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Neutrinos

Neutrinos!

- What is a Neutrino?

- Neutrinos have flavors?

- Neutrinos have mass?

- Neutrino Sources?

- How do Neutrinos interact?

- How many neutrinos are
around us right now?

- Can we see Neutrinos?

three generations of matter
(elementary fermions)

interactions / force carriers
(elementary bosons)
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Neutrinos

Understanding the
Beta Decay

The beta decay is a radioactive decay
in which a proton in a nucleus is
converted into a neutron (or
vice-versa).

In the process the nucleus emits a beta
particle (either an electron or a
positron)

If the decay happens with the atom
nucleus at rest, what's the energy of the
electron?

number of protons
and neutrons

number of protons

n—>p++e_

1899 — 1927
Rutherford, Meitner, Hahn, Chadwick, Ellis, Mott, et. al
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Neutrinos

Understanding the
Beta Decay

The beta decay is a radioactive decay
in which a proton in a nucleus is
converted into a neutron (or
vice-versa).

In the process the nucleus emits a beta
particle (either an electron or a
positron)

Considering energy conservation, we
expect always the same energy for the
electron, but a spectrum was
observed...

Number of electrons

Observed Expected
spectrum of electron
energies energy
Ener
” Endpoint of
spectrum
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Neutrinos

Understanding the
Beta Decay

Wolfgam Pauli postulated that an
undetectable particle was also being
emitted in the decay, sharing the
energy available with the electron and
explaining the energy spectrum
observed.

20055 _y 20pg 4+ ¢ 4

Number of electrons

Observed Expected
spectrum of electron
energies energy
Ener
w Endpoint of
spectrum
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Neutrinos

Understanding the
Beta Decay

Wolfgam Pauli postulated that an
undetectable particle was also being
emitted in the decay, sharing the
energy available with the electron and
explaining the energy spectrum
observed.

1930: Pauli’s letter to physicists
at a workshop in Tubingen

Wolfgang Pauli

Dear Radioactive Ladies and Gentlemen,

........... I have hit upon a desparate 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 | wish to call neutrons.... The mass of the neutrons should be of the same order of
magnitude as the electron mass and in any event not larger than 0.01 proton masses. The continuous
beta spectrum would then become understandable by the assumption that in beta decay a neutron is
emitted in addition to the electron such that the sum of the energies of the neutron and the electron is
constant..........

Unfortunately, | cannot appear in Tubingen personally since | am indispensable here in Zurich because of
a ball on the night of 6/7 December. With my best regards to you, and also to Mr Back.

Your humble servant

W Paut “I have done a terrible thing. | have postulated

a particle that cannot be detected.”
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Neutrinos

First Detection

Frederick Reines and Clyde Cowan
first detected (anti)neutrinos using the
Savanah River nuclear reactor in
South Carolina in 1956

Nuclear fission

[Science 124, 3212:103]

Unstable
nucleus

@

ENERGY
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Neutrinos

First Detection

Frederick Reines and Clyde Cowan
first detected (anti)neutrinos using the
Savanah River nuclear reactor in
South Carolina in 1956

Nuclear fission

[Science 124, 3212:103]

Detection was made using the Inverse
Beta decay where a neutrino interacts
with a proton, turning it into a nucleon

and emitting a positron

Nobel Prize in Physics 1995

Inverse Beta Decay

176+p—>e+—|-n

Unstable
nucleus

ENERGY 93 (‘)n

~
~ L
% 3
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Neutrinos

More Flavors

Muon neutrinos were discovered in
1962 by L. Lederman, M. Schwartz
and J. Steinberger.

De—l—p—>e+—|—n

Nobel Prize in Physics 1988

15 GeV p on aucions il NEA—
Be T — T
e arge't _— @ gw W \ \ \\\\\\\ \\ N
, . \\ \\1\\3\\5\\n{\|<on shleldlng \k
‘ t 21m decay \“\\“\\\\\x\&\\ >\\\\\§§\}\§\ |
I path m.HH l . ;\i i
" 10 ton detect ‘
AGS comcrene % (opi,ir::a|es§:r:r
sese xR chambers)
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Neutrinos

More Flavors

Muon neutrinos were discovered in
1962 by L. Lederman, M. Schwartz
and J. Steinberger.

