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Os neutrinos sao evasivos

Neutrinos sao as particulas mais abundantes do Universo, depois
dos fotons

Séao particulas que poderiam explicar porgue o Universo existe
ainda hoje



Os neutrinos sao evasivos

MasMpor gfuiesMipecsaisc e ber amMaMneergrsst dad
dosMneutrinosMsoMem\

EMporqueMdescobri mosMosMneutrinos\
EMporqgueMosMneutrinosMcarregamMdmui



Neutrili nos

Cerca de 100 bilhoes de neutrinos
produzidos no Sol travessam cada cm? do
NOSSO corpo, cada segundo!




Neutrinos?

...e talvez um deles interage dentro do
NOSSO corpo ao longo da nossa vida!
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Vamos voltarlOfmotssenmar a ent
como fassidceosscobri ram 0SS neut

€ vamos ver o que acontece no infinitamente pequeno e
no decaimento dos nulcleos radioativos



A radioatividade e 0s neutrinos

Em 1896 Bequerel descobriu a radioatividade no Uranio ( ...mas foi
mesmo ele que descobriu? )




...Abel Niépce de Saint -Victor

Claude Félix Abel Niépce de Saint-Victor (1805-1870) era um fotografo e
experimentador franceés;

Por volta de 18 50 Saint-Vitor trabalhava no desenvolvimento da fotografia
colorida usando sais metalicos sensiveis a luz, incluindo sais de uranio

Em 1857 ele observou que sais de uranio conseguiam impressionar emulsoes
fotograficas mesmo no escuro e depois de muitos meses;

Saint-Victor entendeu que o uranio estava emitindo  um novo tipo de radiacao
invisivel ao olho ;

M MthisVpersistentMactivityMd Mcannot Mb
phosphorescence] would not last so long, according to the experiments of
Mr. Edmond Becquerel ; it is thus more likely that it is a radiation that is invisible
to our eyes, as Mr. LéonFoucault bel i eves M



A radioatividade e 0s neutrinos

EmM Belquedreesicobri uMdaMradioati vimdad
mesmoMel edqueMdescobr i u




AMradi oati vidadeMeMNMos\Mr

Marie e Pierre Curie descobriram a radioatividade no Toério e nos
novos elementos Polonio (Marie Curie era Polonés) e Radio




A radioatividade e 0s neutrinos

Em 1899 Rutherford classificou as emissdes radioativas em Ues. De
acordo com quanto penetram no aluminio (em em todos 0s
materiais)

Em 1900 foi descoberta tambem a emissédo 9 (ainda mais penetrante
das outras duas)
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Decaimento U

Alpha Decay of a Uranium-238 nucleus
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Decaimento U

Energia da particula U
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Alpha Decay of a Uranium-238 nucleus
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Decaimento 5

Intensity

Energy spectrurm of bala
decay electrons from 210 g

0.2

0.4 0.6 0.8 1.0 1.2
Kinatic energy, MaV

As emissdes 5, que
foram identificadas
serem eléctrones,
apresentam um
espectro continuo de
energial!!!



I Decaimento 5

Enargy spectrum of bata
decay electrons from 210 g;

=
E a conservacao da energia????
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Physikalisches Institut

der Eidg. Technischen Hochachule Zdirich, L, Des. 1930
Zrich

Cloriastrasse

ILiebe Radioaktive Damen und Herren,

Wie der Uebarbringer dieser Zsilen, den ich mldvollst
ansuhbren bitte, Ihnen des niheren auseinandersetsen wird, bin ich
angesichts der "falschen" Statistik der N= und Li-6 Kerne, sowie
des kontinuierlichen beta-Spektrums suf cinen versweifelten jumieg
verfallen um den "Wechselgats" (1) der Statistik und den Energiesats
su retten. MNhmlich die Moglichkeit, es kbnnten elekirlech neutrale
Teilohen, die ich Neutronen nemnen will, in den Kernen axistieren,
welche den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
(“ von lichtquanten wmusserdem noch dadurch unterscheiden, dass sie

mit Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben (roesenordmng wie die Elektronermasse sein und

s nioht grosser als 0,01 Protonenmasse.- Das kontimierliche
m wire denn verstiandlich unter der Anmahme, dass beim
boba<Zerfall mit dem Rlektron jeweils noch ein Neutron emittiert
wird, derart, dass die Summe der Energien von Neutron und klektron
konstant ist.



