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Standard Model is 
extreeemely successful
• Take Particle Data Group “Reviews of 

Particle Physics” with 1676 pages

• With only a few exceptions, all numbers in 
the book are consistent with the Standard 
Model with suitably chosen 19 parameters

• add neutrinos: 5 more parameters

• Some of them tested at 10-9 –10-12 level

• Many at 10-3 level



Standard Model is 
extreeemely successful
• baryon and lepton number conserved 

(apart from anomaly ∝e-8π2/g2)

• flavor approximately conserved (apart from 
small mixing in VCKM)

• especially flavor-changing neutral current 
small (e.g., s→d vanishes at tree-level, 
suppressed by mc2/mW2 at one-loop)



Rare effects from 
high energies

• Effects of high-energy physics as effective 
operators added to the standard model

• can be classified systematically
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So, 
what’s the problem?



Five empirical evidences
for physics beyond SM
• Since 1998, it became clear that there are 

at least five missing pieces in the SM

• non-baryonic dark matter

• neutrino mass

• accelerated expansion of the Universe

• apparently acausal density fluctuations

• baryon asymmetry

We don’t really know their energy scales...



Physicists ask simple and 
profound questions

How did the Universe begin?
What is its fate?

What is it made of?
What are its basic laws?

Where do we come from?



Energy budget of 
Universe

• Stars and galaxies are only ~0.5%

• Neutrinos are ~0.1–0.5%

• Rest of ordinary matter 
(electrons, protons & neutrons) are 4.5%

• Dark Matter 27%

• Dark Energy 67%

• Anti-Matter 0%

• Higgs ~1062%??

stars neutrinos
baryon dark matter
dark energy



Physicists ask simple and 
profound questions

How did the Universe begin?
What is its fate?

What is it made of?
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Einstein’s Dream

• Is there an underlying 
simplicity behind vast 
phenomena in Nature?

• Einstein dreamed to 
come up with a unified 
description

• But he failed to unify 
electromagnetism and 
gravity (GR)



a new layer of unification

• Unification of 
electromagnetic and 
weak forces

⇒ electroweak theory

• Long-term goal since ‘60s

We are finally getting there!

• If they are unified, what 
makes them so different?

⇒ Higgs boson!
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History of Unification

gravity

electric magnetic

α-decay

β-decay

γ-decay

planets apple
electromagnetism

atoms

Quantum mechanics

mechanics

Special relativity

Quantum ElectroDynamics

Weak force

Strong Force

Electroweak theory

GR

String theory? Grand Unification?



Physicists ask simple and 
profound questions

How did the Universe begin?
What is its fate?

What is it made of?
What are its basic laws?

Where do we come from?



Religions

Where do we come from?



Philosophy

Where do we come from?



Evolutionary biology

Where do we come from?



quarks

atom

nucleus

neutron
proton

Where did 
a variety of nuclei

come from?





LHC
27km all around

Subaru
8.2m diameter mirror



Andromeda
2.3 million light years

HSC team
Subaru 

telescope



cluster of galaxies
2.1 billion light years

Abell 2218 



galaxy @ 13.3 billion light years



expanding space
• Einstein: the universe is not 

just a box, actually alive

• the box can warp, twist, 
expand

• Universe as a whole is 
getting bigger

• at the same time it gets 
colder

• it was smaller, hotter in the 
past

Big Bang!

E = h⌫ =
hc

�



“Wall” @ 13.8 Blyrs

You can never “see” beyond this wall
with a telescope



CMB

• before recombination, 
there was a fluid of 
protons, electrons, 
photons, dark matter 
(and neutrinos)

• photon pressure ⇒ 

“sound waves”
soup of particles

protons

electrons  quasars  

galaxies

 Cosmic Microwave Background Radiation  
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assumption

• a random density 
fluctuations ~O(10–5) 
more-or-less scale 
invariant P(k) ∝"kns–1

• starts acoustic 
oscillation, amplified by 
gravitational attraction

• “knows” about 
everything between 
0<z<1300

δT/T = alm Ylm

(2l+1)clm = Σm alm*alm

Planck Collaboration: Cosmological parameters

Fig. 10. Planck TT power spectrum. The points in the upper panel show the maximum-likelihood estimates of the primary CMB
spectrum computed as described in the text for the best-fit foreground and nuisance parameters of the Planck+WP+highL fit listed
in Table 5. The red line shows the best-fit base ⇤CDM spectrum. The lower panel shows the residuals with respect to the theoretical
model. The error bars are computed from the full covariance matrix, appropriately weighted across each band (see Eqs. 36a and
36b), and include beam uncertainties and uncertainties in the foreground model parameters.