17@—|—p—>e+—|—n

Nobel Prize in Physics 1988

Tau neutrinos were discovered by the
DONUT experiment at Fermilab in
2000
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10 ton detector
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Neutrinos

The Solar Neutrino
Problem

About 100 billion solar neutrinos pass
through your thumbnail every second,
can we detect some?

R. Davis used the Homestake
experiment to detect solar neutrinos,
based on an experimental technique by
Pontecorvo

Nobel Prize in Physics 2002

99,77 %
pt+p*—-2H+ et + ve]i

84,92 %

0,23 % o
Hp‘%te +p*—-2H + v,

107° %

2H+p*—>3%He+y

—

15,08 %

3He + “He - "Be + y

"Be 99,9 %

8He + p*—=4He + e*+ Y,

0,1 %

Be + e” - 7Li + v,

‘Be + pt—=%B +y

SHe + 3He — “He + 2p*

7Li + p* — “He + “He

€B.~+*Be* + €* + By

8Be* — ‘He + *He

4 ") Neutrino Oscillations and DUNE  Mateus F. Carneiro



Neutrinos

The Solar Neutrino
Problem

Vi

About 100 billion solar neutrinos pass
through your thumbnail every second,
can we detect some? ) = T

expected rate

15 _ 1 ____ TR s ottt s

R. Davis used the Homestake
experiment to detect solar neutrinos,
based on an experimental technique by
Pontecorvo

(=]

S
Solar neutrino capture rate (S

1.0

ma

ar production rate (atoms per day)

Nobel Prize in Physics 2002 05 l
] 2
But 2/3 of them seemed to be missing ook H 0
1970 1976 1980 1985 180 1095
Year
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Neutrinos

Modeling Neutrino
Oscillations

Flavor mixing: mismatch between

weak/flavor eigenstates and mass

eigenstates of fermions due to

coexistence of 2 types of V

interactions: 2
Weak eigenstates:

members of weak isospin doublets

transforming into each other

through the interaction with the W

boson;
Mass eigenstates: V 3

states of definite masses that are

created by the interaction with the

Higgs boson (Yukawa interactions).

V| v,
Vu 1
V‘l'
V‘l'
V‘l’
Voo V.
Vi Vo V.
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Neutrinos

Modeling Neutrino
Oscillations

flavor (o = e, u, 1) < linear combinations & mass (i = 1, 2, 3)

L |Va) Z i Vi)  — Vi) = ZUai |Va)
Flavor mixing: mismatch between o

weak/flavor eigenstates and mass ,
eigenstates of fermions due to
coexistence of 2 types of

interactions: Ve U Ue Ue "

Weak eigenstates: o
members of weak isospin doublets | = Uul Uu.? Uu3 )
transforming into each other

- . } 14

through the interaction with the W K LU U Ums ] Lys
boson; i .

Mass eigenstates: Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

states of definite masses that are
created by the interaction with the
Higgs boson (Yukawa interactions).
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Neutrinos

Modeling Neutrino
Oscillations

We can only detect the flavour
eigenstates

Because of relativity, the mass
eigenstates will experience
time/distance differently

Their propagation phase will be
different, changing the mixing

This difference in mixing is detected
as a different flavor

W/
OV AVAV I
NN

source L detector
Production Propagation Detection
Flavour Massive states Flavour
states (eigenstates of the states

Hamiltonian)
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Neutrinos

Modeling Neutrino
Oscillations

The PMNS matrix defines the different
combinations relating mass and
flavour eigenstates

We can choose well our problems to
divide it in 3 different matrices based
on the Mixing angles between mass
eigenstates

Uel Ue2 U, e3 1
e Up 1 Uu2 U,u3 D)
UTI U7'2 U‘r3 V3

=

e .
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

Mixing angles = (6,,, 6,5, 6.,

122

- ,  Ocpis the CP-violation phase

1 C13 ecr g3 ci2 Si2 0
Upmns = | 0 co3 8 1 0 —812 c12 0
0 —s93 cCo3 ‘5” s13 0 C13 0 o 1
T 1 11
atmospherlc reactor solar

where: C ., = COS GGB : S . =sin GGB

ap

Nonzero 6cp E—

ap

neutrinos and antineutrinos oscillate different
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Neutrinos

0 0> 1 15 2 25T
Neutrino Energy (GeV)
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2
and we can derive transition P(ve — vg) = sin? 20 sin?( M)
probabilities: " B 4F
g l "\
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Neutrinos

Do neutrinos really
oscillate?

