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‘Testm!Ground at 'Sclénce Gallery London and experience the
transformation of invisible particles into a audio-visual experience like no other.

Exhibition: Testing Ground

Great Maze Pond, SE1 9GU

10.30am - 5.30pm
Tues - Sat until Jan 2023
Free entry
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Where is Physics? Everywhere!

Physics is the subject to study the laws of Nature
- Every phenomenon in Nature is subject to the laws of physics

V- velocity

V.- horizontal velocity
V,— vertical velocity
«— angle of launch

fr— initial height

{— time of flight

d— distance (range)
#1,5»— Maximum height
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Where is Physics? Everywhere!

Physics is the subject to study the laws of Nature
- Every phenomenon in Nature is subject to the laws of physics

Connections of logic allow reaching to more intangible knowledge

Particle physics

Subject to study structure of matter
and force in terms of elementary
particles

This is the subject to reach the
highest (most non-intuitive)
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Particle Physics

Subject to study structure of matter and force in terms of elementary particles
- matter - particles
- force > particles
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Particle Physics

Subject to study structure of matter and force in terms of elementary particles
- matter - particles
- force > particles

Atom Electron

Molecule
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Particle Physics

Subject to study structure of matter and force in terms of elementary particles
- matter - particles
- force > particles

Atom Electron

Molecule

old view (Maxwell)
proton electron

electromagnetic field

modern view (Yukawa) Quarks
roton electron
’ Up-type or\
-+ -~
- Down-type
photon
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The Standard Model,
Elementary Particles of the Universe

- 6 Quarks

ELEMENTARY
PARTICLES

- 6 Leptons

- 3 Force carries (gauge bosons)

Leptons | Quarks

- The Higgs boson

Faorce Carriers

HMI miI “111 v

Three Generations of Matter




The Standard Model,
Elementary Particles of the Universe

- EE Sg?c:llj:rks and Down-quarks make matter ELEMENT ARY
- 6 Leptons PARTICLES

- 3 Charged Leptons (electron is here)

- 3 Force carries (gauge bosons)

Faorce Carriers

- The Higgs boson

1AL 13l

Three Generations of Marter




The Standard Model,
Elementary Particles of the Universe

- 6 Quarks

- Up-quarks and Down-quarks make matter ELEMENTARY
PARTICLES

- 6 Leptons
- 3 Charged Leptons (electron is here)
- 3 Neutrinos

- 3 Force carries (gauge bosons)

Faorce Carriers

Leptons

- The Higgs boson

Three Gene Electron ne.utrmo
Muon neutrino
Tau neutrino




The Standard Model,
Elementary Particles of the Universe

- 6 Quarks
- Up-quarks and Down-quarks make matter ELEMENT ARY
|
6 Lontons PARTICLES
- 3 Charged Leptons (electron is here)
- 3 Neutrinos

- 3 Force carries (gauge bosons)
- Gluon (Strong nuclear force, ~1)
- Photon (light, ~0.01)
- Weak bosons (Weak nuclear force, ~10-7)
- Gravity is missing from this picture (~10-38)

Faorce Carriers

- The Higgs boson




The Standard Model,
Elementary Particles of the Universe

- 6 Quarks

- Up-quarks and Down-quarks make matter ELEMENTARY
_6 Leptons PARTICLE

- 3 Charged Leptons (electron is here) —3&
- 3 Neutrinos

- 3 Force carries (gauge bosons)
- Gluon (Strong nuclear force, ~1)
- Photon (light, ~0.01)
- Weak bosons (Weak nuclear force, ~107)
- Gravity is missing from this picture (~10-38)

- The Higgs boson

Gravity
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The Standard Model,
Elementary Particles of the Universe

- 6 Quarks
- Up-quarks and Down-quarks make matter

- 6 Leptons
- 3 Charged Leptons (electron is here)
- 3 Neutrinos

- 3 Force carries (gauge bosons)
- Gluon (Strong nuclear force, ~1)
- Photon (light, ~0.01)
- Weak bosons (Weak nuclear force, ~10-7)
- Gravity is missing from this picture (~10-38) & ™ BES IS e
- The Higgs boson A
- Higgs boson gives masses to other particles = -
_ Discovered in 2012 L. AL 35

