Neutrinos (AKA The Ghost Particle

Credit : ScienceNews



https://www.sciencenews.org/article/neutrino-particle-universe-matter-antimatter-mystery
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Neutrinos are everywhere
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Neutrinos are everywhere..... But

2% Fermilab
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Let’s time travel to 1930s : time for some history

Expected
Energy () from 2-body
released:
f / o decay
= 0.018 -
0.016 - !
0.014 - .
0.012 - 3
0.01 +
. 0.008 -
Conservation of energy and R
momentum —— all 0.004
. 0.002
in a 2-body 0 ‘
decay 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

electronkinetic energy (MeV)
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Let’s time travel to 1930s : time for some history

Expected
Energy @ Observed from 2-body
released:
= / 0.02 - & deca)’
0.018 - 3
0.016 - }
0.014 -
0.012 - ;
0.01 -
Energy not conserved? 2§§§ |
0.004 -
y H 0.002 -
What’s going on? )
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

electronkinetic energy (MeV)
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Pauli’s “Desperate Remedy”:

mj( 1o af -

Offener Brief an die Orunpe der Radioaktiven bel der

CGauvereins-Tagung zu Tubingen,

Abschrift
Physikalisches Institut

PeC ©393
Abschrift/15.12.5%6 ™

der Eidg. Technischen Hochschule
ZAirich

Iiebe Radioaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ic
ansuhbren bitte, Ihmen des nZheren auseinanderset
angesichts der "falaschen" Statistik der Ne und
des kontinuierlichen beta-Spektrums auf cinen
verfallen um den "Wechselsats" (1) der Statistik
su retten. MNimlich die Moglichkeit, es kbnnten
Teilchen, die ich Neutronen nennen will, in den K
welche den Spin 1/2 haben und das Ausschliessungs:
‘eheh von Lichtquanten wusserdem noch dadurch un
:'lit Lichtgeschwindigkeit laufen. Die Magse

von derselben (rossenordmung wie die Elekt:
&nn- nicht grosser als 0,01 Protonemmasse.-

Spektrum wire dann verstandlich unter der
bota-Zerfall mit dem Alektron jeweils noch ein N
aisd, derart, dass die Summe der Energien von Neu
konstant iste.

Nun handelt es sich weiter darum, welche
Neutronen wirken. Das wahrscheinlichste Modell
mir sus wellenmechanischen Crlinden (n¥heres weliss
dieser Zeilen) dieses su sein, dass das ruhende N
magnetischer Dipol von einem gewissen Moment
verlineen wohl, dass die ionisierende Wirkung
nicht grosser sein kann, sls die eines gnﬂn-sml
A wohl nicht grosser sein als e * (10" om),

[This is a translation of a machine-typed copy of a letter that Wolfgang Pauli sent to a group of physicists
meeting in Tiibingen in December 1930. Pauli asked a colleague to take the letter to the meeting, and the
bearer was to provide more information as needed. ]

Copy/Dec. 15, 1956 PM
Open letter to the group of radioactive people at the
Gauverein meeting in Tiibingen.

Copy

Physics Institute Ziirich, Dec. 4, 1930
of the ETH Gloriastrasse

Ziirich

Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will explain to you in more
detail, because of the "wrong" statistics of the N- and Li-6 nuclei and the continuous beta spectrum, I
have hit upon a desperate remedy to save the "exchange theorem" (1) of statistics and the law of
conservation of energy. Namely, the possibility that in the nuclei there could exist electrically neutral
particles, which I 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. 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 mass. - The continuous beta spectrum would then make sense with the assumption that in beta
decay, in addition to the electron, a neutron is emitted such that the sum of the energies of neutron and
electron is constant.

