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In order to understand the universe that we live In,
It looks like we'll need to understand the neutrino

Dave Schmitz, Fermilab

Kimy Agudelo’s Motivation!
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YEARS OF ASKING...

Z decay, LEP
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WE KNOW WE DON'T KNOW...

[Symmetry Magazine All Things Neutrino Universidad
Artwork by Sandbox Studio, https://neutrinos.fnal.gov/ del Atlantico
Chicago with Corinne Mucha] VIGILADA MINEDUCACION
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https://www.symmetrymagazine.org/sites/default/files/images/hi-res/NeutrinoArePoster_Final_v2.pdf

#SOMOSUA
Outline

We'll be talking about...

 Whatis a neutrino
* The history
« Some neutrino sources (and experiments)
« Phenomenology
- osclillations — 2 and 3 neutrinos
« Open guestions

- "Nature”

- Masss (scale and ordering)
- Mixture (octant -atmospheric sector-)

- Number of neutrinos (sterile)

o Summary
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HsoMOSUA

What a Nevutrino is

A “definition” and some basic facts
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A neutrinois... #sovosuA

Different ways to define if

Neutrino: Uncharged elementary particle with @
very small mass, that has any of three forms and
that interacts only rarely with othe partficles.

FUNDAMENTAL ABUNDANT

“Every particle and every wave in the
Universe is smply and excifation of a
quantum field that is defined over all space
and time”

OSCILLATING LIGHTWEIGHT

00
DO

[Adapted from: Symmetry Magazine / Sandbox Studio, Chicago]

I. Lancaster, S.J. Blundell

@' Could be the reason why matter exists in
the universe
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https://www.symmetrymagazine.org/sites/default/files/images/hi-res/NeutrinoArePoster_Final_v2.pdf

A nevutrino is...

Some facts about neutfrinos

HsoMOSUA

The Standard Model

ISR —SRiF - Most abundant (massive) particle
matter (fermions) . _9auge bosons
I I I uﬁ% . Some contribution to Dark Matter
5 5
kP =

- Effects on the structure formation of the
universe

A A & - Many sources

Zboson W' boson W boson

Ew XK+
Higgs bosons

(A
strong

DA—7

550\
weak

LT7+2

muon |
neutrino neutring

Higgs boson
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Nevuirinos interact

Within the Standard Model

HsoMOSUA

The Intferactions: neutrino — electron

Ve +€ — UVUe+ €
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Nevuirinos interact

Within the Standard Model

HsoMOSUA

The Cross Section: neutrino — electron
4 )
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Nevuirinos interact

Within the Standard Model

HsoMOSUA

The Interactions: neutrino — nucleon DIS

N\ (py) + N(pn) = 17 (p) + X (px)
N =pn

Quark-Parton Model
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Nevuirinos interact

Within the Standard Model

HsoMOSUA

The Interactions: neutrino — nucleon DIS

[J.A. Formaggio & G.P. Zeller, Rev.Mod.Phys. 84 (2012)]
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Total CC cross section
« QE: Quasi-Elastic \
 RES: Resonance production 10—1 1 10
« DIS: Deep Inelastic Scattering
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HsoMOSUA

Neutrino History

How we goft here...

Universidad
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A historic review

The initial problem

#somosUA

Beta Decay Expectation: ftwo-body decay energy spectrum

(A, Z) = (A, Z+1)+p

0 2 4 6 3 10 12 14 16 18 20 22 24 26

Probability
[(g107) SO 91Ny uoydwio) “H INYHY YILg ‘wneqise|y *1°v]

Beta Energy
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https://hep.uchicago.edu/~mastbaum/compton/

A historic review

The initial problem

HsoMOSUA

Beta Decay Measurement: ftwo-body decay energy specfrume

(A, Z) = (A, Z+ 1)+

— T

F.A.Scott, Phys. Rev.48,391 (1935)

3 12 1A 20 u10°

"Energy is not conserved.” V telectron volts
N. Bohr F1G. 5. Energy distribution curve of the beta-rays.
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https://hep.uchicago.edu/~mastbaum/compton/

A historic review

#SOMOSUA
A proposal

“Dear Radioactive Ladies and Gentlemen”

Physikalisches Institut
der Eidg. Technischen Hochsc Zdrich, lj. Des. 1930
ZQrich Cloriastrasse

ILiebe Radioaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den 121: mldvollst 3
ansuhtren bitte, Ihnen des n&heren aussinandersetsen wird, bin ich - | have done a terrible thing, | have
angesichts der "falschen" Statistik der Ne und Li-6 Kerne, sowie | &
des kontinuierlichen beta-Spektrums auf cinen versweifelten /umieg fl postulated a particle that cannot be

detected.

verfallen um den "Wechselsats® (1) der Statistik und den Energiesats

su retten. MNhmlich die Moglichkeit, es kbnnten elekirisch neutrale e

Teilchen, die ich Neutronen nemnen will, in den ’Kumen existieren,  Welgang Paadi —

welche den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und fgan

‘dheh von lichtquanten wusserdem noch dadurch unterscheiden, dass sie '

mit Lichtgeschwindigkeit laufen. Die Magse der Neutrcnen

von derselben (rossenordmng wie die Elektronermssse sein und
s nicht grosser als 0,01 Protonenmasse.- Das kontinuierliche

ﬂm wire denn verstandlich unter der Amnabme, dass bein

Bota-Zerfall mit dem Llektron jeweils nooh ein Neutron emittiert

wird, derart, dass die Summe der Energien von Neutron und klektron

sdard Al ges., W, Paull

“(...), the possibility that in the nuclei there could exist electrically neutral parficles, which

| will call neutrons, that have spin 1/2 and obey the exclusion principle and that further
differ from light quanta in that they do not travel with the velocity of light.”
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A historic review

The solution

HsoMOSUA

Beta Decay Observation: energy spectrum is continuous!

(A, Z2) = (A, Z 4+ 1)+ B+ 1

— 0+ @

F.A.Scott, Phys. Rev.48,391 (1935)

3 12 1A 20 u10°
V telectron volfs»

[(g107) SSISS 9an>aT UoydWo) "H INGHY YILG ‘wineqiseiy *1°y]

F1G. 5. Energy distribution curve of the beta-rays.
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https://hep.uchicago.edu/~mastbaum/compton/

A historic review

Theory and Experiment

HsoMOSUA

Enrico Fermi

- Effective theory of week interactions

(1934)

- Neutrino (little neufral one) got his
namel

Hans Bethe and Rudolf Peierls
- Cross section calculations (¢ < 107** cm?)