- Three Generations of Matter

Faorce Carriers

ELE TARY



Neutrinos, Ghost particles

3 types of neutrinos
- Extremely difficult to stop neutrinos Up-quark

Gluon
- Quarks exchange @A (meson)
- Gluons’ or Down-quarks Neutron
- Photons, or

- Weak bosons O Atom
=
- Charged leptons exchange ec'tron
- Photons, or
- Weak bosons ‘
- Neutrinos exchange _ ® Atom
- Weak bosons Neu.trmo Weak boson

Electron neutrino

Muon neutrino
Atom Tau neutrino




Neutrinos, Ghost particles

3 types of neutrinos
- Extremely difficult to stop neutrinos

Example: how to stop particles? Papet
- Alpha particle (nuclei of Helium) — sheet of paper
- Beta particle (electron) — sheet of copper ®
- Gamma particle (photon) — chunk of lead alpha particle
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Neutrinos, Ghost particles

3 types of neutrinos
- Extremely difficult to stop neutrinos

Example: how to stop particles? Papet
- Alpha particle (nuclei of Helium) — sheet of paper
- Beta particle (electron) — sheet of copper ®
- Gamma particle (photon) — chunk of lead alpha particle

You have to wait long tir7e with big detector to see a rare neutrino which
stops (=interacts) «
. Pluto: 0.0006 light year

Neptune

Uranus

, "<'>
(¢ 1

\ \ A 1 light year length of lead

Venus

Mercury



Neutrinos, Ghost particles

3 types of neutrinos
- Extremely difficult to stop neutrinos

Neutrinos are everywhere, but they penetrate everything without leaving any
traces.

Solar neutrinos

- from the Sun pass through every 1cm?
of the Earth every second. However, you have

Big bang neutrinos

Neutrinos are the second most abundant particle in the universe
(photons~410/cm3)




Neutrinos, Ghost particles

3 types of neutrinos
- Extremely difficult to stop neutrinos

- Extremely small mass
Tiny mass of weakly interacting neutrino cannot be measured by

traditional methods, it can be measured only by :
with a help of quantum mechanics

fermion masses

vV, —eieVyeV3

e
ueV meV eV keV MeV GeV :




Neutrino Oscillations

Neutrinos obey quantum mechanics
- Neutrino is a particle, and a wave (wave-particle duality)

Plane wave looks like a wave Wave packet looks like a particle
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Neutrino Oscillations

Neutrinos obey quantum mechanics
- Neutrino is a particle, and a wave (wave-particle duality)
- State of neutrinos are not well-defined in space and time (Schrodinger's cat)

Schrodinger's cat

- There is a cat, a poison release device, and a
radioactive material in the box. There is a 50%
chance a nucleus in this radioactive material
decays within a certain time, then this triggers
the device to release the poison to kill the cat.

Quantum mechanically,
|Atom) = |Decay) + |Not decay)

But in reality,
|Cat) = |Dead) + |Alive)
But a cat cannot be Dead AND Alive!




Neutrino Oscillations

Neutrinos obey quantum mechanics
- Neutrino is a particle, and a wave (wave-particle duality)
- State of neutrinos are not well-defined in space and time (Schrodinger's cat)

Schrodinger's cat

- There is a cat, a poison release device, and a
radioactive material in the box. There is a 50%
chance a nucleus in this radioactive material

decays within a certain time, then this triggers The state of neutrino
the device to release the poison to kill the cat.
P |Vu> = |vy) + |v2)

Quantum mechanically,
|Atom) = |Decay) + |Not decay)

: Neutrinos
But in reality, Which
|Cat) = |Dead) + |Alive) observe %rzng(;;aete
i |
But a cat cannot be Dead AND Alive! P
IC%I/g% Neutrino flavor eigenstate is not simultaneous

LONDO eigenstate with Hamiltonian eigenstate



Neutrino Oscillations

Neutrinos obey quantum mechanics

- Neutrino is a particle, and a wave (wave-particle duality)

- State of neutrinos are not well-defined in space and time (Schrodinger's cat)
- Type of neutrino is not conserved with time