13
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Pauli’s “Desperate Remedy”:

Ener
&Y e e [3-decay, a three-body

released: / process with a new particle

o Electrically neutral

S 0 o Light

o Not yet observed

2% Fermilab
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Pauli’s “Desperate Remedy”:

“I have done a terrible thing, | have postulated a particle that can not be detected”

Ener
&7 e e [3-decay, a three-body

released: / process with a new particle

o Electrically neutral

S 0 o Light

o Not yet observed

2% Fermilab
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Neutrinos observed by Reins and Cowan: 1956

Fred Reines and Clyde Cowan eventually detected the neutrino in 1956 in an experiment at the Savannah River
nuclear power plant

Telegram sent to Pauli on 14th
June, 1956:

“We are happy to inform you that
we have definitely detected
neutrinos”

2% Fermilab
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The Standard Model - Zoo of Particles

. » : TY . Forces to govern particles

Quarks \ LQ\IL %JL

J $ - _ 5 |
oy SJt b : g ¥Forces

Quarks
Fundamental building

blocks!

T

N

T Higgs boson

Leptons
/‘ | ACCELERATING SCIENCE
(CERN
o)
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The Standard Model - Zoo of Particles

-

Higgs boson

Electromagnetic
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The Standard Model - Zoo of Particles
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Fundamental building

blocks!

N

Higgs boson

Forces to govern particles
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The Standard Model - Zoo of Particles

Quarks L

\ dJL‘SJL b

Quarks

Fundamental building
blocks!
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The Standard Model - Zoo of Particles
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The Standard Model - Zoo of Particles
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Fundamental building
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The Standard Model - Zoo of Particles

Quarks t

Ld)os )b

Quarks

Fundamental building
blocks!

2% Fermilab




The Standard Model - Zoo of Particles

Quarks t

R e M

Quarks

Fundamental building
blocks!

Does the Standard Model grasp the whole picture?
Are there puzzle pieces to Universe that Standard Model does not quite place? 2= Fermilab




The Solar Neutrino Puzzle




The Solar Neutrino Puzzle .

e

¥ '3

>
1
1

Ray Davis devised an experiment to measure neutrinos
from sun in late 1960s



The Solar Neutrino Puzzle | —i_”';?ﬁ

Number of neutrinos expected based on S Number of neutrinos detected
theoretical models of solar fusion
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WANTED

THE MISSING
NEUTRINOS

!
!
!
i
!
E
¢
f
<




Atmospheric Neutrinos

Zenith . ) ’ .

Cosimic ray -

Super-
Kamiokande

Number of neutrinos expected > Number of neutrinos observed



2015 Nobel Prize in Physics

“For the greatest benefit to mankind®
2 i «Vodel

9015 NOBEL PRIZE IN PHYSICS
Takaaki Kajita
Arthur B. McDonald

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

Takaaki Kajita and
Arthur B. McDonald

Nobelprize.org

2L Fermilab
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Mystery of Changing Identities: Neutrino Flavors
Flavors? Ice cream!

\
& N

Pate W%
I

7\

3¢ Fermilab




Mystery of Changing Identities: Neutrino Flavors

A //r \\\

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

Chocolate Vanilla Straw?erry

2% Fermilab
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Distance: L

Neutrino Oscillations

Source vy
Neutrino energy: E

#IMuon neutrino disappearance
B

Electron neutrino appearance
| Bl el

2% Fermilab
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Neutrino Oscillation

Diagram shows the probability of changing to
another type of neutrino as it travels

. —— Probability that neutrino is in electron flavor state
—— Probability that neutrino is in muon flavor state
—— Probability that neutrino is in tau flavor state

Probability

1750 2000

1250 1500

0.0 T T T Y
0 250 500 750 1000
Distance (km)

2% Fermilab
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Neutrino Oscillation: The Dance That Proves Neutrinos Have Mass!
Interacting Traveling

K
* @
A

Definite flavors Definite mass

2% Fermilab
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Interacting

A cool video explaining how
oscillations occur

2% Fermilab


https://www.youtube.com/watch?v=7fgKBJDMO54

The Soar Neutrino Puzzle

Davis only looked for v_ known to be produced in the sun
By the time they reach the detector, '2-%s have changed to v, orv,



The Solar Neutrino Puzzle

A
» B

Davis only looked for v_ known to be produced in the sun
By the time they reach the detector, 2-%s have changed to v, orv,
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There are neutrinos everywhere!!!

=

So why don't
we know it ???