Yes! SNO fixed the "solar problem" by
looking at channels sensitive to all
neutrino flavours from the Sun, and
Super Kamiokande showed strong
dependence for oscillation on the path
length from production to detection

The 2015 Nobel Prize for Physics has
been awarded to Arthur B McDonald
(director of SNOIlab) and Takaaki
Kajita (SuperKamiokande):

"for the discovery of neutrino
oscillations, which shows that neutrinos
have mass"

This is considered the start of
“modern neutrino physics”!

cm?sT)

by (10

© P e B

9, (10° cm? )

Data/Prediction (null oscillation)

10
L/E (km/GeV)
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Neutrinos

Organizing the
neutrinos

From different experiments we have
some of the parameters of neutrino
oscillation measured

E— o — ()
(Amz)sol
4 ] (ml)2

normal hierarchy

Am?
Am?

atm

sol =

Am32, ~ 7.5 x 1075 eV?

= |Am3,| ~ 2.5 x 1073 V?

~

ot

sin? B ~ 0.31
sin? fy3 ~ 0.45-0.55

Si112 (7’]3 ~ (.02

4 ") Neutrino Oscillations and DUNE  Mateus F. Carneiro



Neutrinos

2 2
. . | I (m,) ()" — I
3
Organizing the \ 2
g . g 5 (Am )sol
neutrinos (m,) —
From different experiments we have B v (Amz)atIn
some of the parameters of neutrino ¢
oscillation measured 2
g (Am"),
We still have parameters to measure, R
including the absolute mass of the
neutrino, and the mass ordering i Vi
2 2
I 2— (m,)
(Am )sol ’ )
Y.
4 . (m,) (m3) | E—;

normal hierarchy inverted hierarchy
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Neutrinos

How do we measure*
oscillation parameters?

*using accelerator neutrinos

1. Measure the rate of neutrino .- “

events in the Near Detector . L
2. use geometry differences U:V"u Vi
(and oscillation hypothesis) e
to predict the Far Detector
flux
3. Measure the rate of neutrino
events in the Far Detector N,(E,) = g(E,)®,(E,)e(E,) N,(E,) = P(v, = v,)a(E,)®,(E,)e(E,)
4. compare simulation and data bieriction ’—L‘ petector | Ne(Bv) = P(vu 2 ve)a (B, @y (B e (Ey)
and test your hyp°theSis comrEeen Neuirino fux effects Oscillation probability

AmzL)

.. 9 .. 9
P(v, — vy) ~ sin“26 sin (4Et,jue
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NEUTRINO

The DUNE Science Collaboration is
currently made up of over 1400

collaborators from over 200

oJjoule] 4SNelelN INNQA PUE SUOH.[|I9SQO OULIN3N ~f y

institutions in over 30 countries




Where are we going?

DUNE Experimental Design

Sanford Underground
Research Facility

Fermilab

_____________
\\\\\\\

Far Site Near Site
« 1300km from the proton source « 550m from proton source
* very large LAr TPCs (each 17 ktons) « on-site at Fermilab

4 Q’ Neutrino Oscillations and DUNE  Mateus F. Carneiro

* underground in South Dakota «  both stationary & moveable detectors



wh - 3D reconstruction with mm resolution
ere are we going?

Excellent particle identification with dE/dx information

Liq u id AI'QON Ti me Low energy thresholds, subMeV to GeV
Projection Chamber
(L ArTPC) — B*v Y —— B”v Y Vuieplnevaveoms

Charged Particles / v Charged Particles 71V

Light

Z

1 1 1
VAV Detection AV
A H/ system WA
VI :: l;:] PS) “cathode : 1 :: 1
VO 5 Plane A
oot [m: ! oo
Ao as 0 Aot
T K> i nnnniy
| &7 e
) & i
W | ’ v |
f f
} Edrift
Y wire plane waveforms :;'19
har icles in LAr et : f : :
Cha ge%gigacfreese _lonization charge drifts Digitized signals from the wires are
- FtD'o N d in a uniform electric field collected [%me of the wire pulses
lonization clectrons an towards the readout gives the drift coordinate of the
scintillation light wire-planes track and amplitude gives the
deposited charge]
m.i.p. at 500 V/em: ~ ?Oogc%‘zzlgt ons/cm Electron drift time ~ ms
VUV photons propagate Scintillation light fast
and are signals from LDSs give

shifted into VIS photons event timing
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Where are we going?