- If so, neutrinos have masses

Creation — Propagation — Propagation — Propagation... — Detection
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Neutrino Oscillations

Neutrinos obey quantum mechanics
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Neutrino Oscillations

Neutrinos obey quantum mechanics

- Neutrino is a particle, and a wave (wave-particle duality)

- State of neutrinos are not well-defined in space and time (Schrodinger's cat)
- Type of neutrino is not conserved with time

- If so, neutrinos have masses

Creation — Propagation — Propagation — Propagation... — Detection

cat 1




Neutrino Oscillations

Neutrinos obey quantum mechanics

- Neutrino is a particle, and a wave (wave-particle duality)

- State of neutrinos are not well-defined in space and time (Schrodinger's cat)
- Type of neutrino is not conserved with time

- If so, neutrinos have masses

Creation — Propagation — Propagation — Propagation... — Detection




........

(. okai amioka) %) o - ——k,
experiment = ‘ 95km
. - 4 T, nacnioj; .....'_‘::.o_gltar‘na*i,;,i . " o N
Wwagaw‘{é‘;;"-_ : }".." t /-'M > _/ . o g
Wm0 a8 S Neutrino beam
:mml ﬁ ﬁ(_a,\}ia‘é_ai’ 6%:0’ £.~ ;' 7~ ’;,- =l ] ‘:,), - “u

b —

w
Niigat
xg'a g

.
-

S o\

- [

Al nolihedll E“.Flit}.' "
- J-PARC.accelerator produces tons of
neutrinos, and 50 billions of neutrino pass
through nearby detector every second
- These neutrinos are observed at Super-
Kamiokande detector, located 295km away
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Beach
(not very nice)

r!fﬁ"
Neutrlno beam (295km) f

Neutrino monitor
detectors

Super- Kamlokande

y / Mt. Noguchi-Goro Dake
© 2,924m
Mt.Ikenoyama /
1,360m /

T2K experiment
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Super-Kamiokande

/' Mt.Noguchi-Goro Dake

T2K experiment

Near Detector
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Super-Kamiokande detector
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e Nobel Prize in Physics
1988 nY

Share this: |l B2 ] 1.6k

The Nobel Prize in Physics |
2015 = e e

The Nobel Prize in Physics O S IR .N,Q»"

1995 The Nobel Prize in Phys1cs
; .. 2002
=
d
. : |
N i
W Raymond Davis Jr. Masatoshi Koshiba
Prize share: 1/4 Prize share: 1/4
s Kamiokande
Ph ® Takaaki Kajita Photo: K. McFarlane. Efliagr s 2
= T;O 1ol e Queen's University Koichiro Nishikawa and detector
el /SNOLAB the K2K and T2K
Prize share: 1/2 Arthur B. McDonald

Collaboration
Prize share: 1/2

nn:« BREAKTHROUGH

Kajita and £

Atsuto Suzuki and the \ Kam-Biu Luk and the
KamLAND Collaboration Daya Bay Collaboration

oscillations” "

OlIELE % \-\»
ONDO \

| Yoichiro Suzuki and the
| Super K Collaboration

» Yifang Wang and the
Daya Bay Collaboration




interact with
water molecules, and

50k ton of pure water to
produce

40m height, 40m wide,
observe neutrinos

Electron
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Cherenkov radiation

Speed of light is slower in media (=water), so
high-energy charged particles could move
faster than light

Particles emit sonic boom of light, Cherenkov
radiations, to slow down in media.

The emission has characteristic cone shape
(peak in blue spectrum in water)

\
electron "

N\

Cherenkov radiation e N
Blue light in nuclear reactors are

Cherenkov radiations from electrons
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Photo-multiplier tubes (PMTs)

Charged particles make only several photons

Number of photons
100 104 106 108 1010 1012 1074 1076 1078 (/cm?2)

>
10-10 108 10 104 102 100 102 104 106 (Lux)

Cherenkov radiation j
from 1 charged lepton
New moon

Full moon S 5
e o Desk lamp

Cloudy London Sunny Brighton




Photo-multiplier tubes (PMTs)