Relic vs from
Big Bang

10° per m3

A

Cosmic Ray ) -l —F

Showers
Neutrinos from reactors and accelerators

2% Fermilab
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Neutrinos interact
100,000,000,000
times less often than quarks

I

A neutrino has a good chance of traveling through 200 earths before
interacting at all

2% Fermilab



Why is that?

Neutrinos interact via?

Strong

Electromagnetism

Weak

Gravity

41

Strength

1/137

10®

6 X 1079

Range

10" m

infinite

108 m

infinite

2% Fermilab



Why is that?

Neutrinos interact via?

¥ Strong

>Electromagnetism

AWeak

[7Gravity

42

Strength

1/137

10°

6 X 1079

Range

10" m

infinite

108 m

infinite
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Weak Interactions
v INn

Sometimes what we \
expect

v in

N

.... and sometimes not

43

v out

d

Charged partner
particle out

v —e
e

V“—>u

vV — T
T

2% Fermilab



Weak Interactions

We can only detect charged particles!

In a neutrino interaction - we never see the neutrino, just the charged particles from the interaction

» a sneak peek into.the world of neutrinos Electrons
NBOO\IVE)% Muons
Taus

ely showers_

T

n, o

c
W,
/7
(o7
6[6

All leave different
footprints

18¢m

BNB DATA : RUN 5929 EVENT 1582. ArrRIL 15, 2016.
2% Fermilab
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2

Photo Credit: symmetry magazine


https://www.symmetrymagazine.org/article/the-neutrino-cocktail?language_content_entity=und

Guess Neutrino Flavor :

pBooNE e
T

Proton
candidate

Long straight
track = muon
candidate

Run 3493 Event 27435, October 23rd, 2015
2F Fermilab




Guess Neutrino Flavor :

pBooNE e
T

Proton
candidate

Long straight
track = muon
candidate

Run 3493 Event 27435, October 23rd, 2015
2F Fermilab




Guess Neutrino Flavor :

' Showers starting at
neutrino vertex =
electron candidate

NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017. e .
2 Fermilab




Guess Neutrino Flavor :

' Showers starting at
neutrino vertex =
electron candidate

NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017. e .
2 Fermilab




Open Questions about Neutrinos

50

Q0

\ \ ' How many
- neutrinos are
there?

Are neutrinos
their own anti
particles?

|
!

—

|
How much do

they weigh?

-

l
3

gl
i
ul
i
|
\

How do
neutrinos get
mass?

I—VVhich neutrino

is heaviest? .
- Which one is O
| lightest?
£& Fermilab



The Worldwide Search Party

.) ® KM3NeT {g} e

ICECUBE

NEUTRINO OBSERVATORY

FEITY

e o Hyper-Kamiokande

D DUVE

YPER
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'y
Q

Cross-Section (mb)
2 3 3 3

—

Q
-t
(=]

—
Q
©

1 0—22
10%
1 0-28

10

Terrestrial

Atmospheric
SuperNova

Accelerator

Extra-Galactic

Galactic

10°

10°

10°

1010

1012 1014 1015 1018
Neutrino Energy (eV)
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Supernova Neutrinos

1987a SN

Super-Kamiokande: 12 .=

IMB: 8
Biksan: 5

Neutrino '.
event |
'

Millimeter « ALMA

Visible ¢ Hubble

Relative time

X-ray ¢ Chandra




Supernova Neutrinos L.
¥ Ve Super-Kamiokande: 12 .=

AR ae st IMB: 8 prss e, T
. 3 aksan:5 ; . o

e 99% of energy from a supernova is carried
off by neutrinos

Neutrino '.
event |

e successfully spotted supernova neutrinos " -
once!
o Supernova 1987a in 1987

e ~ 2 dozen neutrinos across 3 neutrino
detectors worldwide . T e

e Advantage: Neutrinos leave supernovae and
reach us almost without any disturbance ' 5 -
(weak interactions) , whereas other particles
get jostled and bumped around along the
way

ble ¢« Hubble X-ray ¢ Chandra
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Multi-messenger Astronomy. . : - io0 toecooc
. - . ‘e " .,...'-.‘_ ".A-—.,-_.. - : .‘ | i -

.