Single phase
DUNE - gep Dual phase A
seme o ‘ ™ [ Readout
Far D etector — 7 R = e
. Jah \ L e« Electron
Technologies 7 =Y b Multipler
rey ™ X v / 11 : \
,“‘" - Y £Z§: \ a BB - L3 ] AL_A ~ Extraction
ey SN g F - Grid
e e | ol ;:u;,é: \
L/\ Gt g | A
2N\ N sl
‘*f f§ lw“ j’/ ] : : e
il - & &P P\ | cathode
Egun ’/""\v . R - /
= @ @

X ware plane saveforms ' < - - PMT
» Large ~12m vertical drift

* Horizontal drift, 3.6 m drift distance
* lonisation extracted and further amplified in

Gas
* LEM electron amplifier

» Anode wires immersed in LAr

Vertical Anode and Cathode Planes
Assembles (APA, CPA)

* 1 collection + induction planes, rotated at ~37
degrees + 5 mm wire pitch

* 1 collection + induction planes, rotated at
calibration

* Possible better resolution but more

* Photon detectors: light guides + SiPMs in detector off challenges

APAs — fast triggering light + calibration
* Bottom PMTs for prompt light collection

Cathode planes  Anode planes
Anode planes Cathode'planes Anode planes

Mateus F. Carneiro

Neutrino Oscillations and DUNE

(4

L)

r



Where are we going?

DUNE -
Far Detector

Anode Plane Assemblies

DUNE installation and operation is split in 2 phases

Phase 1 will include caverns for 4 detector modules in South Dakota and 2 far
detector modules, each 17 kton of LAr, the largest LAr TPCs ever constructed

Far Detector 1: horizontal drift
Far Detector 2: vertical drift

Order of magnitude more mass than has been deployed up to now from all LAr
TPCs

Cryostat installation starts in 2024!

(vertical drift)

CRP

Charge Readout Planes

Neutrino Oscillations and DUNE  Mateus F. Carneiro
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Where are we going?

DUNE - Near Detector

Primary purpose is to constrain
systematic uncertainty for oscillation
analysis, constrain flux, measure cross
section, etc

Phase 1 Detector
- Moveable DUNE-PRISM: Move up to
28.5 m off-axis:

ND-LAr: 7 x 5 array of modular
1x1x3 m3 LArTPCs with pixel readout
with low-mass window

TMS: Magnetized steel range
stack for measuring muon
momentum/sign from CC interactions
in ND-LAr

- SAND: On-axis magnetized beam
spectrum monitor with STT, GRAIN,
ECAL

DUNE-PRISM
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Where are we going?

DUNE - Near Detector

Primary purpose is to constrain
systematic uncertainty for oscillation
analysis, constrain flux, measure cross
section, etc

Phase 1 Detector
- Moveable DUNE-PRISM: Move up to
28.5 m off-axis:

ND-LAr: 7 x 5 array of modular
1x1x3 m3 LArTPCs with pixel readout
with low-mass window

TMS: Magnetized steel range
stack for measuring muon
momentum/sign from CC interactions
in ND-LAr

- SAND: On-axis magnetized beam
spectrum monitor with STT, GRAIN,
ECAL

- x10°°
(o] [ E e ) :
& %0 F ET N ; e y-mode E
bg - < E c 3
S - - . 2 o ~ V-mode :
o 40fF E | | -
%) [ 8 e y-mode 33m Off-axis 1
- -
g 30 1 3
- ’ :
© - s
p y
=] " ]
10 |- -

o = " " ]
00 0F 10 15 20 |25 30 35 40 45 50
Energy v, (GeV)