Eitore Majorana
- Neutrinos could be their own
antiparticles (1937)

movsmmre RADIO G RAV M -RADIO G RAMM E ome e

SBZ1311 HW UWls4s FM BZJ1llé6 WH CHICAGOILL 56 14 1310

e T T Frederick Reines and Clyde Cowan Jr.

Stunde - Heure _NAME - NOM-, nach - & Stunde - Heure NAME - NOM

NEWHORK | " o0~ Ieisiteisgramm— e - First evidence of neutrinos (1956) —

o Savannah River Nuclear Reactor Plant

[All Things Neutrino, http://neutrinos.fnal.gov/history/]
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PROF. W. PAUL!

WE ARE HAPPY TO INFORM YOU THAT WE HAVE DEFINITELY DETECTED

< NEUTRINOS FROM FISSION FRAGMENTS BY OBSERVING INVERSE BETA DECAY
10%em ‘GU“T > 10%cm N - o ) -‘ A T .

—\| e, OF PROTONS OBSERVED CROSS SECTION AGREES WELL WITH EXPECTED SIX . .
Gl Universidad
2L AILINECO N Y TIMES TEN TO MINUS FORTY FOUR SQUARE CENTIMETERS 'S1d

I4 = v wz H : i IEMES 1B ) | NUD Ve 1Y VU oWl . Wik del
Fisica ' ¢ N sl AR R AR antco
' $ A FREDERICK REINES AND CLYDE COW® /

\‘ V NG % mm"" VIGILADA MINEDUCACION

= g > S BOX 1663 LOS ALAMOS NEW MEXICO
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A historic review

Theory and Experiment

#somosUA

: " i/\/_ ' . o
Hunting the Neutrino S®EL).  Enrico Fermi
Plan A: Project Poltergeist N~ W - Effective theory of week interactions
' (1934)
- Neutrino (little neufral one) got his
name!

\ P NUC'GE?I’ Los Alamos Science 25 (1997)
/\ explosive
\
\

Hans Bethe and Rudolf Peierls
) o - Cross section calculations (o < 107** cm?)
// \‘// Fireball

T~ - l Hanford Team 1953
. . 4
/

Eitore Majorana
Buried signal line - Neutrinos could be their own
for iggering release ™ antiparticles (1937)

Frederick Reines and Clyde Cowan Jr.
- First evidence of neutrinos (1956) —
Rae L itian From Project Poltergeist 1o the
Suspended N+ 3 Savannah River Nuclear Reactor Plant

detector

[A.T. Mastbaum, 87th Arthur H. Compton Lecture Series (2018)]

Vacuum-

tank Feathers and

foam rubber
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https://hep.uchicago.edu/~mastbaum/compton/

[A.T. Mastbaum, 87th Arthur H. Compton Lecture Series (2018)]
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Neutrino Signature
1l

Flash of light from positron
Neutron bounces around
Nucleus captures neutron
Capturing nucleus emits
gamma rays — second flash!

Neutrino
detector

A historic review

Theory and Experiment

HSOMOSUA

Fred Reines &
Clyde Cowan

Enrico Fermi

- Effective theory of week interactions
(1934)

- Neutrino (little neufral one) got his
namel

Hans Bethe and Rudolf Peierls
. Cross section calculations (¢ < 1074 cm?)

Dept. of Physics, UC lrvine

Eitore Majorana
- Neutrinos could be their own
antiparticles (1937)

Frederick Reines and Clyde Cowan Jr.

- First evidence of neutrinos (1956) —
From Project Polfergeist to the
Savannah River Nuclear Reactor Plant

Universidad
del Atlantico
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https://hep.uchicago.edu/~mastbaum/compton/

A historic review

The recognitions

HsoMOSUA

1988: "for the
neutrino beam
method and the

donsTation s 1995 "for the
o] detection of the
F= structure of the . R
R neutrino.
b | leptons through
/"\ the discovery of
The mmueh
Photo from the Nobel Foundation Photo from the Nobel Foundation Photo from the Nobel Foundation neUTrI no °”
archive. archive. archive. © University of California Regents
Leon M. Lederman Melvin Schwartz - Jack Steinberger Frederick Reines
2002: “for 2015: "for the
pioneering

discovery of
neutrino
oscillations,
which shows
that neutrinos

conftributions to
astrophysics, in
particular for the
detection of

cosmic y
. i o have mass.
: o ‘@?)‘OSLA : ——
DELATLANTICO 7 [ Photo from the Nobel Foundation Photo from the Nobel Foundation © Nobel Media AB. Photo: A. © Nobel Media AB.-Photo: A.
Fisica el archive. archive. | Mahmoud Mahmoud
\\‘V ~gpdc Raymond Davis Jr. Masatoshi Koshiba Takaaki Kajita Arthur B. McDonald
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HsoMOSUA

Neutrino Sources

Where do they come from?

Universidad
del Atlantico
VIGILADA MINEDUCACION
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Where they come from

Sources

HsoMOSUA

- Many sources

1018 [ | | | | | l | | | | | l | | | | | l | | | | | | ]
1012 =
Reactor 'w 108E E
% - 3
Accelerator € 100F E
Terrestrial g 1 - F :
Borexino . > -6 E E
ssm——— Cosmic Q, 107°F 3
Atmospheric S F 3
E 10 - > Atmospheric E
- L -
- e 2 107" “\ 3
H - IceCube O Lo -
E PGy S j0#E > lceCube data 3
.- | - INO/ICAL CD - \\ (201 7) b~
. Hyper-K Z i N ~/ =
B|g Ba ng LAGUNA 10_30 = 4 F
: Cosmogenic—N
PTOLEMY 10—36 C | | I | | I | | I | | I | | I I I I I I I I I -
107° 1073 10V 10° 10° 10° 1012 10" 108
10"  107? 1 10 10* 10° 10®° 10° 10” 10" 10° 10" Energy E [eV]
[J.L. Hewett et al., arXiv:1401.6077 (2014)] Neutrino Energy (eV) [E. Vitagliano, I. Tamborra, G. Raffelt, Rev.Mod.Phys.92 (2020)]
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Sources

Where neutrinos are produced

HsoMOSUA

Atmospheric Neutrinos

Cosmic rays: protons (other heavy nuclel)

-

Inferactions with the nuclel in the atmosphere

Universidad
del Atlantico

VIGILADA MINEDUCACION
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https://doi.org/10.2183/pjab.86.303