O ey, T *
. . »

4 N - g ’
% “5 7 » .
R . “% bt e .
. . AR o, g T 2 -3

e n'e . ) .‘..- o e I PR - - —

* 4 AU - » o ¢ l' N ... .. > . - / »""‘ 4 -
- » e KR =
e T ., ¢ » _

T y e v e 3 . ‘e -
” >3
« % /

gravitational wave, gamma ray
burst, optical signal

lceCube reports very high energy
neutrino
o Gamma rays later seen from
blazar with consistent position

First time a neutrino detector used
to locate object in space



ICECUBE g8l - v N 3% CECLUBE




IceCube
High-Energy Alerts

9 | [ |

April 2016 September 2017




Neutrino Experiments

There are 4 types/sources of

experiments:

\
- Solar

> Natural sources
- Atmospheric
- Reactor
e > Artificial sources
- Accelerator %

k ,§ Let’s talk about this!

2% Fermilab
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| Fermllab Accelerator Complex .

M'NQS NavA

P

\"ﬁe"%z% W
Boong =
L

B 7

Neutrino beams: "\
- BNB
ve — o NUMI
Future: LBNE
i~ B

L §
> 4
P - x
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Produce Neutrinos at Lab

We use same technique as nature

primary cosmic ray
‘air molecules
11// ln
5/ .
W
/\ ,] _ 14 km height
* | muon
e+ 5

Beam of
protons

2% Fermilab
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Accelerator Neutrino Strategy

long baseline
100-1000 km

Source of
neutrinos

Near Detector (ND) Far Detector (FD)

Two functionally identical detectors

Count the neutrinos at Near and Far Detector

2% Fermilab
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Fermilab in action

ArgoNeuT

' DEEP UNDERGROUND
- NEUTRINO EXPERIMENT

TR EE R [ d E

2% Fermilab
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What Do the Detectors See?

inferaction in nucleus
track
neutrino beam in e _muon track
z-direction | Tt
proton
(not detected) Solcl
65 70 75 80 85 90 95 100 105 110 115
Module

1500

PETPRSISYTITIIL i

FEE R R R R R R R R E R SR R R R W W W W R, SR R E W 1500 iy
z (cm)
NOVA - FNAL E929

Run: 1040 £ J i 4 A M
Ever E ‘ 1 rd i i
UTC Thu S ot - 1 dedd 1 Lot 1

0 220 225
05:28:44.034495968

t (usec) q (ADC)

2 Fermilab
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NOVA

e Sends a beam of muon neutrinos 810 km (500 miles) from NoyAFar. Detectoysr\_sﬁih.R~|'y-er, MN)
g MINOS Far Detectof{Soudan, MN).__

Fermilab to Northern Minnesota -4

C.: . ‘
e Consists of 2 detectors, one here at Fermilab, one in
Minnesota

o Detects the number of muon and electron neutrinos in each
detector

e

O'Milwaukee

Fermilab
? 4

Chicago

= v
Far Detector

2% Fermilab
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Chasing Neutrino Puzzles in 215 Century

Brand new detector technology!

2% Fermilab



A Suite of Experiments at Fermilab

Booster Neutrino
Beam (BNB)

=

2 Fermilab




A Suite of Experiments at Fermilab

500m

68

Sgna
n

MicroBooNE

| 470m

& Fermilab



A Suite of Experiments at Fermilab

| Booster Neutrino
Beam (BNB) S8

, I e

< MiniBooNE o
ICARUS m— MicroBooNE SBND
:Q’M ogim
'{
H——

Z& Fermilab

69



MicroBooNE

2% Fermilab
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MicroBooNE

2% Fermilab
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MicroBooNE in a Nutshell

LArTPC - a sneak peek into the world of
neutrinos

showers.