[This 15 a translahion of a machme-typed copy of a letter that Wolfgang Pauh sent to a group of
phy=icists mesting m Tibmgen in December 1930. Pauli azked a colleague to take the letter to the
meeting, and the bearer was to provide more information as peeded ]

Copy/Dec. 15,1956 M

Cpen letter to the zroup of radicactive people at the
Gauverein meeting in Tibingen

Copy

Phymies Institute of
the ETH Ziinch Ziirich, Dec. 4, 1930

As the bearer of these lines, to whom I gracicusly ask you to listen, will explain to you n more
detanl because of the "wrong" statistics of the N- and Li-6 macle: and the contmuous beta
spectrum, | have bat upon a desperate remedy to save the "exchange theorem" (1) of statishies and
the law of conservation of energy. Namely, the possibility that m the maclei there could exist
electncally neutral particles, whech I wall call newtrons, that have spm 1/2 and obey the exclumion
principle and that further differ from light quanta in that they do not travel with the veloeity of
lLight. The mass of the neutrons should be of the same order of magnitude as the electron mass and
in any event not larger than 0.0] proton mass. - The continuous beta spectrum would then make
sense with the assumption that in beta decay, in addition to the electron, a neutron 1s emitted such
that the sum of the apergies of neutron and electron is constant.

Mow it 1s also a question of which forces act upon neutrons. For me, the most likely model for the
neutron seems to be, for wave-mechanical reasons (the bearer of these lines knows more), that the
neutron at rest 1s a magnetic dipole with a certain moment p. The expeniments seem to require
that the tonizng effect of such a neufron can not be bigger than the one of 2 gamma-ray, and then
1 is probably not allowed to be larger than e » (10 cm).

But so far I do not dare to publizh anything about this idea, and trustfully tum first to you, dear
radioactive people, with the queshon of how likely 1t 15 fo find experimental evidencs for such a
neutron if it would have the same or perhaps a 10 tomes larger ability to get throngh [matenal]
than 3 gamma-ray.

I adwut that my remedy may seem almost improbable bacanse one probably wounld have seen
those neutrons, if they exist, for a long time. But nothing venfured, nothing gamed, and the
seripusness of the sthuation, due to the confiuous stuchre of the beta spectrum 15 lhimanated by
2 remark of my honored predecessor, Mr Debye, who told me recently in Bruxelles: "Oh, It's
better not to thunk about this at all, ke new taxes." Therefore one should sericusly discuss every
way of rescue. Thus, dear radioactrve people, scrutimize and udge. - Unfortunately, I canmot
personally appear in Tibingen since I am indispensable here in Fianch because of a ball on the
mght from December & to 7. With oy best regards to you, and alse to Mr. Back, your bumble

servant
signed W. Pauli



[This 15 a translahion of a machme-typed copy of a letter that Wolfgang Pauh sent to a group of
phy=icists mesting m Tibmgen in December 1930. Pauli azked a colleague to take the letter to the
meeting, and the bearer was to provide more information as peeded ]

Copy/Dec. 15, 1956 PM

Cpen letter to the zroup of radicactive people at the
Gauverein meeting in Tibingen.