Sources

Where neutrinos are produced

HsoMOSUA

Atmospheric Nevutrinos - Flux Measurement

Flux is measured by detecting charged leptons

sub

- through-going Vl N — l— X Dl N —7 l+ X (l — 67 /“l'7 T)

\ muons

Contained Events: neutrinos inside the detector

Stopping Muons: fracks of muons stop in the detector
from neutrinos in the rock outside the detector

5
<
o
S
S
S

/ ’ \ stopping
! 1\ muons
| /.’ EUNEAN
.-"L/ /’ RN Through-Going Muons: fracks of muons fraverse the
AN SN
I/I | IIIIIL‘: {

detector from neutrinos in the rock outside the detector

/ . N N
U/IIII' | \I"I--I.LI.LI| \T\I-H-I-LI.L| 1 11 LLIIJJ\ + LIl
10 7 109 107 10°
E.,, GeV

0

[C. Giunti & C.W. Kim, Funds. of Neutrinos Physics and Astrophysics (2007)]
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Sources

Where neutrinos are produced

HsoMOSUA

Atmospheric Neutrinos

* g S5 ¥

[38ed swioy apueyjolwey-1adns]
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Observes neutrinos using a huge water tank with
~13000 PMTs.

A S YRS eSS When a neutrino enters the detector and ldlrllij_\{elrsidad
e W ( _ ] . . : : el Atlantico
Fisica’ g . [Super-Kamiokande home page] iInteracts with water, Cherenkov light is emitted.
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https://www-sk.icrr.u-tokyo.ac.jp/en/sk/
https://www-sk.icrr.u-tokyo.ac.jp/en/sk/

Sources

Where neutrinos are produced

HsoMOSUA

Atmospheric Neutrinos Kamiokande and Super-Kamiokande

NEUTRINOS FROM SUPER-
Neutrino \ Neutrino & % COSMIC RADIATION KAMIOKANDE
KAMIOKA, JAPAN
&) COSMIC
Nucleus @ 'O © v RADIATIOR
- Electron h Y & .

PROTECTING
_g— 1000 m ROCK
N ‘ :, \ I
Muon orElectron ’ ' 4 ; Muon-neutrinos
: ' ‘.' : give signals in
‘ — the water tank.
Cherenkov light Cherenkov light o Muon-neutrinos T
- arriving directly —~——
' from the \
Cerenkov / stmosphere —~
radiation 40 m
cone Light detectors

MUON- measuring Cherenkov
v NEUTRINO radiation
a Muon-neutrinos
..... that have travelled
"V" o through the Earth
H Electron Electron C
Muon Muon neutrino shower [C. Giunti, Accademia delle Scienze (2019)] CHERENKOV
neutnno RADIATION

Observes neutrinos using a huge water tank with ~13000 PMTs.
When a neutrino enters the detector and
iInteracts with water, Cherenkov light Is emitted.

Universidad
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Sources

Where neutrinos are produced

HsoMOSUA

Evidence for neutrino emission from the nearby active
galaxy NGC 1068

ICECUBE COLLABORATION*T, R. ABBASI, M. ACKERMANN, J. ADAMS, J. A. AGUILAR, M. AHLERS, M. AHRENS, J. M. ALAMEDDINE, C. ALISPACH, [...], AND P. ZHELNIN

Atmospheric Neutrinos lceCube

SCIENCE - 3 Nov 2022 - Vol 378, Issue 6619 - pp. 538-543 - DOI: 10.1126/science.abg3395

L ICECUBE er——

Neutrino Neutrino
y loum PoLeE Ntnmauu Dmm-mv ]
50m
Nucleus = o |
. Electron
Muon or Electro.n:’; ) A
: / Amundsen-Scott South
| | Pole Station, Antarctice
"\ 4 IceCube Laboratory Hit gs&nﬁeuom& A National Science Fou
\ . ,r'/ Data is collected here and H ? apa managed research facili
: ‘ sent by satellite to the data e | W -
Cherenkov light Cherenkov light warehouse at UW-Madison | T
Cerenkov
radiation

cone

(-

Digital Optical

4 A . ’ ' 11
g |
LI, . 60DOMs
U N, on each
| string
' 1
DOMs S 2
are 17 _[
meters ,
apart

v Module (DOM) 2450 m |
L Electron Electron deployed in the ce &
Muon neutrino shower Antarctic bedrock v
neutrino
) IceCube (Very) High energy
,)4‘\\ g, " neufrinos — Source searches Universidad
\ Fisica /- ‘ hitps://icecube.wisc.edu/ del AﬂfmUC?
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https://icecube.wisc.edu/

Sources

Where neutrinos are produced

HsoMOSUA

Atmospheric Neutrinos lceCube

|I3E|3UBE

S0t POLE ISELMIUING DiFEsERVATTURY

Evidence for neutrino emission from the nearby active _ ,
ga [ axy NGC 1068 : _— SR -f'°—-':—":';:'i::::i-:-:-

ICECUBE COLLABORATION*t, R. ABBASI, M. ACKERMANN, J. ADAMS, J. A. AGUILAR, M. AHLERS, M. AHRENS, J. M. ALAMEDDINE, C. ALISPACH, [...], AND P_ZHELNIN

+376 authors Authors Info & Affiliations

Amundsen-Scott South
SCIENCE - 3 Nov 2022 - Vol 378, Issue 6619 - pp.538-543 - DOI: 10.1126/science.abg3395 " 86 strings of DOM: Pole Station, Antz
:o , ,. - ~
IceCube Laboratory 'sét']"zsnﬁ'eters ap;rit A National Science Fou :
ni managed research facility

1

| | 60 DOMs
on each
string

Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

+7 56"

-
- -
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1
i

‘ DOMs
arel7 __ ‘
H meters ;
1EEDL D L

_.'-@-,"---,-. _______ NN AN R
5D o A S XS, R T A
' ' ' O -NGc 1068

apart A

........... D e B I R PP P O BT Digital Optical
' Module (DOM) 2450 m
Oh 5,160 DOMs =)
! ; ! ! Antarctic bedrock v
1 3 o /
_LOG1O(’OLOCAL)

IceCube (Very) High energy
neutrinos — Source searches

hitps://icecube.wisc.edu/
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https://icecube.wisc.edu/

Sources

Where neutrinos are produced

HsoMOSUA

Solar Neutrinos

Density (kg/m3)

Sun powered by thermonuclear reactions:

Neutrinos
pp chain — CNO cycle

[Andromeda Geek (2015)]

