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Elementary Particle Physics
or

High Energy Physics

Elementary Particle Physics
or

High Energy Physics

Studying Fundamental Interactions (Forces)
in Nature

People have long asked,

“ What is the world made of? ”
and

“ What holds it together? ”



Leptons

• Don’t feel the strong force

• Integer or Zero charge

• Flavours:

e− “electron” (1897) In atoms
(0.511 MeV)

“Tau” (1975) Seen at SLAC
(17 mμ) ( Stanford Linear Accelerator Center)

μ−
“Muon” (1937) First seen in Cosmic Ray

(206 me)

τ−

eν “electron neutrino” (1956)
Pauli’s explanation of Beta Decay (1930)

μν “Muon neutrino” (1962)

τν “Tau neutrino” (2000)

Mass 

3 eV
0.19 MeV

18.2 MeV

e

μ

τ

ν
ν

ν

<

<

<



Quarks

• Feel the strong force

• Fractionally charged 2
3  Proton charge
1

3
Q

⎧ ⎫
⎪ ⎪= ×⎨ ⎬
−⎪ ⎪⎩ ⎭

• Constituents of neutron and proton
(udd) (uud)

u          “up”
d          “down”( )

• First Evidence:

Stanford Linear Accelerator Center
(Giant Electron Microscope)

• Flavors:
u         “up”
d         “down”
s         “strange”
c         “charmed” (1974)
b         “bottom” (1977) “Beauty”
t          “top” (1995) “Truth”

@ Fermilab
(Tevatron)



Interactions
Four forces in Nature

1  Gravity 3  Weak Interaction

2  Electromagnetism 4  Strong Interaction

Newton

Hold nuclei together

Time scales: 10-23 sec

Faraday

Beta (radioactive) decay

Sun is shining

Time scales: 10-12 ~ 103 sec



The Standard Model of Particle Physics

Gauge Symmetry ( Gravity is not included )

Color Left Hyper charge

Unification
Weak Ele

 of 
 a ctromagnetnd c i

(  IntStrong eraction)

QCD W

(3) (2) (

EAK QE

)

D

1SU SU U

⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠

⊗ ⊗

⊕

Spontaneously Broken
(Higgs Mechanism)

E.M.(1)U

QED
(Electromagnetic Interaction)



The Standard Model of Particle Physics

Matter fields

Scalar (Spin 0)
Higgs Boson ( Not yet found! )

( From Higgs Mechanism Spontaneous Symmetry Breaking)

Fermions (Spin 1/2)

Lepton
No Strong
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3 families

(make up all visible matter in the universe)



The Standard Model of Particle Physics

Interactions ( mediated by interchanging Gauge Bosons, spin-1 force carrier )

1) Electromagnetic Interaction (QED)

2) Strong Interaction (QCD)

3) Weak Interaction

Photon (massless)

Gluon (massless)                                (1979)

In SM, the Mass of W-boson, either         or      , arises from the
Higgs Mechanism

( Without it, Gauge Bosons have to be massless from gauge principle.)

W ± Z

,W W+ − and   Gauge Bosons                             (1983)Z

massive 80.42 GeV
91.187 GeV

W

Z

M
M

=

=
91 GeV = 10  eV( )



Higgs Mechanism in the SM
Two outstanding mysteries in the Electroweak theory :

The cause of Electroweak Symmetry Breaking

The origin of Flavor Symmetry Breaking
(MW = 80 GeV, MZ = 91 GeV)

(Quarks and Leptons have diverse masses.)

Both Symmetry Breaking are accommodated
by including a fundamental 

weak doublet of scalar (Higgs) boson:

φ

φ−

+ +⎛ ⎞
⎜ ⎟

Φ = ⎜ ⎟
⎜ ⎟
⎝ ⎠

0

2

v H i

i

To generate MW and MZ

( ) ( )μ
μ λ

+ +
Φ

⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠

= Φ Φ − Φ Φ −
22
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=
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How does SM predict … ?