Copy

Phymies Institute of
the ETH Ziinch Ziirich, Dec. 4, 1930

Dear Radicactive Ladies and Gentlemen

As the bearer of these lines, to whom I gracicusly ask you to listen, will explain to you n more
detanl because of the "wrong" statistics of the N- and Li-6 maclei and the contimuous beta
spectrum, I have hat upon 3 desperate remedy to save the "exchange theorem" (1) of statstics and
the law of conservation of energy. Namely, the possibility that m the maclei there could exist
electncally neutral particles, whech I wall call newtrons, that have spm 1/2 and obey the exclumion
principle and that further differ from light quanta in that they do not travel with the veloeity of
lLight. The mass of the neutrons should be of the same order of magnitude as the electron mass and
in any event not larger than 0.0] proton mass. - The continuous beta spectrum would then make
sense with the assumption that in beta decay, in addition to the electron, a neutron 1s emitted such
that the sum of the apergies of neutron and electron is constant.

Mow it 1s also a question of which forces act upon neutrons. For me, the most likely model for the
neutron seems to be, for wave-mechanical reasons (the bearer of these lines knows more), that the
neutron at rest 1s a magnetic dipole with a certain moment . The experiments seem to require
that the tonizng effect of such a neufron can not be bigger than the one of 2 gamma-ray, and then
1 is probably not allowed to be larger than e » (10 cm).
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I A Teoria de Fermi do decaimento 5 \|

Beta Decay of a Neutron
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A descoberta do neutrlno

Mas neutrinos foram descobertos s6
em 1956 por Raines e Cowen!
Premio Nobel 1995

Em 1976 Lederman, Schwartz e
Steinberger descobriram um segundo
tipo de neutrinoo 3¢

Premio Nobel 1988

Em 2000 foi descoberto um terceiro
tipo de neutrino o 37 (DONUT Caoll.
Fermilab)

O neutrino descoberto por Reines e
Cowan € 0 neutrino 3e




==t Inverse beta decay:

A Pensaram em usar uma bomba
atobmica como fonte de neutrinos (do
tamanho da bomba usada em
Hiroshima)

A O chefe da divisdo de fisica (Kellogg)
de Los Alamos convenceu em usar um
reator nuclear

A O alvo dos neutrino eram dois tanque
de agua ~ 200 kg + 40 kg de CICd, com

4 camadas de cintiladores em
Ettore Segreto | EBN - 7 Agosto 2025




IRal nee sCowen

Inverse beta decay:
g4 DO ¢ Q

A Pensaram em usar uma bomba
atobmica como fonte de neutrinos (do
tamanho da bomba usada em

Hiroshima)
RS —a Che ) A O chefe da divisio de fisica (Kellogg)
é um tipo de evento paranormal que se - de Los Alamos convenceu em usar um
manifesta em um ambiente no qual reator nuclear

existem ocorréncias fisicas, tais quais, . )
chiva de pedias, movimentacan, & A O alvo dos neutrino eram dois tanque

aparecimento e desaparecimento de de agua ~ 200 kg + 40 kg de CICd, com

objetos, sons, pirogenia, luzes, entre S
outras. Pode envolver até ataques > 4 camadas de cintiladores em
greto | EBN -7 Agosto 2025 26

fisicos (Wikipedia)




I Trés particulas fantasmas

Q O O

- Tres neutrinos. Cada um ligado e associado com um dos
tres leptons (Electron , Muon e Tau)

. Sem carga eletrica

~ Interagem muito pouco com as outras  particulas , sO atraves
da interacao fraca

Sem massa (quasee)



Atmosiéricos

Supernova
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Neutrinos reaching the Earth

Cosmological v

Solar v
Supernova burst (1987A)

/ Reactor anti-v

Background from old supernovae
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uma energia macroscopical

e Carlo events

>120 PeV neutrino @ KM3net
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A anomalia do neutrino solar

. ~ . 2 - d + e 2 - d e
Neutrinos sdo produzidos p—>derve | (pp) pe—=dve |(pep)
no centro do Sol por meio 2% 0.25%
dessa reacoes dp—3Hey