“Dhotons 4p—|-2€_ —)4He—|—2Ve—|—Q

........
s LAY e e

e L

The Sun with
nevirinos

NTICO

Xy &
LILU @
A 2
{ H
W 10 cm-L 4
- 107cm” Vel
o

/" DELATLA

Universidad
del Atlantico
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https://andromedageek.wordpress.com/2015/02/28/how-does-the-sun-shine-part-4-the-solar-neutrino-problem/

Solar Neutrinos

opP chain

p+p— H+e" +rve

Sources

Where neutrinos are produced

CNO cycle

99.6%

85%

SHe + 3He — *He +2p

p+e +p—H+wve

H+p — 3He +

15%

A

HsoMOSUA

0.4% T

BN — BC 4 et + v,

(13N)

PN +4p — C + *He

|

T 99.9%

2 x 107°% (150) | 150 — BN + et + 1,

|

SHe +p — ‘He 4+ et + v,

[

“N+p—"0+7

ppl

SHe + He — "Be + vy

PN+p— 10 +y

99.87%

|

|

Be+e — "Li+ v,

Y

Be+p—B+7y

160_'_])%17];‘4_,}/

|

Li+p— 2%He

y

ppll

|||||

B — ®Be* 4+ et + v, ((®B)

Y

8Be* — 24He

pplll

[C. Giunti & C.W. Kim, Funds. of Neutrinos Physics and Astrophysics (2007)]
M.A. Acero Ortega
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Solar Neutrinos Fluxes according to the SSM

(cm? s MeV-)

Neutrino Flux
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Sources

Where neutrinos are produced
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Borexino
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B I Super-Kamiokande
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<
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Neutrino Energy (MeV)

[A. Gallo Rosso et al., Eur.Phys.J. Plus 133 (2018)]
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HsoMOSUA

The experiments

Liquid Scinftillator Detector

Radioactive Experiment

Water Cherenkov Detector
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Sources

Where neutrinos are produced

HsoMOSUA

Solar Neutrinos Borexino

. NEUTRINOS FROM SUDBURY NEUTRINO OBSERVATORY (SNO)
Borexino Detector THE SUN ONTARIO, CANADA
External water tank — tainless Steel Sphere PROTECTING ROCK
Nylon OUter VGSSE' Electron-neutrinos

are produced in the Both electron neutrinos

2100 m

Ropes NYIO“ Inner Vessel alone and all three types of

\ ‘ . . solar core. : A
N -~ FIdUCIal Volume neutrlnos together give sig
2 nals in the heavy water tank.
Internal V/ _
PMTs — - \/
h \J

\
\

I Scintillator |

\

SNO - CHERENKOV W™
RADIATION

Steel plates
for extra
shielding

[The Borexino Coll., NIMA 600 (2009)] [C. Giunti, Accademia delle Scienze (2019)] HEAVY
WATER
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Sources
#SOMOS UA

Where neutrinos are produced

Solar Neutrinos Borexino

Borexino Detector

External water tank —,, tainless Steel Sphere

Nylon Outer Vessel
Nylon Inner Vessel
4% % ¢
AP S
N
N
~ - ~ 6
7 N
fer/ 7 \ ’ v
/ \

Fiducial volume
I Scintillator |

Ropes

—

Internal
PMTs

Steel plates
for extra
shielding

[The Borexino Coll., NIMA 600 (2009)]

VIl UniAndes SPP,

[The Borexino Coll., Nature 587 (2020)]
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Sources

Where neutrinos are produced

HSOMOSUA

Reactor Nevutrinos Electron antineutrinos: beta-decay chain of the fission products

Tritium Helium -3

atom
atom quarks

neutron neutron

. electron _T_ +

u proton

@ v -
—-_—

www.nuclear-power.net

electron antineutrino

T @ T @

&

[K. Wright Physics 13 (2020)]
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Sources

Where neutrinos are produced

HsoMOSUA

Reactor Nevutrinos Electron antineutrinos detection: inverse neutron decay

Scintillator coupled to photomultipliers

Visible Energy E, + m,, and the positron annihilates
with a surrounding electron.

o - Positron e* ™
Events vs. Background: Coincidence Flux of Y, Neutron n’ ‘s Elactron e
» Prompt positron signal ekl = B
» Neutron nuclear capture (delayed) power plant Ll Proton p* =, Yf il
y ray photon ' an hilat
. . . o e’ annihilation
Neutrino — Posifron energy relation n capture

E,=FE.+T,+my, —m, ~FE,+1.293 MeV

Water with CdCl,

Threshold energy
2 2 0 i
(mn T me) —m Scintillator coupled to photomultipliers

th
Eth = P~ 1.806 MeV
2my,
VEP et n
s RO 1BEd = HEd™ — M4 d 3 Y
> et 4 e—>2y
TN . [S. Cebrian, Science in School 19 (2011)] UIliVGI‘,Si d.a d
_Fisica /& del Atlantico
Y= — WE VIGILADA MINEDUCACION

www.uniatlantico.edu.co
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https://www.scienceinschool.org/article/2011/neutrinos/

Sources

Where neutrinos are produced

HsoMOSUA

Reactor Neutirinos Some experiments (4 B
4 3
. 3
Flux measurements compared to expectation S
o ILL 1.2+ % 9
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Fisica' & & del Atlantico
] n v& e VIGILADA MINEDUCACION

VIl UniAndes SPP, 37 M.A. Acero Ortega www.uniatlantico.edu.co



Sources

Where neutrinos are produced

HsoMOSUA

Reactor Neutrinos Some experiments (4 B
- &
: 3
Flux measurements compared to expectation S
o KamLAND 1.2 o
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Sources

Where ne

Reactor Neutrinos Some experiments

Flux measurements compared to expectation
o Daya Bay

Electron Antineutrino disappearance!