In Quantum Mechanics

Schrodinger Equation:

i H
t

∂Ψ
= Ψ

∂

1. Figure out what H is.

2. Insert H in S.E. 

3. Calculate Predictions

In Relativistic Quantum Field Theory

SM gives the Interaction Lagrangian L

L

Feynman Rules
Feynman Diagrams

S-Matrix Elements

Predictions

} t b

W +

Vertex;
coupling



Weak
Interaction:

( Beta Decay )

Electro-weak Unification

Electromagnetic 
Interaction:

e−

μ−

photon
exchange

γ

0mγ =

e−

eν

n p

Not a consistent theory.
Violate Unitarity condition
In high energy collisions.( )

Fermi Theory

n p

W

e−

eν

0Wm ≠

Allows: Self-consistent calculations at high energy and 
to higher orders of perturbative theory

Prices to pay:
1) must exist                                                      1983 
2) Simplest version requires also massive                          1983

W ±

0Z

New weak charge preserving interactions 1973

(2) (1)SU U×



Some Examples of Loop Corrections
( Radiative corrections )

1)

2)

t
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Z Z
b
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Z Z
+ +
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Z + ...

Wm ~

Zm ~

Sum over 
Intermediate
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Z
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d

b d

b
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, ,u c t

W +0B 0B



Free Parameters in Standard Model
( ) ( ) ( )color Left Hypercharge
3 2 1SU SU U× ×

(1) Strong CP phase

em Weak mixing, ,

(vacuum expectation value)
(Higgs Boson mass)

S

H

V
m

α α θ

{ }
This set can be traded by

em, , , ,S F Z HG m mα α

3 2 1, ,
,

g g g
λ μ

( ), , , , ,u d s c b t

(3) Lepton masses

( ), ,e μ τ 's=0mν

(6) Quark masses

Mixing of quark weak eigenstates
and mass eigenstates

3 angles and
CP violatio

1 e
n

 phas

Total of 19 free parameters. 
So far, all experimental data agree with the prediction of SM.

To include neutrino masses (suggested by Neutrino Oscillation data) in the SM
• For Dirac Neutrinos • For Majorana Neutrinos

Add 3 masses    and 
3 mixing angles  with
1 CP violation phase

Add 3 masses    and 
3 mixing angles  with
3 CP violation phase



Top Exists
(induced from data before 1990)

Forward-Backward Asymmetry of        
bottom quark  (     ) in

confirmed weak isospin of b

bA

3
1
2

T = −

3
1
2

T = state must exist,

which is called

TOP.

e e bb+ − →



March 2, 1995

We had champaign
at the MSU High Energy physics 
conference room to celebrate the 

discovery of the Top Quark at FNAL 
Tevatron by CDF & D0 groups.

Recently,
170.9 1.8 GeVtm = ±
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TRISTAN

1983
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Year

1980 1984 1988 1990 1992 1994 1996 1998

250

200

150

100

50

0
2000 2002

tm

SUSY GUT
30 -130 GeV

GUT
135 GeV

PETRA
> 20.3 GeV

1984

If this is indeed so, the bounds on 

the mass of the  top quark are

30 GeV 50 GeVtm< <

Glashow
~ 38 GeVtt

Chronology of Top Hunting



ARGUS
> 50 GeV

Year

1980 1984 1988 1990 1992 1994 1996 1998

250

200

150

100

50

0
2000 2002

tm UA1
~ (30 – 50) GeV

SUSY GUT
30 -130 GeV

GUT
135 GeV

Petra
> 20.3 GeV

Observation of              mixing
ARGUS Collaboration
Received 9 April 1987

Using the ARGUS detector at the DORIS II storage ring we have searched in 
three different ways for              mixing in    (4S) decays. One explicitly mixed 
event, a decay                  , has been completely reconstructed. Furthermore, we 
observe a 4.0 standard deviation signal of 24.8 events with like-sign lepton pairs 
and a 3.0 standard deviation signal of 4.1 events containing one reconstructed  

and an additional fast          . This leads to the conclusion that             
mixing is substantial. For the mixing parameter we obtain r=0.21±0.08. 

0 0B B−

ϒ0 0B B−
0 0B Bϒ→

0 0( )B B ( )l l+ − 0 0B B−

To explain the large mixing parameter,
ARGUS had to assume the top mass
to be large, mtop > 50 GeV (indirect)

TRISTAN
>30.2 GeV

Glashow
~ 38 GeVtt

Chronology of Top Hunting



Year

1980 1984 1988 1990 1992 1994 1996 1998

250

200

150

100

50

0
2000 2002

tm
LEP & Tevatron 
dominated the 

search

LEP

Tevatron

Tevatron
W width constraint

Chronology of Top Hunting



LEP & Tevatron 
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search
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LEP & Tevatron 
dominated the 

search

Year

1980 1984 1988 1990 1992 1994 1996 1998
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0
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LEP

Tevatron

Tevatron
W width constraint

Single TOP
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Year

1980 1984 1988 1990 1992 1994 1996 1998

250

200

150

100

50

0
2000 2002

tm

LEP

Tevatron

Tevatron
W width constraint

Single TOP
180 GeV

Top Condensate
> 218 GeV

LEP & Tevatron 
dominated the 

search

Chronology of Top Hunting



Year

1980 1984 1988 1990 1992 1994 1996 1998

250

200

150

100

50

0
2000 2002

tm

LEP FIT
(indirect)

Discovery of TOP 
@Tevatron 

Chronology of Top Hunting

t

t

Z Z
b

b

Z Z
+ +

H
Z

Z
Z + ...