) 86% 0.00002%
Carregam informacodes do 14% (hep)
estado do coracéao do Sol 2°He — 0. 2p *He o = "Be y He p — cLe* v,
e levam 8 minutos para 99.9% 0.01%
chegarem na Terra "Bee — TLive| (Be) "Bep > B 7
Os fotons levam 10,000 Lip — 20 5B = 20 ¢+ v (B)

anos para chegar a
superficie do Sol!!!
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BOREXIe\xOper i ment
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A anomalia do neutrino solar

No final dos anos 60 Davis fez um experimento para detectar neutrinos do Sol e se
deu conta que eram muito menos que o esperado
Este resultado foi confirmado por muito outros experimentos!! !

Expectedsignal

Experiment Reaction Ei, (MeV) v fluxes | Running time R%*P
Homestake | v.°'Cl — *"Ar e 0.814 | mainly °B | 1970 — 1994 [2.56 + 0.23|[ 7.6 + 1.3
SAGE 1990 — 2003 [ 69.1 £5.7
GALLEX | v."'Ga— "Gee 0.233 all 1991 — 1997 [ 775+ 7.7
GNO 1998 — 2003 [ 62.9+5.9
Borexino 0.862 "Be 2007 — 2008 49+ 5
3.0 2007 — 2009 2.4+ 0.4
Kamiokande ve — ve 6.75 1987 — 1995 | 2.80 = 0.36
SK 4.75 1996 — 2001 | 2.35 = 0.06
5.2 8B, hep 2.31 £ 0.21]} 5.05 + 0.9
SNO ved — ppe 6.9 1999 — 2003 | 1.67 = 0.08}]
vd — pnv 2.2 5.17 4 0.38 I

9 E LJS NSt



A anomalia do neutrino solar

No final eaveasaobfez um experimento para d:
deu conta que eram muito menos que O esper
Este resultado foli confirmado Ppor ' 0

Expectedslgnal

Experiment Reaction Eiy, (MeV) | v fluxes | Running time R®*P
Homestake | v.7'Cl — 3"Ar e 0.814 | mainly 5B | 1970 — 1994 [2.56 + 0.23]f 7.6 = 1.3
D AGE 1990 — 2005 0Y.1 = o.7 |
GALLEX | 1v."Ga— "Gee 0.233 all 1991 — 1997 [ 775+ 7.7
GNO 1998 — 2003 [ 62.9+5.9
Borexino 0.862 "Be 2007 — 2008 4945
3.0 2007 — 2009 § 2.4+0.4
Kamiokande ve — ve 6.75 1987 — 1995 | 2.80 & 0.36]
SK 4.75 1996 — 2001 | 2.35 & 0.06]
5.2 8B, hep 2.31 4+ 0.21J§5.05 £ 0.9
SNO Ved — ppe 6.9 1999 — 2003 § 1.67 & 0.08]
vd — pnv 2.2 5.17 4+ 0.38 I

' R Davis Jr recebe o Premio Nobel em 2002 : Experimental/alue




A anomlia do neutrino atmosferico
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...e agora????




Oscillacoes de neutrinos
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. Os tres neutrinos tem uma massa
muito peguena, mas nao zero
como previsto do Modelo Padrao
das Particulas

. Esta circumstancia permite aos
neutrinos de oscillar

- Neutrinos produzidos como, por
exemplo, neutrinos 3¢ podem ser
detectados como neutrinos 3¢



Oscilacoes Neutrinos

A a probabilidade de oscilacdo

P(v, — Vv;) = sin*(20) sin” (1.27

Am?[eV?]L[km] )
E.[GeV]




Oscilacoes Neutrinos

A a probabilidade de oscilacdo

Am2[eV?]L[km]

P(v, — Vv;) = sin*(20) sin” (1.27
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If neutrinoshavemass

For 3 Active neutrinoﬂ. Flavor (e, mt) Mask, 2. 3

é-Uel Ue2 Ue36

U, :@81 u,, Uegg |Pontecorvo -Maki-Nakagawa -Sakata matrix |

3
F SEU& Yo Ug> (Doublebdecayonly)
rom A. 21 0 O0GAl O O §&c, O S.§Ac 0gal O 0 g
veponaid [ 341 0 0ghos O ssghce s R
talk at =ad Cp  SxpeRH 1 O Q% 1 04Qesy, Cp OOo"Q e 0 ¢
NEL S B -5y 0B 0985, 0 ¢, 2P0 0 19B® o fen/F0
2024 G 23 ~23 ,) G Si3 ‘, 13~ C \, —C .