HsoMOSUA

utrinos are produced

» "‘
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http://neutrinos.fnal.gov/sources/reactor-neutrinos/
https://arxiv.org/abs/2211.14988

Sources

Where neutrinos are produced

HSOMOSUA

Reactor Nevutrinos Flux around the World

An important tool for the control of
Nuclear Proliferation

(Inter)National Security

Colloguium: Neutrino detectors as tools for nuclear security

Adam Bernstein, Nathaniel Bowden, Bethany L. Goldblum, Patrick Huber, Igor Jovanovic, and John Mattingly
Rev. Mod. Phys. 92, 011003 — Published 12 March 2020

[Review of Modern Physics (2020)]

Neutrino-Based Tools for Nuclear Verification
and Diplomacy in North Korea

Rachel Carr %, Jonathon Coleman, Mikhail Danilov, Giorgio Gratta, Karsten Heeger, Patrick Huber, ...showall
Pages 15-28 | Received 19 Dec 2018, Accepted 06 Mar 2019, Published online: 05 Jun 2019

[S.M. Usman et al., Scientific Reports (2015)]

7 NuTools

Exploring Practical Roles for Neutrinos
in Nuclear Energy and Security

[Nu Tools Executive Group, 2112.12593 (2021)]

[Science and Global Security (2018)]
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https://www.nature.com/articles/srep13945
https://arxiv.org/abs/2112.12593

Sources

Where neutrinos are produced #SOMOSUA
Accelerator Neutrinos Different ways to produce neutrinos
rm-* — ,{m* + v, == = pu + y, N
Pion Decay In Flight (DIF) l ! Typical Energy: ~1 GeV
CDHSW, CHARM, LSND, NuTeV L
et + v + 7, e” + e+ v,
Muon Decay at Rest (DAR) uwt et v+, Typical Energy: O(10') MeV

LSND, KARMEN

Beam Dump Typical Energy: O(10%) GeV

CDHSW, CHARM

-

Short Baseline (SBL)
O(10'=10%) m
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Sources

Where neutrinos are produced

HsoMOSUA

Accelerator Neutrinos Different ways to produce neutrinos

r’ﬂr* —ut+ Yy |7~ = po+ vy
Pion Decay In Flight (DIF) l ! Typical Energy: ~1 GeV

@"‘F + Ve + 17,”, e + V. + Vi ' ?OVA Far Detec:co[’__:('_éillgjyer, MN)

g MINOS Far Detectot{Soudan, MN).

~—

Long Baseline (LBL)
O(10%2-103%) km

ICRR, Univ. of Tokyo KEK / JAEA

b e
|/

SUper-Kamiokande_ [

O'Milwaukee

Mt. Ikeno-Ya
1,360 m

1,700 m below sea level

Neutrino Beam
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Sources

How neutrinos are produced

HsoMOSUA

Accelerator Neutrinos Producing a neutrino Beam

Caution: nothing is drawn to scale!

Protons ‘
Positive-Charge Pions ..

Antimuons and leftover
Pions/Protons

o® o *
Protons Neutror‘zsﬁ
#® - m
® &
©
Magnet

Target A positively charged pion will Neutrino Beam
' _ ’ spontaneously decayto Heading Toward
Negative-Charge Pions a neutrino and an antimuon Distant Detector

— "’ -—__'* ‘
M. Strassler 2011 ® ™ 0

M. Strassler 2011

[M. Strassler, Of Particular Significance (2011)]
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https://profmattstrassler.com/2011/09/23/how-to-make-a-neutrino-beam/

Accelerator Neutrinos

Sources

How neutrinos are produced

HsoMOSUA

Decay Pipe

Target Focusing Horns
—\-;- e ——— e
p
— NOvVA Simulation
O T T 1T T T T ]
8 | Neutrino Beam NOVA Far Detector
= s Flux 1-5 GeV ~ —
X
w | 96.3% v, i
> | 2.5% 9, !
Q) 5 — .
4 1.1% v +V,
(- = .
ke p "
¥ I :
c 2 —
2l ) -
o e + v+ 7y -
O | . J |
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Neutrino energy (GeV)
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Producing a neutrino Beam (in NOVA)

Target Focusing Horns Decay Pipe
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NOVA Simulation
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Sources

A special experiment

HsoMOSUA

Accelerator Neuvutrinos NOVA
NOvA Simulation
 FLUKA11 — On-Axis ]
15 — 7 mrad Off-Axis |

| = 14.6 mrad Off-Axis (NOvA) ]
— 21 mrad Off-Axis

10— —

v, CC / 6E20 POT / kton / 0.1 GeV
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More Experiments

Currently taking data

HsoMOSUA

A long list of experiments studying neutrinos and related physics

 ATmospheric

« Solar

« Reactor (SBL and LBL)

« Accelerator (SBL and LBL)
« QvBp-Decay

* Astrophysics

« Supernova

Hg TARGET

SHIELDING MONOLITH

SANDIA Csl NIN Cubes
CAMERA

1@t

COHERENT CEVNS
Science 357 (2017) 6356, 1123-1126

Universidad
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CENNS-10
(LAr)

SCIBATH

http://www.nu.to.infn.it/exp

CONNIE CEVNS from reactor neutrinos
Phys.Rev.D 100 (2019) 2, 092005

- .
PR 0%


http://www.nu.to.infn.it/exp

More Experiments

Currently taking data

A long list of experiments studying neutrinos and related physics

- Atmospheric L ~Cooling system
« Solar n
« Reactor (SBL and LBL)

« Accelerator (SBL and LBL)

 QvBp-Decay +
» Astrophysics T
« Supernova 1
-
http://www.nu.to.infn.it/exp
-~

BEST Sterile neutrino Ga Anomaly
Phys. Rev. C 105, 065502 (2022)

VIl UniAndes SPP, 47 M.A. Acero Ortega

HsoMOSUA

Neutrino-4 Sterile neutrino RAA
A Serebrov et al 2017 J. Phys.: Conf. Ser. 934 012010
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http://www.nu.to.infn.it/exp

More Experiments

Currently taking data

HsoMOSUA

A long list of experiments studying neutrinos and related physics

iﬁd-

ﬁ Pulse Tube
Dilution Unit

« Atmospheric
« Solar L ]1

. Reactor (SBL and LBL)

« Accelerator (SBL and LBL) 1K

« QvBp-Decay 300mK —

» Astrophysics TZ:E:

« Supernova Modern

hitp://www.nu.to.infn.it/exp Eiig N
HHE

KATRIN Absolute mass scale of neutrinos |

Roman https://www.katrin.kit.edu
Lead

CUORE Ovpp-Decay

11111

0 S Nature 604, 53 (2022 : :
ST R Y hitps:// | o f) it/en/ Unversidad
F|5|ca / ps://cuore.Ings.infn.it/en del Aglma?gg?
w7
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http://www.nu.to.infn.it/exp
https://cuore.lngs.infn.it/en/
https://www.katrin.kit.edu/

More Experiments

The Future

HsoMOSUA

See Deywis Talk
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DUNE Mass hierarchy — Oscillations — Supernova — Atmospheric — Solar —

SBN @ Fermilab Neutrino properties

Exotic searches — Proton decay studies httos://sbn.fhal.aov/sbn-about html
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Hyper-K CP violation — Solar — Supernova
https:.//www.hyperk.org