ArgonCube

SAND
MPD

ArgonCube

Beam axis
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DUNE

DUNE -
Physics Program

Reactor Neutrinos:
- Measure CP Violation

Mixing angles = (6,,, 6,,, 6,,) ) O.p is the CP-violation phase
1 Ci3 0 (:,ib(;;: S13 C12 S12 0
Upmns = | 0 c3  Sp3 1 0 —S12 ¢12 0
0 —S93 (o3 —(’16( PSi3 0 Ci13 0 0 1
II I‘I'I
atmospherlc reactor solar
V —V v, oV,

M e M

Normal MH Normal MH
- 2 - 2
=0 =0
Foa2 gf e 3. 8cp = +112
T 0.10 = 0, =0 (solar term) T 5.4 — 0,, = 0 (solar term)
5 ==
1>
o 0.08

1 IS | TN N

1 10
Neutrino Energy (GeV)

1
Neutrino Energy (GeV)

10
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DUNE

DUNE -
Physics Program

Reactor Neutrinos:
- Measure CP Violation
- Measure Mass Ordering

[ — (1)’ (mm, ) — ===
(am’),,
(n, )’ e— -
ve
v, (),
v,
v k (A,
n
VT
m v,
— m— (m,)’
(Am’)
= (m,) (m,)’s —
normal hierarchy inverted hierarchy
> E DUNE v, Appearance =
S 160 Normal Ordering O 160
S sin'29,, = 0.088 0
E 140:_ sin“6,, = 0.580 ‘2 140
g t —— Signal (v, + v,) CC g
@ 120  Beam (v, + v,) CC @ 120
s L NC <
> - cc
i 100F- — A & 100
80
60
40
20p{"
2 3 4 5 6 7 8 O

Reconstructed Energy (GeV)

DUNE v, Appearance
Inverted Ordering

)
8¢p = 0, sin"26,, = 0.088
sin6,, = 0.580

—— Signal (v, + V) CC
@ Beam (v, + v,) CC
NC

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

7 8

5 6
Reconstructed Energy (GeV)
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DUNE

DUNE -
Physics Program

Reactor Neutrinos:
- Measure CP Violation
- Measure Mass Ordering
- Do we only have 3 flavors?

Solar Neutrinos:
- measure all of the n mixing
parameters in a single
experiment

Supernovae Neutrinos:
- Unique sensitivity to electron
neutrinos

Atmospheric Neutrinos
- While not as sensitive, are also a
tool for studying n oscillations to
compare with bea

4 ") Neutrino Oscillations and DUNE  Mateus F. Carneiro



Outro

Questions &
Discussion!
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General Motivation

Neutrino Physics outstanding questions (guided by
neutrino experiments)

The mechanism of neutrino masses
The nature of neutrinos
The unification of all forces
The matter-antimatter asymmetry
Neutrinos as a portal to new physics
CP violation in the leptonic sector
The absolute masses of neutrinos
Neutrino mixings: patterns and symmetries
Existence of extra neutrino species
The nature of dark matter
CP violation in strong interactions
The existence of dark sectors

Where does the stéﬁdard model break?

4 ") Advancing Physics with Neutrino Cross Sections and a Diverse Workforce  Mateus F. Carneiro



Getting Experimental

Producing Neutrinos

Targ)eé: Hall Deci"ipe Absorber
Target
Protons from
Main Injector
Homn 1 Horn 2

Muon Monitors

10m

30m

Hadron Monitor

Neutrino Oscillations and DUNE  Mateus F. Carneiro
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Far Detector Partners (Phase )
Multiple international partners have invested significant resources in the DUNE FDs

~50/50 share

U.S./non-U.S
(M&S)

our partners are
preparing to send

FD1

High Voltage
FD1, FD2

" (horizontal drift)

(Mary

detectors and
components

we are on

Anode Plane
Assemblies - FD1

= Trc

Electronics
FD1, FD2-B

schedule and
getting ready
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ND-LAr: liquid argon TPC near detector
MS: The Muon Spectrometer

DUNE Near Detector (Phase |)

« Just as with the FD, there are PRISM
multiple national and international
partners contributing to the ND

* Our partners

have been - A
building <. ”/,E‘ »
ggcr)\tgitzg s \ BERKELEY LAB
detector g b. ‘ ﬁ NATIONAL

ACCELERATOR

ghl-\v LABORATORY

= Argonne &

NATIONAL LABORATORY

* Inthe U.S., major
contributions from
LBNL (pixels!), SLAC,
ANL, FNAL, & Universities
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Where are we going?