Charged particles make only several photons
converts photons to electrons by photo-electric effect
High-voltage accelerates electrons to collide on metallic place to release more

electrons. This process repeats, and produce ~107 electrons from a photon,
and strong is produced and observed

Electric pulse
(signal)




Particle Physicists = Jack of all trades

Charged particles make only several photons

converts photons to electrons by photo-electric effect

High-voltage accelerates electrons to collide on metallic place to release more
electrons. This process repeats, and produce ~107 electrons from a photon,
and strong is produced and observed

Particle physics Signal transmission
Analog signal circuit

Tk JL et M

Material science

® clectron

Quantum mechanics
Electromagnetism

Scientific writing

Digital circuit sty
Data processing == |

—

Simulation

Pulse shape particle identification by a single

%g/gé hemispherical photomultiplier tube P rog ra m m i n g
LONDO i e e R DR Statistical analysis
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Super-Kamiokande detector

Kamioka (f#[#),
Gifu prefecture (I & 8),
Japan

Deep mountain area, and
the detector is located in
a former mine in the
lkenoyama mountain (it
/W), roughly 1km from
the mountain top

Super-Kamiokande




Super-Kamiokande detector




hment 2018

)

Super-Kamiokande detector refurb
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New type of neutrino oscillation is observed!

o //‘ ‘v"',"T',_ “ﬁl
ti Ijounldﬁdmcelwmzo -
. \ \

T2K experiment measured electron neutrinos from
muon neutrino beam (v, - v,)

T2K also measured electron anti-neutrino from muon
anti-neutrino beam (v, - v,)

Furthermore,

Super-Kamiokande THE Mlmn sk i U

" Mt.Noguchi-Goro Dake CRACK'D Ly 3 : _
oy J-PARC i i | SR

Mt.lkenoyama /

Near Detector - Anindication of matter-antimatter
1,360m / * symmetry.violation in néutrinos * 3
/ sea level— ; S ¢ 2
v1,000m e »
Neutrino Beam O T RO R ‘ . * L)
295km " .Coronavirus “Hotsource - Originofaspecies - i ‘ b
. _Th mod Is driving Remnants of Revised age for Broken i} E
he global ~Hillskulladds twistto. * {3 ]
othe pan d mic. = inEarth’smantie - -4 human evolution LH] - .

T2K experiment

ICIZI/gSe Confirmation of these results need more data...
LONDO




Hyper-Kamiokande detector

We are building a new 230 kton water tank
- More data to investigate the origin of matter and space-time
- It detects neutrinos from the Sun, atmosphere, supernova, etc




Hyper-Kamiokande detector

We are building a new 230 kton water tank
- More data to investigate the origin of matter and space-time
- It detects neutrinos from the Sun, atmosphere, supernova, etc

Collabbration meeting (Jan. 2020)

Kamiokande (2002 Nobel prize)
Super-Kamiokande (2015 Nobel prize)
Hyper-Kamiokande..???

Ic%gé We are moving to a new endeavor, new discovery, and new excitement!

LONDO

(and more Nobel prize!)



Kamiokande (2002 Nobel prize)
Super-Kamiokande (2015 Nobel prize)
Hyper-Kamiokande..???

We are moving to a new endeavor, new discovery, and new excitement!
(and more Nobel prize!)




Big questions neutrinos may answer

Neutrinos may answer big questions...
- Origin of matter

- Grand Unification
- Quantum Gravity




Neutrinos and Origin of Matter

All matter was created by the energy of the Big Bang, and equal amount of
matter and anti-matter were created.

vark energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years




Neutrinos and Origin of Matter

All matter was created by the energy of the Big Bang, and equal amount of
matter and anti-matter were created.

But there is not anti-matter in the universe..., where are they?
In fact, slightly more matter was created than anti-matter..., Why? and how?

MATTER ANTI-MATTER




Neutrinos and Origin of Matter

All matter was created by the energy of the Big Bang, and equal amount of
matter and anti-matter were created.

But there is not anti-matter in the universe..., where are they?
In fact, slightly more matter was created than anti-matter..., Why? and how?

Theorists speculate the difference of neutrino oscillations and anti-neutrino
oscillations may be the key to understanding

Recently, T2K experiment first time found an indication that these 2 oscillations
are slightly different. Confirmation need more data.