JUNO Mass hierarchy — Oscillations — Supernova -
Atmospheric — Solar — Geo — Exotic searches
PoS NuFact2021 (2022) 005
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https://sbn.fnal.gov/sbn-about.html
https://www.dunescience.org/
https://www.hyperk.org/

HsoMOSUA

Nevuitrino

Phenomenoloc

Some aspects...
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Nevuirino Oscillations

The 2-neutrino approximation (vacuum)

HsoMOSUA

®

'~ sin®

cosfio sinfq- 1
—sinf{o cosfqo Vo

Flavor states Mass states

(CAZONE
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P(ve — vy,)
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4F
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Nevuirino Oscillations

. | | HsoMOsUA
The 2-neutrino approximation (vacuum)

Am3, [eV?]L[km]

. 2 . 2
e T e ™ V) = sin 20’ | 12T )
Va Vg 2N T R T I R A A AT
(Py, ;ML) 7 \\ T AR T R T
08 |- / \\ A L R I
| I fiiiiiiiliiii§§iiiiiiii;;iiiiiiiiiiiiiiiiiiiiiiiiiiiiﬁiiiiﬁi.l
oo | BRI Type of experiment L 5 Am?
SN R sensitivity
s | W RN E R Reactor SBL T10m  ~1MeV  ~0leV?
| \ LU e Accelerator SBL (Pion DIF)  ~1km  2>1GeV > 1eV?
AV ':5 : ':E : EI! Efiiiiiiiii Accelerator SBL (Muon DAR) ~10m ~ 10 MeV ~ 1eV?
02 | o | o | ; l:f ':I,: b i ':E :.“ Accelerator SBLL (Beam Dump)  ~ 1km ~ 10% GeV ~ 102 eV?
\\ j '\‘ | ¥ |‘. | ::f ! "'i Reactor LBL ~ 1 km ~ 1 MeV ~ 103 eV?
. o B ! S j | Il“u," o | Accelerator LBL ~ 10° km 2> 1GeV >1073eV?
0.1 I 10 ATM 20-10*km  0.5-102GeV ~ 10~*eV?

Am’ [eV?] ( L/E ) [m/MeV] Reactor VLB ~102km  ~1MeV  ~ 10-5eV?2
Accelerator VLB ~ 104 km > 1 GeV > 10-4eV?
SOL ~ ][011 km 0.2-15MeV ~ 10—12 evZ

[C. Giunti, C.W. Kim, Fundamental of neutrino Physics and Astrophysics (2007)]
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Nevuirino Oscillations

| #somosUA
The experimental results

The experimental results
. Solar (SNO, Borexino, Super-K, GALLEX/GNO, SAGE, 2 -5 2

Kamiokande) Sy Ar'n’Sol ~ 7.42 x 10 eV

e y V'T . |
H sin? Og,) >~ 0.30

. Reactors (kamLAND, Daya Bay, RENO, Double sin? ORea > 0.02

Chooz)

I/_e % 17“ : 177-
[NUFIT 5.1 (2021)]

: A’rmorpheric (Super-K, Kamiokande, IMB, MACRO,
Soudan-2, lceCube) B B 9 _3 9
V,, — VUr, Uy — Ur Amiye, >~ 2.51 x 1077 eV

sin? Ga¢m >~ 0.45

S OTUCIONG
. . 4@ ",:,’ “\‘\b:
Umiversidad | el
N,
del Atlantico | AW
VIGILADA MINEDUCACION . <&
016 207

. Accelerators (k2«, MINOS, 12K, NOVA, Operal)
V“ % V@,T71/_/1: % 176,7-
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http://www.nu-fit.org/

Nevuirino Oscillations

The other experimental results

The 3-neutrino model
Only 3 neutrinos conftribute to the Z width
> 3 heutirno families are connected to

the weak interaction

Number of light neutrino species:

N, = 2.9840 = 0.0082

VIl UniAndes SPP,

54

HsoMOSUA

—
-
=
el
E
=

B 30
20

10

¢ average measurements,

2V

ALEPH
DELPHI
L3
OPAL

error bars increased
by factor 10

[(9007) Lz¥ 3day *sAyd “|e 32 [aeys °S]

M.A. Acero Ortega
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Neutrino Oscillations

The 3-neutrino mixing

HsoMOSUA

The (real-life) 3-neufrino model

1
l .) R( .7 ‘) - R(012) | 2 )
Mixing matrix V3

Mass eigenstates
(propagation)

0 COS (912 Sin (912 0

COS 923 sin 653 R(612) = —sinfio cosfio 0 -

—sinfy3  cos fs3 0 0 1 Solar

L AVTUCION,
. . :1".
Unuversidad | 44 :
Ve =1y %
del Atlantico | M
VIGILADA MINEDUCACION A -
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Neutrino Oscillations

The 3-neutrino mixing

HsoMOSUA

The (real-life) 3-neutrino model 9
2
. - .my L
Vl PVa—)V5 E :U,Bk; eXp ( [ zkE ) Uak
= W

T
= U P Amj; L

V3 ZU;kU,BkUajUEj eXp ( O

k,)

(" 9,, = 33.44° )

Am2, =25 x 1073 eV?
013 = 8.57° .
BN

923 S— 49.20 Am%l = 7.4 % 1072 eV?

;ﬁ %T A . . oec\ \\k‘
3 ~ 3 08 OF LA Fg, 2 y A\
T TN AR K( miversidad | £

| F:’ASIc; - [I. Esteban et al., JHEP 09 178 (2020)] del Atlantico "
- - Diz [NUFIT 5.0 (2021), http://www.nu-fit.org|/] VIGILADA MINEDLCACION e
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Neutrino Oscillations

The 3-neutrino mixing

HsoMOSUA

All this comes from the neutrino evolution:

Holvi) = Brlve), |va) =Y Ui lvi), Ex=1/p?+m]
Vacuum Hamitonian .

But neutrinos intecact with matter

H="Ho+ Hj, H1|Va> =Va|l/a>

Effective potential

Va — VCC(Sae + VNC — \/§GF Ne(sae — _Nn

cﬁ\waoﬁ Ap,
Universidad | fwen k)
S =Y w8
del Atlantico | \&#E
VIGILADA MINEDUCACION - o
019 200307

g > —~— DE LA £,
o : " - 102 VAP NS “q, 0mem
/ : AD ?9 £
/" DEL ATL. \ Ly

: JEL ATLANTICO
o = rd — L - :  , e .2 H
Fisica €
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Nevuirino Oscillations

The 3-neutfrino oscillations in matter

HsoMOSUA

Evolution in matter is governed by an effective Hamiltonian

1
H UM2UT + A
F = 2E ( -+ )
0 O 0 Ace 0 0
0 O Am2, 0 0 O

Leading to the well-known Mikheev-Smirnov-Wolfenstein (MSW) effect

11111

SUUCONG

. . oe “;f\{y

Sy = .