DUNE ND - nu
interaction physics

ND must measure the flux, v-Ar cross
sections, and LAr TPC detector
response

ND-LAr is as similar as possible to FD;
differences (modularity, pixelization)
are to cope with high event rate &

pile-up

It is critical to measure how neutrinos
interact, and what we see in LArTPC
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J.A. Formaggio and G.P. Zeller, Rev.
Mod. Phys. 84 (2012), via
Snowmass Neutrino WG Summary
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What's so hard about it?

The Nucleus!

Final State Interactions (FSI)

the strong-interaction physics in play
alters:

- final state particle compositions and
kinematics

- determination of the incident
neutrino energy, and

- neutrino versus antineutrino
scattering

Pion Production

Elastic
Scattering

:I+.

Absorption
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What's so hard about it?

The Nucleus!

The Final State

FSI can make different interaction
modes give the same final state
topology

What is actually seen in the detector
cannot be classified in terms of the
Initial Interactions

Interaction Interaction
Modes Topologies
CCQE v —— W] CCom

//@\(\CCQE like)

CCRES ! v
n & n n P?

, CCOm+Np
2p2h P —— L »__ (N>0)
?\ n p?

o
P
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A Brief History of Neutrino Oscillations

1957: Pontecorvo proposed Neutrino Oscillations in analogy with

K < KO oscillations (Gell-Mann and Pais, 1955) — vS o

In 1957 only one neutrino type v = v, was known! The possible
existence of v, was discussed by several authors. Maybe the first have

been Sakata and Inoue in 1946 and Konopinski and Mahmoud in 1953.

Maybe Pontecorvo did not know. He discussed the possibility to
distinguish v, from v in 1950.

1962: Maki, Nakagava, Sakata proposed a model with v, and v, and
Neutrino Mixing:

“weak neutrinos are not stable due to the occurrence of a virtual trans-
mutation ve S v, "

1962: Lederman, Schwartz and Steinberger discover v,

1967: Pontecorvo: intuitive ve < v, oscillations with maximal mixing.
Applications to reactor and solar neutrinos (“prediction” of the solar
neutrino problem).

1969: Gribov and Pontecorvo: ve — v, mixing and oscillations. But no
clear derivation of oscillations with a factor of 2 mistake in the phase
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1975-76: Start of the “Modern Era” of Neutrino Oscillations with a
general theory of neutrino mixing and a rigorous derivation of the
oscillation probability by Eliezer and Swift, Fritzsch and Minkowski, and
Bilenky and Pontecorvo. [Bilenky, Pontecorvo, Phys. Rep. (1978) 225]

1978: Wolfenstein discovers the effect on neutrino oscillations of the
matter potential (“Matter Effect”)

1985: Mikheev and Smirnov discover the resonant amplification of solar
Ve — v, oscillations due to the Matter Effect (“MSW Effect”)

1998: the Super-Kamiokande experiment observed in a
model-independent way the Vacuum Oscillations of atmospheric
neutrinos (v, — v;).

2002: the SNO experiment observed in a model-independent way the

flavor transitions of solar neutrinos (ve — v, v;), mainly due to
adiabatic MSW transitions. [see: Smirnov, arXiv:1609.02386]

2015: Takaaki Kajita (Super-Kamiokande) and Arthur B. McDonald
(SNO) received the Physics Nobel Prize “for the discovery of neutrino
oscillations, which shows that neutrinos have mass”.
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Reconstructed v_energy (CC-like events)
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DUNE: %40%— =ES40A
SN v rates and spectrum &_; v, “ar
- Other experiments rely onv, .

time

capture via inverse [3-decay
o complementarity

« DUNE will be able to
observe the v_ flux through

integrated
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CP violation: matter and antimatter, or a reaction & its CP-conjugate
process, are distinguishable --- coexistence of 2 types of interactions.

Mirror image °

Time reversal
t <& —t

Charge-conjugation

1957: P violation \ /
1964: CP violation

\ -
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