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People have long asked,

• What is world made of? 

andand

• What holds it together?



What covers in this chapter?What covers in this chapter?

• History of particle physics

• Emergence of particle physicsEmergence of particle physics

• Classification of subatomic particles



1 1 Classification of particles1.1 Classification of particles

• History of particle physics
1. Discovery of the electron by J. J. Thomson -> starting point

2. Ratherford, Niels Bohr

3. Discovery of neutron by Chadwick

4 C D Anderson discovered the first antiparticles4. C. D. Anderson discovered the first antiparticles

5. Subsequently, so many hadrons were observed.

6. Gell-Mann proposed the quark model to classify them6. Gell Mann proposed the quark model to classify them

Try to classify an example with set of 10 hadrons.









1 1 Classification of particles1.1 Classification of particles

◎There are 10 hadrons in this example.

1H 2H 4H3H 5H 6H 7H 8H 9H 10H

◎First, Electric charge of each particle.



1H 0

2H 

4H3H 0

5H 

6H 

7H 0

8H 

9H 0

10H



1 1 Classification of particles1.1 Classification of particles

◎Second, the mass of each particle.p
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1 1 Classification of particles1.1 Classification of particles

◎ Observing the decay modes of each 
hadronhadron.

  14 HH

0HHH 

814 HHH 

  0HHH  724 HHH



1 1 Classification of particles1.1 Classification of particles

Information which can be obtained by observing the decay

1.Conservation of total charges.

2 Conservation of total energies before and after the2.Conservation of total energies before and after the 
decay.   14 HH

0

814 HHH  
  0HHH  724 HHH



1 1 Classification of particles1.1 Classification of particles

3. The stronger the interaction is, the more quickly the 
decay take place

s2310

decay take place
The typical electromagnetic 
decay time -> 

s1910

s10
The hadronic decay time                     
-> There is deeper 

physics behind thephysics behind the 
dynamics 

The stronger the interaction is, the more quantum 
numbers are conservednumbers are conserved



1 1 Classification of particles1.1 Classification of particles

Classification of the 10 hadrons by I values – i
means isospin 1means isospin

212,
2
1);,( 0

21  IIHH

412,
2
3);,,,( 6

0

543  IIHHHH

1120);(

312,1);,,(
0

9

0

87





IIH

IIHHH

112,0);( 10  IIH

The photon doesn’t have a unique I
values



1 1 Classification of particles1.1 Classification of particles
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1.2 Quark Model and 
Fundamental interaction
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1.2 Quark Model and 
Fundamental interaction
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1.2 Quark Model and 
Fundamental interaction

When Gell-Mann proposed the quark model wasWhen Gell Mann proposed the quark model,      was 
not yet observed. 
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1.2 Quark Model and 
Fundamental interaction

We can guess its mass by observing the g y g
mass gap between two adjacent 
strangeness.

2/150)2()3( * cMevSMSM 


2- 1683MeV/cabout  wasofmassestimated The



Baryon Decuplet
Baryon Decuplet (J=3/2)Baryon Decuplet (J 3/2)
Expect 10 states.
Prediction of the  (mass =1672 MeV/c2, S=-3)

Use bubble chamber to find the eventUse bubble chamber to find the event.

1969 Nobel Prize to Gell-Mann!

“Observation of a hyperon with strangeness minus 3”
PRL V12, 1964.



1.2 Quark Model and 
Fundamental interaction

There were a couple of problems in accepting Gell-
Mann’s quark model.

First, other combinations of quarks such as two 
quarks were not observed and there is no evidence 
f th i t f kfor the existence of quark. 

Second, problem of Pauli’s exclusion principle.
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1.2 Quark Model and 
Fundamental interaction

The postulate
1. Quarks carry three different “color charges”.
2. Only color-neutral objects can be observed in nature.

Suppose three colors are r, 
y, and g.y, and g.

0 gyr

0 rr
0 yy
0 gg

means 
anticolor.

gyr ,,



1.2 Quark Model and 
Fundamental interaction

All other combinations would fail to 
cancel the color charges each other

3 

cancel the color charges each other

)   0()()
2
3( orbitalsymmetricLuuuS gyrz  

The problem of Pauli’sThe problem of Pauli s 
exclusion principle is also 
naturally solvedy



1.2 Quark Model and 
Fundamental interaction

So, why can only color-neutral objects be observed 
in nature?

M b th ill b id d b QCD( tMaybe the answer will be provided by QCD(quantum 
chromodynamics)

Nowadays, people have established the standard 
model of elementary particle physics assuming the 
six quarks and the six leptons   ),,,,,( tbcsdu ),,,,,(   vvve e
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Back-upp



Standard Model

• t, b, c are heavier 
h h k

u tc γ

than other quarks 

- heavy flavor 
d s gb

quarks
ν ν νμ τ Z

• W, Z, top are stand 
out from the restWe μ τ

Z

out from the rest.

= "too small to show"= "too small to show"



Matter

• Hadron (Quark) - size

– Baryon (qqq): proton, neutron

– Meson (q qbar): pion kaonMeson (q qbar): pion, kaon

L t i• Lepton – no size

– Point particle



How to know any of this?How to know any of this?
(Testing Theory)

• Example

– Light bulb (Source)– Light bulb (Source)

– Tennis ball (target)

( )– Eye (detector)



How to detect?

• Accelerators solve two 
problems:problems:

– High energy gives small– High energy gives small 
wavelength to detect 
small particles. 
(L bd h / )(Lambda = h /p )

– The high energy createThe high energy create 
the massive particles 
that the physicist want 
to study (E=mc^2)to study.(E=mc 2)



Accelerator design

• Shapes

– Linacs (SLAC)

– Synchrotrons (Fermilab)Synchrotrons (Fermilab)

C lli i• Collision types

– Fixed target (E687, FOCUS)

– Colliding beams (CDF, Belle, BTeV)

=> CM = 1TeV+1TeV => 2TeV=> CM = 1TeV+1TeV => 2TeV



High Energy Experimentg gy p



Fixed target vs Colliding beams
(total energy)2-(total momentum)2 = invariant in all frames of reference
A th t 800G V(E ) t llid i fi d t t( t )Assume that 800GeV(Ebeam) proton collides in a fixed target(proton).

Center of mom. frame    Laboraroty frame
Total energy: E E +mTotal energy:           ECM Ebeam+mp

Total momentum:              0                              Pbeam                                                      

Invariant: ECM
2 (Eb +m )2-Pb

2           Invariant:           ECM (Ebeam+mp ) Pbeam

E = [ 2(mp
2+Ebeammp) ]1/2   = 38.8GeV[ ( p beam p) ]

We are enough to 19.4GeV+19.4GeV proton beams in collider !!!

Question: What’s the advantage of a fixed target experiment?Question: What s the advantage of a fixed target experiment?



Experiments related to CKM parameters

e+e- B Factoriese e B Factories

Major experiments ongoing, some ended
48

Talk by Elisabetta Barberio
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전자-양전자 충돌 가속기 실험
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Super Belle (2012~)
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http://www.ke



양성자-양성자 충돌 가속기 실험
(Large Hadron Collider)(Large Hadron Collider)

LHCbLHCb
CERNCERN

ATLASATLAS
LHCbLHCb

CMSCMS ALICEALICE

LHC at 
CERN
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CERN



양성자-반양성자 충돌 가속기 실험
( )(Tevatron)

)kHz! 15(~ TeV 2at  150)( bbbpp  
0Zt7)( bbb 0Zat  7)( nbbbee 

(4S)at  1)(  nbBBee

52
Heavier B => Full Service of B factory