Fig. 11. Planck T E (left) and EE spectra (right) computed as described in the text. The red lines show the polarization spectra from
the base ⇤CDM Planck+WP+highL model, which is fitted to the TT data only.
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Wayne Hu

angular resolution

http://background.uchicago.edu/~whu/metaanim.html

http://background.uchicago.edu/~whu/metaanim.html
http://background.uchicago.edu/~whu/metaanim.html


Ωk changes
the apparent angular size

of the peak positions

spatial curvature



Ωb changes
the relative size of 

even and odd peaks

atoms



Ωm changes
overall power

dark matter



telescope

380Kyrs



should 
slow down

expansion

ball thrown
upwards



equation for cosmic 
expansion
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three possible fates

• if enough matter, expansion 
slows and stops, starts to 
contract, Big Crunch

• if not enough matter, keeps 
expanding, eventually constant 
speed
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• This quantity is conserved (i.e. 
time-independent)

• it has the interpretation of 
“total energy”

• if positive, it escapes

• if negative, it drops back down

three possible fates

time

si
ze

 o
f t

he
 U

ni
ve

rs
e

R
⇠
t

R ⇠ t1
/2

d2

dt2
R = �G

M

R2

" =
1

2

✓
dR

dt

◆2

�G
M

R

R

R0

�G
M

R

" < 0
" = 0

" > 0



need GR for this
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generalize

• so far assumed total 
mass is constant 
(“matter”)

• if it changes as the 
Universe expands, 
generalize it

• Simplify the equation

• write 
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Homework

• we have at least three 
components

• radiation: ρ∝R–4

• matter: ρ∝R–3

• vacuum energy: ρ∝R0

• it appears k=0
• current value: H0

• Solve this differential 
equation with Planck 
data to compute the age 
of the Universe

 
Ṙ

R

!2

=
8⇡

3
G⇢� k

R2

R" = 0
" > 0

" < 0
0

�G
M

R
�G

4⇡

3
⇤R2



陽子
ヘリウム

２陽電子

２ニュートリノ

陽子
ヘリウム

２陽電子

２ニュートリノ

telescope

3m
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Big Bang made
only H and He

accelerators

380Kyrs
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deuterium abundance

• believed to be the most 
accurate, most 
primordial

• hydrogen backlit by 
quasar, Lyman 
absorption lines

• reduced mass different 
by 1/4000 between H 
and D
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Fig. 8.— The HIRES spectrum of Ly-9 to 18, together with our model of the system, as given in Table 3.

Kirkman, Tytler, Suzuki, O’Meara, Lubin
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CMB

• acoustic peaks in the 
CMB anisotropy power 
spectrum are due to the 
sound waves 
(oscillations) in photon-
baryon fluid at T~3000K

• amount of baryon 
particularly affects the 
ratio of even and odd 
peaks

Ωbh2=0.02207±0.00033

Planck Collaboration: Cosmological parameters

Fig. 10. Planck TT power spectrum. The points in the upper panel show the maximum-likelihood estimates of the primary CMB
spectrum computed as described in the text for the best-fit foreground and nuisance parameters of the Planck+WP+highL fit listed
in Table 5. The red line shows the best-fit base ⇤CDM spectrum. The lower panel shows the residuals with respect to the theoretical
model. The error bars are computed from the full covariance matrix, appropriately weighted across each band (see Eqs. 36a and
36b), and include beam uncertainties and uncertainties in the foreground model parameters.

Fig. 11. Planck T E (left) and EE spectra (right) computed as described in the text. The red lines show the polarization spectra from
the base ⇤CDM Planck+WP+highL model, which is fitted to the TT data only.
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only hydrogen and helium
right after the Big Bang

陽子
ヘリウム
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２ニュートリノ
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the Sun is getting
lighter by

4 million tons
every second

a hundred trillion
neutrinos go through

our body every second

Why does the Sun shine?

proton

4He

+ 2e+ + 2ne + 25MeV

E=mc2



Super-Kamiokande



evidence

SuperKamiokande

burning atoms in the Sun produces neutrinos
trillions through our body every second

in pitch darkness
1000m underground



Feb 23
1987

160,000 light years

noise
too high

mandatory
retirement

distant stars also
burn atoms

tremendous
luck



an example of 
time scales for a 

quite massive star

 once in
50-100 years 

inside the MW



hydrogen
helium

carbon
nitrogen
oxygen

iron

neutrinos

160,000 light years

We are star dust



Betelgeuse
20M⊙

640 lyr

Constellation Orion



Betelgeuse

Constellation Orion





Illustration:  NASA/CXC/M.  Weiss
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hydrogen
helium

carbon
nitrogen
oxygen

iron

neutrinos

160,000 light years

We are star dust