18.cm

BNB DATA : RUN 5929 EVENT 1582. APRIL 15, 2016. i
3¢ Fermilab




Deep Underground Neutrino Experiment

DALCIA WININISS(O7A ONIZARIO)

Ur\r:mr;mnnd Research Facility] ls CONSIN
EX ority

IOWA

Sk J
A $ A
,: ’ ‘ﬁ“ 3
z B e
g - i 7 S : ILLINOIS ~
& TR Credit : google earth



Sanford Underground
Research Facility

Fermilab

Measure at far Travel a Measure at near .
| Make neutrinos
detector: look for long detector: confirm : :
. : : using particle
differences to distance neutrino flavours,
| .. . accelerator
near detector! energies, interactions

2% Fermilab
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Deep Underground Neutrino Experiment

More matte

- , e B
: Credit : google earth




Credit : Randall Munroe

NEUTRNO °
b | ASTRONOMER
i L / ? \

* 'ASTRONOMER



https://www.nytimes.com/2020/07/07/science/neutrinos-snowball-randall-munroe.html
https://www.nytimes.com/2020/07/07/science/neutrinos-snowball-randall-munroe.html
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The DUNE Far Detector

Right: The Far Detector in May 2016.

78

Detector complex in 2025

Data taking starts at end of this decade

2% Fermilab



The DUNE Far Detector

Righnt: Th.e Far Detector in May 2016.




The Quest Continues

e Neutrinos are one of the least-well-understood particles in the Standard Model

e Neutrino oscillation is beyond the Standard Model, and opens the door to exciting
new possibilities

e However, a lot remains that we don’t understand

e New experiments with advanced technology!

9 85)
1l

2% Fermilab
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Back up
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MEASURING THE
NEUTRINO MASS

Am?2. L
o 2 %]
St ( 4F )

2 . a2 2

count rate (arb. units)

Neutrino oscillation tells
us that neutrinos have
mass

—

But not the absolute

mass (only the Am?
differences)

Count rate (arb.)

, O N A OO ® O
| BER IR TSN A T
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MEASURING THE
NEUTRINO MASS

-200 100
1 1

S - New KATRIN result: Nature
Tokyo 1561 - . Physics volume 18, pages|60—
Zdrich (1992) °
W—— — 166, 14th February 2022
Beijing (1993) | °

Livermore (1995) -| ————i
Trosk (1995) - . World’s best constraint
i . 1 on neutrino mass
Mainz (2005) —_——————

Troitsk (2011) —————y
KATRIN (2019) -| —e—i ® BeSt ﬁt: mv = 0.2610.34 eVZC'4
KATRIN (2021) - 1@ @
KATRIN (combined)
ot Upper limit of my < 0.8 eVc-2
® st at 90% confidence level
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In 1998, super-Kamiokande (Japan) announced the finding
of neutrinos with non-zero mass.

Study neutrino oscillations using
atmospheric neutrinos.

0000000’9"?3%

—

MM: |
KR H’"“"“

n | | '
| l‘l i : 3

Atmospheric neutrinos produced by the decay of
particles resulting from interaction of particles
with the Earth’s atmosphere.

Fermilab



Neutrino Oscillations

long baseline
100-1000 km

v
v, L V%
v (vﬂ i
By ) —r =
"

Source of
neutrinos

Near Detector (ND) Far Detector (FD)

Short baseline
100-1000 m

[ R
73
0.°

73

Source of
neutrinos

Near Detector (ND) Far Detector (FD)
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Cosmic Neutrino Background

Big-Bang Relic Cosmic Microwave

Neutrinos: Background:
| second old ~300,000 years old

-

Inflation
Quark Soup
Parting Company
First Galaxies

-<— Radius of the Visible Universe

1032 Sec. 300,000 Years 1 Billion Years 12-15 Billion Years
Age of the Universe

2% Fermilab
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Atmospheric Neutrinos

e Cosmic rays (mostly protons) interact in the o
@air molecules upper atmosphere producing particle e ol \
m ln showers 9
D/ .
5& \\ e Roughly 2:1 muon neutrinos to electron
/| _14kmheight neutrinos expected
/\e+ ,/ L muon
e-

The Kamiokande detector set out to measure
this ratio
- Super-Kamiokande, a larger analogue
is currently still running in Japan.

2% Fermilab
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Neutrino Oscillations

Diagram shows the probability of changing to another type of neutrino as a
function of time.

