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Cosmic Rays

™\_cosmic ray

\_proton
\\\

~_atmosphere

Protons come from outer space.
They make muons in the atmosphere.
About a thousand of them go through

our body every minute like X-ray.
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|. Where the elements come from
2. How the stars were born

3. Where the matter comes from







“Wall” @ 13.8 Blyrs

You can never “see” beyond this wall
with a telescope
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in pitch darkness
1000 meters underground
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history supernova of
eXP I O S i O n s Supeeriokande

need to understand the
history of supernova
explosions over the whole
cosmic history

Putting gadolinium into
Super-K enhances the
sensitivity

can ‘‘see’ neutrinos from
billions of light years away

Eventually even bigger
experiment!
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Hall, HM, Papucci, Perez, hep-ph/0607109
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|. Where the elements come from
2. How the stars were born

3. Where the matter comes from

supernovae
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|. Where the elements come from supernovae
2. How the stars were born dark matter

3. Where the matter comes from
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Uranus

Neptune pluto

10 20 30 40

Distance from Sun [AU]

system

-~

.
e,

R E . n Q
:;é-«r"&!—- i'

MASTEROIC

2 Y o

Earth revolves around the Sun at 30 km/s
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true nature of galaxies
100k lyrs

>

stars

dark matter

>M lyrs
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mage |nV|5|bIe dark matter
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more than 80% of matter in the Universe is not atoms
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"Good not to be here
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- two clusters collided at4500km/sec *
. Credit: J. Wise, M. Bradac (Stanford/KIPAC)

4B lyrs away






“—without dark matter

without dark matter with dark matter



Reenacting the Big Bang with Cal Marching Band
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Search for MACHOs

(Massive Compact Halo Object

EROS collaboration
astro-ph/0607207

* :

- Large Magéllanic Cloud

Not enough of them!

MACHO
95% cl

EROS-2 + EROS-1
upper limit (95% cl)
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HSC result: Constraint on PBH

Found many variable stars

Niikura, MT et al., to submit soon
started from conversation with Hitoshi | star flare
and Masahiro Kawasaki

A dense cadence HSCObS Of M3 >0 5000 10000 15000 20000 25000
{i ' ! Gt s time [sec]

to search for microlensing due to

PBHs (just one night in Nov, 2015)
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WMAP
HSC-M31 constraint (95% C.L.)

No detection = more stringent
upper bound, than 2yr Kepler data
(Griest et al.)
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MACHO = WIMP

It is probably WIMP
(Weakly Interacting
Massive Particle)

Stable heavy particle
produced in early
Universe, left-over from
near-complete
annihilation

Will focus on WIMPs for
the rest or the lecture
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thermal relic

thermal equilibrium when
kT>m, c?

Once kT<m,c? no more
¥ Created

if stable, only way to lose
them is annihilation

but universe expands and
¥ get dilute

at some point they can’t
find each other

their number in comoving
volume “frozen”

10

Increasing <o,v>

100
x=m/T (time -)
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How do we look for it?

nucleus

/

® maximum energy transfer [ pM ——— nucleus
to nucleus when my~Ma

® energy of the nucleus \
leads to a combination of DM

® j[onization

e phonon

2(1 — cos 6)

® scintillation Ef -
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XMASS

|t liquid Xenon
in Kamioka mine
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upernovae

ark matter

neutrinos’?



Anti-matter!
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Carl Anm'derson
1936 Nobel Prize in Physics



Dirac equation

Dirac forced

a marriage between
quantum mechanics and
special relativity

equation he discovered has
negative energy solutions

assume they are all
occupied

Then a hole would be a
particle of opposite charge




Anti-Matter

for every particle, there is an anti-particle
® CPT theorem in Quantum Field Theory
same mass, same lifetime

opposite electric charge, helicity

electron e and positron e*

proton p and anti-proton p

neutron n and anti-neutron n
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Frederic

Joliot-
Curie




Berkeley

1955
anti- proto

| ma er and anti-
. ,\.matter annihilate

Sinto pute-gAgrgy




anti-matter at use
Positron Emission Tomography (PET)
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Lawrence Berkeley
National Laboratory



g ® European Laboratory
8 CERN

® A scientist produced a
quarter gram of anti-
matte”fwithout the
knowlgdge of the
Directgr General

2T e falls intq wrong hands!
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billion trillion
trillion dollars
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The Particle Universe
103

107

s - protons electrons

neutrons

dark matter
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Early Universe

1,000,000,002

matter anti-matter




Current Universe

us

matter anti-matter
We won! But why!?




i VoL

iRl
Beginning of Universe

1,000,000,001

matter anti-matter
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fractlon of second later

|
1 000,000,002 «

martter anti-matter
turned a billionth of anti-matter to matter



Universe Now

us

Can anti-matter really turn into matter?

matter anti-matter
This must be how we survived the Big Bang!



theory built in 100 years

FERMIONS  BOSONS
MATTER FORCE CARRIERS
"] Quarks  [T] GAUGE BOSONS
LEPTONS HIGGS BOSON

Neutrinos have no mass

(C) Particle Fever
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Neutrinos have no mass

« All neutrinos are left-handed

- If finite mass, they cannot go at speed of light

+ Contradiction! They cannot have mass
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Feel you've lost a half of them!




Neutrinos have mass

» Einstein’s Relativity

of light )2
+ Time slows down if running fast A7 = At\/l -

 Neutrinos sense time
 Then they are slower than light
+ They must have mass!

 Massive particles never reach speed of light
» Massless particles (e.g. photon) always go at speed

+ Time stops at speed of light A7 =0
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A new puzzle

All neutrinos are left-handed
If finite mass, they cannot go at speed of light

Perhaps it is anti-neutrino?




New Paradigm

® Maybe neutrinos could reshuffle the
balance between matter and anti-matter

® Possible if neutrino can morph into anti-
neutrino and back

Fukugita Yanagida




Leptogenesis

® Presumably three Vr
® One of them lives long and decays late
® Majorana: VR = VR

® @tree-level, decays 50:50 to v +h, vi+h

['(vg — v +h) x1—c¢
['(vp = v +h") x1+e€

® (@one-loop,
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® Wand Z bosons
massless at high
temperature

® W field fluctuates just
like in thermal plasma

® solve Dirac equation in

the presence of the
fluctuating W field

Ag=Ag=Ag=AL
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successful
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di Bari, Plumacher,
Buchmuller




L

25| X
AN A

=)

=8

53
=

| -\
\ -
. —_—

Turn anti-matter
INtO matter

Can anti-matter turn into
matter?

Maybe anti-neutrino can
turn into neutrino
because they don’t carry
electricity

OVBPR:nn—ppe e with
No neutrinos

doesn’t happen even once
1026 (hundred trillion
trillion) years

patience!
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""Need big underground
experiments

® look for 1°%Xe — 139Ba e e~

® dissolve gaseous xenon
into liquid scintillator

® current 800kg of
enriched xenon

KamLAND=1000t
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