Atmospheric

Accel.

CP Violating Phase “ Reac,t oAc I:IeSbIar,Reactor I I Majorana CP Phases I

wherec; =cosg;, ands; =sing;

For two neutrino oscillation in a vacuum: (a valid approximatio

P@, -

MSW

3,) = sin’ 2dsin2(127CpT

gange defined for Dm,,, Dm,; I

many cases)

=

Interactions with high electron density caninfluence the processin the sunand the earth




SUMMARY OF OSCILLATION RESULTS FOR THREE
ACTIVE nTYPES

Par tDeatlGee o up

sin®(f15) = 0.307 + 0.013

Am32, = (7.53 + 0.18) x 107 eV? T go'ar’t

sin®(Ap3) = 0.539 £ 0.022 (S =1.1) (Inverted order) cactor

Sin2(923) = 0.546 + 0.021  (Normal order) Atmospheric,Accelerato
Am3, = (—2.536 £ 0.034) x 10> eV2  (Inverted order) r

Am3, = (2.453 £ 0.033) x 1073 eV?  (Normal order)

sin®(A13) = (2.20 + 0.07) x 1072 } Reactor, Accelerator

MasHi erarchi es

Future objectives:

A dep
A max? Accelerator,Reactor,
atmospheric A q23 . 7 AtmOSpheriC
~3x10-3eV?2 H Ierarchy _
A Majorana n? Onbb, Co s mo | o by
A Absolute mass| LE! &cépeatrains

A Sterile n? } Accelerator,Regctor,
Atmospheric




DUNE Collaboration

45

Ettore Segreto | EBN - 7 Agosto 2025

March 2025

Countries A 39

Members A 1760
Latin America A 85 +

Institutions A 249
Latin America A 28 +



DUNE:OA SyINR FNIOY
Fundamental questions still open in particle and astroparticle physics:

Physics of neutrino oscillation:

V CP violation in the lepton sector (related to matter-antimatter

asymmetry)

V Mass hierarchy

V Precision oscillation physics to test the 3-flavor paradigm
Nucleon decay

V Predicted beyond Standard Model theories [but not yet seen]

V for example, the favored mode of SUSY models: p- K*n
Physics and astrophysics of supernova explosion
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Proton Decay
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The DUNE FD will be highly -
sensitive to several possible oo — 5 K
nucleon decay modes . o
complementing the capabilities of ~— =gl . €CL 1 ON . .
large water detectors mEY T G W i
GUT models present two ) E =
benchmark decay modes, p Y & 0  w: =
and p Y K + (Blominant in most mE =
SUSY models) - =
- Inp Y K +=kaon is typically below wb. . E
Cherenkov threshold in a water, but ~ welnductiond . . . . . . . . =
easily identified by its distinctive EVIEW T T T T T T T TS
dE/dx signature in a LarTPC - 5
A lower limit on the proton lifetime o ’_{\ =
inthe p Y K +channel of 1.3 x 103 == o .
years can be reached in ten years o N =
wElnduction2 . 3

\/ iow



SuperNova neutrinos

DUNE Far Detector will be sensitive
to neutrinos from around 5 MeV to a .
few tens of MeV => CC interactions e e N A TRAE
of neutrinos in this range create few
cm electron tracks in liquid argon
DUNE is primarily sensitive to 3¢ =>
unique capability among existing
and proposed supernova neutrino
(tlplgzally sensitive to anti-3e through
IBD

