
q
q v



be

bo

b k





Z
: R P ? P NZN

9NRW NR

7SWQSPS N P = NR NTP
AM M %WT S SRW R NQ MSQS R SYW R

NWS STN PP NQ

= N P =M WN W
AS W NG T N P SR R S M P YRNZ W

�4



�5

The First Three Minutes
by 
Steven Weinberg

Describes the history of the 
early universe, and the 
history of how we learned 
about the early universe.
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Helium Neon
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Proton   =  ( u u d )      u = up quark  

Neutron =  ( u d d )     d = down quark 

Gell-Mann 
1969 Nobel Prize

 (Gell-mann) v Pion Kion  
  a z“ ”(The Eightfold Way)     
  x a (Quark)
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1974, v Richer (charm quark), 11 . 
1977, Lederman  (bottom quark). 
1995,  (top quark).
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V(r) ∼ − 4
3

αs

r
+ kr

2
rproton ∼ 10−15m

mproton ∼ 109eV

k ∼ 109eV
10−15m

∼ 1024eV
m

1N = 1kg m
s2 ∼ 2.2 × 1012eV2

k ∼ 105N ∼ p)( a

mproton ≃ krproton
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Lots of “Emptiness”
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E = M c2

c = 3 × 108m/sec
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“Emptiness” is not “void”.
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(00,

Top Quark and Anti-Top Quark Pair 
Production at Hadron Collider
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Question: How many neutrinos from the Sun are passing 
through your fingernail in one second?

Answer: 40 billion! – day and night since neutrinos 
can pass right through the Earth without interacting 

(1956 Cowan, Reines) 
predicted by Pauli, 1933
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+W
−W

Electroweak theory predicted a heavy version of the photon  
called the Z0 which was discovered in 1983 (Rubbia, van der Meer).

+W
−W

The quarks and leptons can only see  
W particles if they spin to the left!

This shatters mirror symmetry! 
( Lee and Yang, Nobel prize 1957)

Just like rifle bullets, quarks and 
leptons spin as they whizz along



�45

Z

g
iZ



�46



�46



�46



w v
)

) +

2 )(%

6
YSR

2 )(%) )(

�47



• d

•

• 2

 (/0. n
: P  (0 . n h
 ) - N
D  (0., 924 h
  TD PRG 9L DR 2FF M RDTPR 4 T R
M FTRP n  (0,-

3 TD nr  (0
: P n  (0-)

D n  )
�48

17mμ



•

•

• v a
(udd) (uud)

u          “up”
d          “down”( )

• c 2
Stanford Linear Accelerator Center 
        (Giant Electron Microscope)

• 2 u         “up”
d         “down”
s         “strange”
c         “charmed”                            (1974)
b         “bottom”                              (1977)           “Beauty”
t          “top”                                     1995             “Truth”
                                                         @ Fermilab (Tevatron) �49
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The"Standard"Model"
!  Over"the"last"~100"years:"The"discovery"of"many"subVatomic"

particles"and"advances"in"theoretical"physics"has"led"to""""""
The"Standard"Model"of"Particle"Physics"

!  A"new"“Periodic"Table”"of"fundamental"elements"
M
at
te
r"p

ar
ti
cl
es

" Force"particles"

One"of"the"greatest"
achievements"of"20th"
Century"Science"""

Fermions" Bosons"
4+

Described+by+one+simple+equation!+
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36 Fundamental Forces of Nature: The Story of Gauge Fields

Faraday
Maxwell

∇ · Ε = 4πρ

∇ · Β = 0

∇ × Ε = − Β1
c

∫ ∫Ε · dS = 4πQ

∫ ∫Β · dS = 0

∫ Ε · dr = −

−

∂
∂t

∫ ∫Β · dS1
c

d
dt

∫ Β · dr = I

∫ ∫Ε · dS1
c

d
dt ∇ × Β = Εj + 1

c
4π
c

4π
c

∂
∂t

∂  F      =  − j4π
c

Einstein

∂  F      =   0
~µν

µν ν

µ

µ

Fig. 3.4 College T-shirts with Maxwell’s equations, as sported by sopho-
more, senior, graduate student.

form stresses the local effects of electric and magnetic fields. Finally,
Einstein’s covariant form brings out the true essence.

3.12. Lorentz and Einstein

The crux of the Lorentz transformation is that space and time get
mixed up when you move — a wee bit only, if your velocity is much
less that of light; but mix they must. Ironically, this point was lost
on its originator Hendrik Lorentz, who confessed in hindsight:3

The chief cause of my failure was my clinging to the idea that
only the variable t can be considered as the true time, and that
the local time t′ must be considered no more than an auxiliary
mathematical quantity.

The mathematician Henri Poincaré (1954–1912) wrote about the
principle of covariance, which he called the “principle of relativity”;
but it had no physical relevance, because he did not understand the
“relativity” of simultaneity.

3A. Pais, Sublte is the Lord, Biography of Einstein (Oxford University Press,
2005), p. 167.
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Nambu–Goldstone bosons

NGBs as spin waves, phonons, pions, …
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“We should perhaps finish with an apology and a caution. 
We apologize to experimentalists for having no idea what is 
the mass of the Higgs boson, unlike the case with charm, 
and for not being sure of its couplings to other particles, 
except that they are probably all very small.  

For these reason we do not want to encourage big 
experimental searches for the Higgs boson, but we do feel 
that people performing experiments vulnerable to the 
Higgs boson should know how it may turn up.”

J. Ellis, M.K. Gaillard, D.V. Nanopoulous, 
Nucl. Phys. B 106 (1976) 292



Finding a needle in a haystack:
A typical Higgs production event at the LHC

Production of high-energy particles can be systematically
described in perturbation theory, in contrast to messy production
of low-energy particles

Pavel Nadolsky (SMU) Peking University Lecture 1, 06/2013 10

h ! ZZ ! µ+µ�µ+µ�
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ATLAS+

γγ"""Mass"Distribution"

!  What’s"in"the"bump?"
!  A"few"hundred"extra"
events"with"two"
photons"that"
reconstruct"to"a"mass"
near"125"GeV"

!  It"took"how"many"
collisions?""
!  1015"="
1,000,000,000,000,000"

65"

65"

(),8 A Z
c Z

Z
1015 = 1,000,000,000,000,000
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1964 - 2012
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YQQ
• The world is made up of quarks and leptons 
• These particles interact through 4 different forces 
• The Standard Model of Particle Physics works  

but is limited in what it can do. 
• The Standard Model of Cosmology works 
    our universe is expanding with acceleration. 
• We are still missing several pieces of the puzzle 
• Work is underway to fill in the holes 

           Pretty cool stuff !
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