Desion
sin"0,; = 0.45 sl sin6,, = 0.45
15: f =
5| 5.
< = 4
p— n E
10| e 3:
r 2F
5 E
L 1F
) I S Y U U DU B P P B | A U
-1 -08-06-04-02 0.2 04 06 08 1 -1 -08-06-04-02 0 02 O
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DUNE Experiment

DUNE CDR:
8cp Resolution sin?26,, Resolution sin8,; Resolution
|’ DUNE Sensitivity 002 DUNE Sensitivity 004 DUNE Sensitivity
15 Normal Hierarchy 0.018| Normal Hierarchy .03 Normal Hierarchy
| Sin’,; = 0.085 sin20,, = 0.085 . sin20,, = 0.085
= \ sintyy = 0.45 0.016 sino,, = 0.45 003 e sinf9,, = 0.45
'% NuFit 1o uncertainty
5 F
3 i
E E
* a
WM_AJ_LLLLL
200 400 600 800 1000 1200 1400 % 200 400 600 60D 1000 1200 1400 % 200 400 600 800 1000 1200 1400

Exposure (ki-MW-years) Exposure (kt-MW-years) Exposure (ki-MW-years)
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Other physics topics for DUNE

e Neutrinos from stelar core colapse
14
12 Plll".
. ) | —
Core colapse produce neutrinos from all types. 1w \ __.¥
= ©
Previous experiments mainly sensitive to . G 8 I -=V,
) |
S a
DUNE experiment can see the v. component .= /‘\ I e
K ||u|. — |
S 0 15 20 35 30
lr‘h {ms)
W
¢ > GEFANZ2

Supernova 1987A
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Other physics topics for DUNE

Flavor composition as function of time: Energy spectra integrated over time:

= r rol n cf n I > |
:: F Infall NM m, “Accretion ; Coaling mEs g mEs
E — 40
g 70 W, “ar a | KA mﬁl‘
£ b v, “Ar g [ve "Ar
g
2% z
50— E
a0
a0
200
10:— = i
Py N P R T R
2 1
b o Yime (seconds)
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Other physics topics for DUNE

e Test of fundamental symmetries: proton decay
Baryon number conservation so far
Well motivated models suggest proton decay

Frejus IMB Super-K Hyper-K
p-reta’ . R ——
o minimal SU(3) minimal SUSY SU(5)
p—e'
éredidions s )
SUSY SO(10)

non-SUSY SO(10) Gaaep 20 SOU10)

p—etK® (] llg
Pt K® 0 .

n—pK® @ e —) AN DUNE;(40 kb
p—o Kt # 1 oo ﬁ
minimal SUSY SU(5) Hypet-K
p— K non-minimal SUSY SU(5)
predictions
SUSY SO(10)
31 32 33 34 35
10 10 10 10 10

N Y
/B (years) (B GEFANS.#
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DUNE physics symmary

e Determination of mass hierarchy: 50

e Probe CP violation with neutrinos: (3 — 5)o

e Precise test of 3v paradigm

e Sensitivity to nucleon decay: 7/b > 103* yr

e Unique test of stelar core colapse fluxes: v, sensitivity

uuuuuuu
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Final symmary

e Neutrino physics have surprised us: neutrino oscillations
e Paradigm of three v neutrinos in different experiments

e DUNE experiment: new generation neutrino experiment: tracking, flavor tag
It is possible to test mass hierarchy and CP violation: implications for particle physics

Proton decay : fundamental symmetries

Neutrino astrophysics: understand neutrino production

uuuuuuu
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