2% Fermilab
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Neutrino Oscillation in a Nutshell

ORI OR =
o ® o

o
>

Probability

O
N

e
(=)

10 100
Distance (km)

& 9 :
0
O

£
v,

0 km 200 400 600 800 1000 1200 1400 1600

v @ O

PROBABILITY OF DETECTING EACH NEUTRINO FLAVOR AT ~2GeV

2% Fermilab
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Why New Detector Technology : Liquid Argon ?

NuMI: Run 5280 Subrun 66 Event 3329

e Very high resolution HBOONE
images

e Very low threshold

e Can separate electrons
from photons

e Calorimetric and tracking
information

2% Fermilab
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The Crux of LArTPC

Sense Wires
U, V. ¥ V wire plane waveforms i
/A
Liquid Argon TPC = uBOQNQ g
2
(8]
=
= protons
&
/ a Electron shower
)
Cathode g
Plane =
Color corresponds to deposited charge
\" Hm NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017.
Wire (Beam Direction)
%)
A\ s

= e Excellent particle imaging detector

s - e mm scale spatial resolution

Y wire plane waveforms

e Light signal by PMTs Current
generation LArTPCs

2% Fermilab
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Neutrino Oscillation

* Neutrinos propagate as mass states, which are =051 mev/e | [105.66mevic | 17768 Gavse
not the same as the flavor states they interact in: é =@ |[-@ -6
— Fundamental particles with definite mass: e b | Rl | W
Vi, V,, V3 ol o v 102 wevre
— Definite flavors (interact to produce il) & ||
corresponding lepton): v, v,, v, \W e M),
* Flavor states are a superposition of mass — @ = Q w W
states related by unitary transform: . oam | '
Ve V1 Muon?gutrino - - ¥

=U %)

g7
Q = o + +
Interact / Vr V3 \»Travel Taii Moo

As neutrinos travel the states interfere and oscillations occur _
2% Fermilab
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Neutrino Oscillation

Neutrino Source Neutrino Detector
r - . -\slf

Distance
Vy = v, COS 0 — Ve sin 0 U cos @ sin @
Neutrino mass states: . = )
vy = v, sinf + v, cos ¢ —sinf cosf

Propagate mass states with e_iEt , and rearrange to find time-evolution of flavor state:

v, (t) = —sin e~ "1ty; + cos fe " H2t

Vo

2% Fermilab
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Neutrino Oscillation in a Nutshell

Neutrino Source Neutrino Detector

—

Distance St A

Oscillation probability for two neutrinos: P(v, — v,) = sin?(26)sin’ (Am2£)

Experimentally controlled: L (distance between production and detection)
(at least in accelerator neutrinos) E (energy of neutrino)

Measured parameters: Difference in mass of neutrinos: Am?=m;? — m,?
Mixing angle (how mass and flavor states relate): 6
3£ Fermilab
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Neutrino Oscillation in a Nutshell
Neutrino Source Neutrino Detector

Distance

Energy

Oscillation probability for two neutrinos: P(v. — v,,) = sin®(26)sin? (Am2£)

E
Experii Oscillations mean neutrinos must have mass > ict},(
(at least physics beyond the standard model,

and more to learn ,
Measube—, — M,

Mixing angle (how mass and flavor states relate): 6

2% Fermilab
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Neutrino Flavors :

e 3 flavors that can be
produced in decays of Z
bosons

e 3 “active” flavors

96

JEEL
= 2v
. [ / ..I's
2 [ 3v
b-= 30 + ALEPH / \".
- DELPHI
- OPAL [/
20 B | ,/' \ \
| ¢ average measurements, |/
error bars increased //
by factor 10 i/ W
10 /ﬁ; ::\:;\‘\'J_‘\
0 ~ 2 | . ek e e . X | s "