ING'S Neutrinos may be the origin of all matter in the universe
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Neutrinos and Grand Unification Theory

- Neutrino masses are not predicted by the Standard Model
- Extremely small neutrino masses are related with Grand Unification Theory?

(Energy scale of Standard Model)?
(Energy scale of Grand unification)

M(neutrino) ~

Quantum Gravity
CERN Large (Theory of Everything)

Hadron Collider
Fermilab Grand Unification

Tevatron (Supersymmetry)

Atomic Nuclear

binding binding S}[&ngalrd
ode <€—— Standard Model desert ————>

Electron

1024 1077 (eV)

Ié%g’% Neutrinos may be related to unification of three forces (electromagnetic

LONDO

force, weak nuclear force, strong nuclear force) in Standard Model



“’ " Neutrinos and Quantum Gravity

¥

Neutrinos from distance galaxies propagate long distance without interactions
This feature is useful to test Einstein’s space-time theory (Special Relativity)

- Do we have greater space-time theory such as quantum gravity?

- Einstein maybe wrong? Hawking may be happier?

i b . R
Using neutrinos, we experimentally investigate Theory of Everything
(quantum gravity)




Neutrinos and Quantum Gravity

= m Watch Newsletters Save Yourselves Music Life World News Drugs
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NEUTRIND OBSERVATORY

Scientists Looked for a 'New Space-Time IceCube probes for quantum gravity using

Structure' Deep Under the South Pole. This Is 55§
What They Found

The IceCube Neutrino Observatory under the South Pole probes space-

i astrophysical neutrino flavors

Posted on October 24, 2022 by Alisa King-Klemperer

News Centre
News | Spotlight on Impact

time using "ghost particles," and scientists have just published a study

on their work.

ﬁ By Becky Ferreira

25 October 2022

Searching for quantum gravity from under the ice

24 October 2022, 4:18pm [ Share W Tweet f Snap

Lorentz
invariance

Dr Teppei Katori working with the lceCube Neutrino Observatory

MORE
LIKE THIS

Tech

nature physics

Explore content v About the journal v  Publish with us v

nature > nature physics > news & views > article

News & Views | Published: 24 October 2022

Neutrino physics .
What are you . .
asking neutrinos Lorentz invariance beyond the Planck scale

from space?
Giulia Gubitosi

Neutrino types
are changing
when they are flying

ING'S
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Nature Physics (2022) \ Cite this article

Using neutrinos, we experimentally investigate Theory of Everything
(quantum gravity)



Neutrino projects, all over the world!

There are neutrino experiments in Belgium, Canada, China, France, Germany,
India, Italy, Japan, Korea, Russia, Spain, UK, USA etc, even at the South Pole!
Sometimes we compete, but mostly we are good friends!




Neutrino projects, all over the world!

There are neutrino experiments in Belgium, Canada, China, France, Germany,
India, Italy, Japan, Korea, Russia, Spain, UK, USA etc, even at the South Pole!
Sometimes we compete, but mostly we are good friends!

May. 2022, CERN . Fuck pandemic



End

Neutrinos are ghostly elementary particles, penetrating everything

Neutrinos change species when they propagate. This is called neutrino oscillation,
and this is due to small'neutrino masses.

Neutrinos may be related to the origin of matter: matter-antimatter asymmetry.
Neutrinos can look for a tiny new space-time effect (violation of.Lorenz symmetry)

Research of neutrinos is a new field, and all excitement continues to the future!






Neutrino applications

EUROPHYSICS LETTERS Paper Number: IAEA-CN-184/27
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Could one find petroleum using neutrino oscillations
in matter?
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Submarine neutrino communication

Patrick Huber Galactic neutrino communication
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Neutrinos from eV to PeV
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Neutrino Astronomy

Direct messengers from the furthest celestial objects

- Neutrinos are neutral and interact only with weak force
Multi-messenger astronomy

- simultaneous observation of photons, gravitational waves,
and neutrinos

distant
source

Photons
Neutrinos

neutrino
detector

teppei.katori@kcl.ac.uk 64




Neutrino flux
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