Universidad | ffrem R

7 v @ § B

del Atlantico | N\&#-
VIGILADA MINEDUCACION “
019 2022

DEL A 1CO -
F|5|ca -

" " T e
N
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HsoMOSUA

Open questions

We don’t know it all, yet

Universidad
del Atlantico
VIGILADA MINEDUCACION
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How relevant these questions are?

Ask an average ‘“hardcore” BSM folk:
Neutrino physics is done, these questions are

marginal (irrelevant), in the best case
[D. Aristizabal,

VIl COMHEP
(2022)]

Ask an average ‘“hardcore’ neutrino folk
These questions are of the upmost relevance
In particle physics (physics)

Open questions

We don’t know it all, yet

VIl UniAndes SPP, 60 M.A. Acero Ortega
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Nevuirino Oscillations

Parameter values

HsoMOSUA

The (real-ife) 3-neutrino model — Not all is well known, though.

Ve 4
vl | = R - R(«913,) - R(012) | |2
Vs 3

Universidad | ffeem)
del Atlantico | N\&QE

IIIIIIIIIIIIIIIIIII
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Neutrino Oscillations

Parameter values

HsoMOSUA

The (real-ife) 3-neutrino model — Not all is well known, though.
Ve 4

V,, — R

Is 8.,/m non-integral?

Is there o symmetry governing the vp/vT

@ mixing into the 2"° and 3 mass states?
i.e.is 6,, ‘'maximal”’ = 45°7?

®

If it is, neutrinos — and thus leptons —
violate CP symmetry.
Related to wider matter/antimatter
asymmetry in universe???

A| Universidad | 4
W, del Atlantico
ON

IIIIIIIIIIIIIIIII

[J. Wolcott, Fermilab W&C (2020)]

......

;;;;;
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Neutrino Oscillations

Parameter values

HsoMOSUA

The (real-ife) 3-neutrino model — Not all is well known, though.

= R(023) - R(013{0cp) - R(012)

Maximal Mixing¢ CP violation

@ Is there a symmetry governing
the ordering of the lepton mass states?

Is the most electron-like state the lightest one,
like with the charged leptons?

[J. Wolcott, Fermilab W&C (2020)]

A0=cm

niversidad
del Atlantico
VIGILADA MINEDUCACION
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Nevuirino Mass

It's light but, how much?@

HsoMOSUA

Not all is well known.

V,u — R( y R(elg,) ° R(ng)

V- Maximal Mixing? CP violation

Universidad
del Atlantico
VIGILADA MINEDUCACION
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Nevuirino Mass

It's light but, how much?@

HsoMOSUA

Not all is well known.
Beta Spectrum

Number of electrons

Energy

N Endpoint of
spectrum

A0=cm

Universidad
del Atlantico

www.uniatlantico.edu.co
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Nevuirino Mass

It's light but, how much?@

HsoMOSUA

Not all is well known.
e a3 il
‘ ) , | electron
. : 2: § m’i:so f encidy 1857380_ — —,—T".'...II. S ES I.Il."‘.'—l =
3 18573.75¢ 1= —
i _— El
Energy — "y I ] —— 2
specrum > 18573.70} -
n | S | =
o) ~ Spectrum 15t campaign W 18573 650 == 2
= 1014 with 1 o errorbars x 50 : 1= o
) ; h N
2 Spectrum 2" campaign - I 5
o with 1 o errorbars x 50 18573.60¢ ]
+ 100 E - .
C : | | |
3 f t
@)
10—1 ' I T T . - T u 1 | T T
B 2 5 :by & ]
n ] . .$ * ®
(_U O O__'.. *%s ° .."_. °
S IO I
o —2.54 + Uniform Stat. ' Stat. and syst.
m d J | J : ; : | : J J ! | ! . . é@;TUC'O e,
0 50 100 Universidad

del Atlantico

VIGILADA MINEDUCACION

Retarding energy — 18574 (eV)

ER o
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Number of neutrinos

Are there more flavor neufrinos?@

HsoMOSUA

Not all iIs well known

4
— R( ' R(¢913, ) ' 3(912) P,
Maximal Mixing? CP violation VB

Absolute neutrino

- MAQAsSsSe
30 ALEPH

DELPHI These are
L3 ° °
OPAL neutrinos which

| ¢ average measurements,

error bars increased
by factor 10

feel the week
nuclear force.
Couple to the /
boson.

Universidad
del Atlantico
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Number of neutrinos

Are there more flavor neufrinos?@

HsoMOSUA

Not all iIs well known

4
— R( ' 3(913, ) ' 3(912) P,
Maximal Mixing? CP violation VB

Absolute neutrino
MaQAsse

Am” (eV?/ch

Signals of the
existence of
(a) sterile
Nneutrinose

W 90% (L L <223)
99% (L)L < 4.6)

i llllH‘ | | llllH‘ | | llllll‘ | | I I |
10 _3 _2 _
10 10

max

Universidad
del Atlantico
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Number of neutrinos

Are there more flavor neufrinos?@

HsoMOSUA

Not all iIs well known

— R( ' R(@lg, ) ' R(@lg) 1%

Maximal Mixing? CP violation VB

Absolute neutrino
MaQAsse

Argiielles et al. 2021

MiniBooNE
\, - lo

Signals of the
existence of
(a) sterile
Nneutrinose

MicroBooNE 3¢ . \\\\ B
_ Inclusive OPEEA 35 \i\\\%
10_2' — CCQE U . d d
. niversida
104 107® 10-2 101 1 del Atlantico
Sin2 (249“3) — 4|Up,4|2|Ue4|2 VIGILADA MINEDUCACION

nnnnn
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Number of neutrinos

Are there more flavor neufrinos?@

HsoMOSUA

Not all iIs well known

4
— R( y R(@lg,) ' R(@lg) 1%
Maximal Mixing? CP violation VB

Absolute neutrino

. . -
More interesting results Masss

which don't fit in a 3v

ramework: Signals of the

existence of
(a) sterile
neutrinose

Reactor Antineutrino
Anomaly
Gallium Anomaly

10%em . .
) White paper: 2203.07323
107cm V&;j“\*,.osnzLA:,,,,‘_“Ye | -

_xVIuCio, V.
. . 7
Universidad | {zon B
del ] g
el Atlantico | S\
VIGILADA MINEDUCACION A Sy -
19 20
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https://arxiv.org/abs/2203.07323

Nature of neutrinos

Dirac or Majoranazs

HsoMOSUA

Not all iIs well known

V| | = R( | 3(913,) - R(bh2) | |

VT Maximal Mixing? CP violation VB
Only 3 Absolute neutrino
Flavors? Masse

How do we know?