3 e+4OA r YT e|_4OK*

0
123456789

Possibility to observe the peak of
neutronization

L L L L 0. 0o
-0.02 0 0.2 0.04 0.06 0.08 01 02 03 04 05 12345672879
Time (seconds)
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Events per 0.5 MeV

Expected Supernova

burst signal

>
=
wn
o
2
[ =
2
w
10 15 20 25 30 35 40 45 50 20 25 30 35 40 45
Neutrino energy (MeV) Observed energy (MeV)
Channel Garching
40 kton LAr & 10 kpc SN Ve +%0 Ar =5 = 490 K* 882
“Garching model” U, +40 Ar — et +40 CI* 23 EPJC 81 (2021) 423
Computed with SNOWGLOBES  vx+e™ — vx +e- 142
Total 1047

Ettore Segreto | EBN - 7 Agosto 2025
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.
DUNEDeepPnder gmMeuni@dx mer i ment

O DUNE consiste de:
1. Um intenso feixe (MW) de neutrinos produzido no Fermilab.
2. Um detector proximo ao feixe 1 Fermilab

3. Detector subterraneo de (70,000 t) de massa - SURF, South Dakota
(4 modulos de 10kton de massa ativa cada; single phase e dual phase)

1. Uma grande colaboracéao internacional (mais de 1000 pesquisadores em mais de 32
paises)

South Dakot a

Underground
Research i . postmeemmmen -
Facility i .

Fermilab

Chicago




Far Det ect or T Cryost at / Cryogen

Each Cryostat holds 17.1kt LAr

Free standing steel supported
membrane cryostat design
* CERN-FNAL design team

Cryostat 2

Cryostat 1

Cryostat 4
\\\

e

HAS
XA Cr ostat 3 e
=\ S J =

Central Utility Cavern holds Cold boxes,
LN2 dewars, booster compressors, LAr/GAr filters
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Liguid argon Time Projection Chamber

Particulas carregadas em LAr produzem
elétrons de ionizagao livres e luz de
cintilagao (128 nm)

Os elétrons de
ionizacao derivam em
um campo elétrico
intenso e uniforme
(~500V/em)
em direcao aos planos
de fio de leitura
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Reconstrugao 3D
+

Medidas Calorimétricas

Os fotons VUV se
propagam
e sao
transformados em
fotons VIS

Determinagao t,
+

Medidas
Calorimétricas

Liquid Argon TPC

Sense Wires
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Vwire plane waveforms

X wire plane waveforms




3 GeV - Pion Interaction(s)
(and decay)




Neutrino interaction

view

Collection plane
4\& 5 : Cosmic muon

A highly ionizing track

Interaction ) Cosmic
vertex muon

)

Time direction

muon

Run 3469 Event 53223, October 21°%, 2015

Slide: Sowjanya Gollapinni
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AMLuUuzMdosMneutri nos

Em cada interacao é
— produzida uma grande
Scintillation light

VU“:SS\, guantidade de luz

Detectar esta luz € muito
Importante e nos da
inforamc¢des sobre a energia,

tipo particula que intergiu e
‘ \ tempo exato da interacao
lonized Molecule

Nos (braileiros e latino
americanos) tivemos a ideia
de capturar esta luz em uma
lonization armadilha para detectala com
mais facilidade e eficiencia
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ARAPUCA!

P-terphenyl layer
=128 nm dichroic filter

WLS bar SiPM



Anode

Cat hode
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| 40 modulos de X-ARAPUCAs 200 x 10 cm? |
| Pre-montados no Laboratorio de Leptons@UNICAMP ]
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ProtoDUNE HD esta em fase
de andlise de dados
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X-ARAPUCA Megacell
instaladas no catodo e na
membrana.

SiPM (Hamamatsu e FBK)

Barras guias de luz
(Glass2Power).

Filtros: ZAOT e Photon
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