2003 PDG:

As of today:
178.0 4.3 GeVtm = ±

174.3 5.1 GeVtm = ±



Theorists should not 
give up any probable idea.

Only Experimental Data has 
the final say about 
Mother Nature.

The interaction between 
Experimentalists

and 
Theorists

is essential for 
the advance of science.

Lessons we learned from the 
History on the discovery of Top Quark



What motivated my 1990 single-top paper
(with                           )= 180 GeVtm

Goldstone 
Boson 

Equivalence
theorem

Spontaneous Electroweak 
Symmetry Breaking

Massive W-Boson

Study interaction of

in the TeV region
→L L L LWW WW

Existence of logitudinal   
W-boson      LW

can also interact 
strongly  with top quark if
LW

≈ 175 GeV
2t
vm

⎛ ⎞
⎜ ⎟
⎝ ⎠

2

2
eff

2
1tmg

v

2
weak

1
2.5

g

u

u

t

t

g
( ) 2 1Sg

du

b
tg

u d

TW

b
tg

LW



What motivated my 1990 single-top paper
(with                           )= 180 GeVtm

( ) ( )

( ) ( )

( ) ( )

*

*

1, ~
3
1W , ~ ,
3
1Wt ~ W
3

Wg tb t b tt

tb t b Wg tb t b

tb

σ σ

σ σ

σ σ

→

→ →

→

For                        ,180 GeVtm =

(GeV)tm

( )pbσ

,qq gg tt→

( )qg W g tbX+ →

*'qq W tb→ →gb W t−→

To include both

and

multiply by 2

PP tX→

PP t X→



T
O
P

Bottom-up
approach

Top-down
approach

quark

Effective Theory
Electroweak 

Chiral Lagrangian( )

Studying the most general
Form factors of Top quark interactions

To compare with present data

Ideas of Symmetry Breaking (in 4-dim)

Strongly 

Interacting

Models

Dynamical Symmetry Breaking

• Technicolor

• TopColor / Condensate / Seesaw Models

( can have composite Higgs bosons)

H t t≡< >

W
ea

kly
Int

er
ac

tin
g

Mod
els

Spontaneously symmetry breaking

• Supersymmetry

• Minimal supersymmetry
Standard Model (MSSM)
with Radiative EWSB

and
soft SUSY-breaking

(Elementary Higgs bosons)
, , ,h H H A±



Top quark Decay ( )t Wm m>

If the SU(2) structure          of the Standard Model holds, 
L

t
b
⎛ ⎞
⎜ ⎟
⎝ ⎠

t Wb +→

( )Br ~ 1t bW→

For a Standard Model t , the decay width t Wb +→
3

1.6 GeV 
180

tm
t

⎛ ⎞
Γ ⎜ ⎟

⎝ ⎠
∼

3
25

decay
1 4.4 10  sec

180
tm

t
τ − ⎛ ⎞

= × ⎜ ⎟Γ ⎝ ⎠
∼

t decays before it feels non-perturbative 
strong interaction.

Lifetime

always occurs at tree level in any model. 

24

QCD

1 1 ~ 3.3 10  sec
0.2 GeV

−⎛ ⎞
×⎜ ⎟⎜ ⎟Λ⎝ ⎠

∼

then

Studying 
Property of 
Bare quark.



Decay Branching Ratio of Top quark

In the SM: t
b

W +

2Br = 3
2Br  

jj mod
most

e

leptonic mo
 u

d
l

9

f
e

se u

e u c
e

u c
d

c
d

u
sd s s

μ τν ν ν
μ τ+ + +

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎜ ⎟ ⎜ ⎟

⎜ ⎟⎜ ⎟ ⎝ ⎠⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

=

New Physics:

t t
b

t t

t

0χH +

c

, Zγ
0h

c
t

c

g



Pair Productiontt



Br in     decay modestt



How to measure Branching Ratio (BR) ?
b Wt +→

l ν+

This can be done by measuring the ratio  

( )
( )l

Br tt ll X
t l

R
Br t X

→ +
→ +

≡ =

( )
t

b

t
b

l

l
ν

ν

t

t

b

b

l

ν

}everything

( )
If t Hb +→

j j
, then

lR SM
lRdiffers from        .