86 88 92

92 94

E,_, [GeV]
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Anomalies in Neutrino Secto -
(,\
—> ’V . .
LSND = MiniBooNE
2 joE Phys.Rev.D64:112007 (2001) MiniBooNE Detector
3 ' i E ! J l- Data (slaterr) J E
P~V e')n Signal Reg 2 3 v, from ]
§ . PP .. = v it 4 1
iz other 3 8 o 7777 EZ-TI:: -
~3. . dirt ]
L — g::;lr. Syst. Error ] ~4.8 a
75 exceSS ------ Best Fit ]
' pRL121,221801 | | EXCESS
5 E
asf ||t |1 KRR/ e ]
Liquid Scintillator of I i ey m, B 1
Neutrino Detector 04 06 08 1 12 14 @XCESS ‘V ' T3 @XCesS Vv
L/E, (meters/MeV) B e A I 5 Ge) e
' — ' - '
Reactor Anomaly e 7 | Gallium Anomaly
‘PRD 104 (2021) 3, 032003 | ( arXiv:1901.08330
w T T S ERE 1.15
[ l n, l—u-r— - - Radioactive . GALLEX SAGE
i I o :\‘oun,;cv v :
T e ~3q
RN i11] 30 7
[ ] | / Radiochemical E 0.95 GALLEX  sAGE deflclt
t 1 101 detector - 'Ga 5 Cr2 Ar
/ > 95% EL. deficit 3
| | Z o0ss
[ e ve+™ Ga —t” Ge+e [
{ |- 1. gt 8 > R
1 SN P ———— 3 _
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Neutrino Oscillation: The Dance That Proves Neutrinos Have Mass!

Neutrinos change flavors (outfits)

!

a7 N

X - j
o S y
A N y
A I 7
A % A4 ‘ Yy
. ¢ \\
4 S

not moving infinitely fast (since changing outfits

// takes time!)

massless particles: travel at speed of light, no
“time” to waste (or change flavors)

2% Fermilab
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v’ Proton decay experiments in the 1980’s observed many atmospheric neutrino events.

v’ Because atmospheric neutrinos are the most serious background to the proton decay
searches, it was necessary to understand atmospheric neutrino interactions.

v" During these studies, a significant deficit of atmospheric v, events was observed.

Kamiokande (1988,92,94) | = wes
I " IMB (1991, 92) —+o-—
0....0.5.l..1‘l..1.5
(“I e)datal (ul e)MC

3¢ Fermilab
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0, 00 ton water Cherenkov detector
00 ton flduual volume)

More than 20
times larger mass

~130 collaborators

1000m underground

SUPERKAMICKANDE  restitun £ 0oGEC Rey RESSEASH UNKRSRETY OF TOXYD <N KK

10 Taken from Takaaki Kajita’s slides SF rermiian




SNO

SR L L

ltlinr
33w WIS LR BT D L
b

L4

10 Taken from Takaaki Kajita’s slides

1000 ton of
heavy water

i =
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One million pieces transported downinthe3mx3 mx4 m
mine cage and re-assembled under ultra-clean conditions.




SNO PRL 89 (2002) 011301
(A plot based on the SNO PRC 72, 055502 (2005)

salt-phase data)

BS05

----- dosr: 68% C.L.

-~
-~
~
~
~
~o
~

iy
S
S
~

—— ¢y, 68%, 95%,99% C.L.
Three (or four) different
.......... .. measurements intersect at a
T point.

>
~
~
~
~
L5
~

3 .
- v’ Evidence for (v +v,) flux
2 - d’CC 68% C.L. SSM -
C [ ove 68%C.L.
1:_ - ¢SNO 68% C.L. 68%CL
- I i 68%CL.
C | ES 11 I 1 L1 1 l 1 1
0O 0.5 1 1.5

Tosm a0l SO NC
¢ (x 10°em?s)  RERL/A I
SNO CC M SNO ES SK ES

68%CL 68%CL 68%CL

10 Taken from Takaaki Kajita’s slides
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SNO

312 all v,
(oW [
e { s . Theory
s i 1 &
S [ SNO NC
S [ ¢
508 1 1
o - 5
A, - wa
S06 |- !
7p) i
7p) i
004 Cl x
= [+ SNO Phase I (D,0) :  SASAL
N F = ase
$02 . v.onl
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o L SNO Phase Il (D,0+ He) |
1
- : EnergyleMeV)
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