Universidad | fmmh
del Atlantico | NA\&/
VIGILADA MINEDUCACION i >
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Nature of neutrinos

Dirac or Majoranazs

HsoMOSUA

Not all is well known

How do we know?@

Double beto
Decay with
and without
Nneutrinos

> >
A 7N 2n — 2p + 2e + 20, 2n — 2p + 2e I({rlnver,&d,ad
sica /@ el Atlantico
7 g
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Nature of neutrinos

Dirac or Majoranazs

HsoMOSUA

Not all is well known

Are neutrinos - DIrac

thelr own How do we knowe

antiparticlee 1) — 1 Majorano

Arsenic
76 A
33435
Double beta |
[ )
Germanium
Decay with o 7056
° e
and without 32 347
[ )
neutrinos : 190
Selenium 32 protoni + 42 neutroni
> Y,
768 .. . .
340C [C. Giunti, Accademia delle Scienze (2019)]
SN 7N Universidad | g
Fisica & del Atlantlco s
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Nature of neutrinos

Dirac or Majoranazs

HsoMOSUA

Not all is well known

Are neutrinos 17 # 1/ Dirac

thelr own How do we knowe

antiparticlee - Majorana

5Ge — 8Se +2e”

Arsenic
76
Double beta | B
Decay with enmaniun, \\ R
and without 52010 "
nheutrinos ) 42 n
Selenium 32 protoni>+ 42 neutroni )

[C. Giunti, Accademia delle Scienze (2019)]

Universidad | g
del Atlantico | N\&:
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Nature of neutrinos

Dirac or Majoranazs

HsoMOSUA

llllllllIlllllllllllllll]lllllllllllll]llll—

Not all is well known EI;SGG 2vBB

Are neutrinos ]7 # 1/ Dirac

fheir own
antiparticlee 17 — 1 Majorano

[(610T) 9zudIdS 3PP ElWRpPEIDY ‘iuUNID ]

Double betao

. 76 76 — —
DeCOy with 32Ge — 3489 +2e + 20,
Nnd without -
and : 9Ge — 18Se +2e
NEUTrNos

> Universidad
e ) del Atlantico
- : B %;:: ‘a. VIGILADA MINEDUCACION
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Nature of neutrinos

Dirac or Majoranazs

HsoMOSUA

Not all is well known

— E(a) Singles Data Total 136Xe 0vpBp (90% C.L. U.L.)
Are neutrinos I/ # l/ .. (e Total (Ovff U.L.) —-— Carbon spallation + '*"Xe
: 4 136Xe 2upp Xenon spallation products
their own > 10%,
: : o — = L Internal RI
L3
anfiparticles 7, — 1/ > BT -~~~ IB/External RI
— T2 i Solar neutrino ES+CC
) a8 ¥ .
O. 1 O = J-l -" P P i = 1 + Data
< = = I ST
E - | - E L. M +
C L b } gt AT g
m - (36 1 56) meV > = | w‘|. i. +;f, --------- i 11
,3 ,3 y (1] 100 : . FIERRT . Ih 2
[KamLAND 2203.02139 (2022)] | - ot 1? = i~ . -| 1
T e H| 0 1 “IH
N | R R R R T A T L]‘LT—""'T- P B L
| £ 3 4
Visible Energy (MeV)
D W 3 Universidad w
Fisica/ € & del Adantico | NNELE
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https://arxiv.org/abs/2203.02139

As a summary... HeoMosUR

FACTS:

» Neutrinos exist and are massive!

» Neutrinos oscillate (and we understand the

v SRS chenomenon rather well).

' E‘?ﬁ:,ﬁfﬁ;ﬁ! « There are many neutfrinos and sources: we can
' ' study them with several beautiful experiments!

Exciting questions! Important implications!
Are there symmetriese

 How many flavors?

 Whatis the mass, and which is the lighteste
* Dirac or Majorana?

CTUCIONEn.
S
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THANKS!
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GRACIAS!
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Sources

Where neutrinos are produced

HsoMOSUA

Reactor Neutrinos Electron anfineutfrinos detection: inverse neufron decay -~
~100 -
5 F - o 5
Visible Energy E, + m,, and the positron annihilates 590 F 4) V. Interactions in dete‘;wf[”(day 1\246")] 2
with a surrounding electron s 0 b) v, flux at detector [ 107/(s MeV cm”)] =
. < 80 43 2 :
Q i c)o(E ) [10 " cm™] g
Events vs. Background: Coincidence =70 E - T
» Prompt positron signal : @ &
> Neutron nuclear capture (delayed) 60 2
50 | 2
Neutrino — Positron energy relation : 5
E,=FE.+T,+my, —m, ~FE,+1.293 MeV 40 - E;
Threshold energy 30 ¢ s
( )? ; 20 | (B) 2
My +Me ) — M - A
B = P '~ 1.806 MeV : \ S
2m,, 10 £ :
O :I IMI/I | 1 1 1 1 | 1 1 1 1 i~ I L1 e ! S ’§
2 3 [|l4 5 6 7 8 9 108
i E, (MeV) =
Fisica ' § & del Atlantico
; ] 1 VIGILADA MINEDUCACION
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te

Va

The neutrino of
flavor a is the one
created in W boson
decay together
with the charged
lepton of flavor a.

Neutrino Oscillations

Phenomenology

VIl UniAndes SPP,

81

Va

ANnd creates a

charged lepton of

flavor a when it
undergoes a
charged-current
iIntferaction.

M.A. Acero Ortega
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Neutrino Oscillations

Phenomenology

HsoMOSUA

2, P

Flavor may change...

[110T Jooyds Jawwins DI 1D “zZywyds *q wody paydepy]

Vv, Vg

. ... if neutrinos have mass and mix Universidad
(Ficica) & '} del Atlantico
=7 g
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Nevuirino Oscillations

The 2-neutrino approximation (vacuum)

HsoMOSUA
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P(ve — v,) = sin® 2019 sin® | 1.27

Universidad
del Atlantico

VIGILADA MINEDUCACION

VIl UniAndes SPP, 83 M.A. Acero Ortega www.uniatlantico.edu.co