It is however possible that new physics 

might not change the                    ,

What if … ?

( )Br t bW→

e.g. no additional new light fields 
with mass less than( )tm

but will strongly modify the width of                     ,

due to  the interaction

( )t bWΓ →

t b

W
is strongly modified.

Hence, the lifetime of top quark is different from SM’s prediction.

Need to study the interaction of t – b - W .



andPP t X→ PP t X→
(single top production)

Since
2

~
tb

W
P

P

t b

W

Measuring 

tσ

assume SM
CKM element

tbV

( )t bWΓ →
in general

Combine with ( )Br t bW→

( )
( )tot Br
t bW
t bW

Γ →
Γ =

→ Lifetime of Top

top
tot

1τ =
Γ



PP t X→ PP t X→
(single top production)

Since
2

~
tb

W
P

P

t b

W

CPX ~ 20%tAδ

The asymmetry in the production rate

( ) ( )
( ) ( )

CPX
t

pp t pp t
A

pp t pp t
σ σ
σ σ

→ − →
=

→ + →

can be used to measure CP-violation.

This observable is unique for         collider.pp
(Tevatron)

For 2 fb-1,

C :
P :

P P
x x
↔
↔ −

and



A SM (     ) is purely 

left-handed ( right-handed ) polarized

in the single-top process. 

t t

left-handed top right-handed top

q 'q

W

b t
b

l+
ν

q 'q

W

b t
b

l−

ν

Measuring both

lt bp pσ +×i and t lbp pσ −×i

Probe CP-violation at the LHC

Spin
direction



Spin correlation in      eventst t

In the       center-of-mass framet t

( ) ( )L L R Rt t t tσ σ≠If                           ,  then  CP is violated.

t

t

b

b

W +

W −

e+

e−

ν

ν
Rt

Lt

e−

e+

Rt
Rt

e−

e+

Lt
Lt

e−

e+

Lt
Rt

e−

e+



Need better measurement of tm

( )
( ) ( )

2

2 2long 2
L

L T W

t

t

t bW mf
t bW t bW m m

Γ →
= =
Γ → +Γ → +

From the invariant mass of (b j j ) From the polarization of W

t

t

b

W
j
j

LW +

eν

e +

*θ 2 *~ sin θ ( ) 2*~ 1 cos θ−
TW +

eν

e+

*θ

2 2* *
*

Long Long
1 cos sin(cos ) ~ (1 )

2 2
F f fθ θθ

⎛ ⎞ ⎛ ⎞−
− +⎜ ⎟ ⎜ ⎟
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From the invariant mass of (b e )

t

t

b

W
e
ν

bem

2
*

2 2

2cos 1be

t W

m
m m

θ = −
−

*cosθ

bjjm



Top Quark Mass



Impact on Higgs Mass



Impact on Higgs Mass



Discriminating Models of
Electroweak Symmetry Breaking

Testing the interaction of Top, Bottom and Higgs Boson

t

t

H

b

b

H

SM:

MSSM:

TopColor:

SM 1
2
t

t
m

y
v

= =

SM 1cot
40t ty y β= ⋅ =

1ty =

SM 1
402

b
b

m
y

v
= =

SM tan 1b by y β= ⋅ =

1by =

( )tan 40β =

H t t≡< >



Discovering the Higgs boson and studying its interaction is 
essential to probe the electroweak symmetry breaking and 
the flavor symmetry breaking

Otherwise, 

Studying interaction among longitudinal W and Z bosons in 
the TeV region and interaction of longitudinal W (Z) boson  
and heavy fermions (top and bottom)

If Higgs boson exists



Higgsless Model
(Extra-dimension Models)

• No elementary or composite Higgs boson to regulate unitarity violation 
in the TeV region for 

W W, ZZ → W W, Z Z and   W Z → W Z
• Need to study W W, Z Z → t t , W Z → t b scatterings in the TeV region

• Look for W’ and Z’, to delay unitarity breakdown



Summary

We need experimental Data 
to advance our knowledge.

Fermilab Tevatron

CERN LHC (Large Hadron Collider)

ILC (International Linear Collider)

??


