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I. Introduction
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Whatis “Science’ ?

AT RBdy. ) BA LA
N
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Ak B, BR . A% %—
Simplicity Hierarchy Consistency Unification?
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Particle Physics
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Universal written in a piece of paper

Gravity
X E#
%—Fg NGNMZ/r'Z
(Newton 1687)

Bi:. BEA A
#,: 1785 Coulomb 1819 e 1% K& R 1867

~o2 /P2 o, )
1789%@}&1’2‘006 e @%;S;;e; - Electro- —— Maxwell Equations
Galvani > Volta Magnetic EM wave =&

FiE AFk )



10 Dl N ok e
> jjﬁ%é’g ((/ri,:;i)) ?
> “ﬁ_'ﬁ—f” ? 32& €« >

. T -
. e - a5 "
- = .
’ . v . S v




The discovery of Electron

® 18974, ].J. Thomson & A & & F IR 2| P AR5} £

-- “Excuse me ... but how can you discover a particle so small that
nobody has ever seen one?”

Electrodes to Electrodes to

generate ray deflect ray

— D —

(ﬁ Displacement
Voltac;e L @A/node / Negative plate
— e | I
Cathode @ Evacuated tube/ ‘ Positive plate
+

Cathode ray

. NN
(1856-1940)

The first discovery of a fundamental building block of matter, €



The discovery of Electron

® 18974, ].J. Thomson & A = & F ML 2] A #AF 4

-- “Of course, you can not see it with naked eyes, but one can
describe it as ...”

v 1897, AN KA WAL P AREE — i wEAL AR PhQ /m,
% A (1868-1953) 7 — BF wE|Q, | ~1.6x101 C

v 1925, G.EH N g S FmE4HF — RF EZ L s, = 1/2

(1 850- 1940)

The first discovery of a fundamental building block of matter, €
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The 5% Solvay Conference on Electrons & Photons
October 1927
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HERAFHE LI : Relativity 48 3448

To describe things moving very fast (@ €=299 792 458 m-s™! requires the theory of relativity.

Special Relativity :

— One cannot catch up with light.
s HIERE

— Time-Space <8
iz — %% (t,X)

— Mass is a form of energy. |

it %% E = mc?

Albert E
(1879 - 1955)



Average binding energy per nucleon (MeW)

0 20 &0 a0 120 150 180 210 240 270
Number of nucleons in nucleus

233U +n > 235U - 3EKr + 153U + 3n

EaM
-

,V
@ ENERGY d3n
235 D
236

. J

, 141
Unstable @ s Ba
nucleus
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R FAF AL 0D : Quantum Mechanics = -F 7 52

To describe things very small @ h =6.626070040(81)x10~*]-s requires quantum mechanics.

Wave function :
Y(# t) ~ pl(DT—E-t)/h

— Atom never collapses

SIS R S 5otk

— 38 3% Schrodinger Equation EW = [ﬁz /m + V] g

Time-dependent Schrodinger equation in position basis
(single nonrelativistic particle)

e O s Erwin Schrédinger
zha\ll(r t) — [TV + V( )] ‘I’(I‘,t) (1887 _ 1961)

11



R FAF AL 0D : Quantum Mechanics = -F 7 52

In subatomic world, to be a particle or waver That is a question

ﬂ Photon as particle

E photon = hv

700 nm m
1.77eV 550 nm

Potassium - 2.0 eV needed to eject electron

Photoelectric effect

E=hw

\ %88 &8 T

Vi = 6.22x10° m/s

V..
2.25 eV ne

/400 nm

3.1 eV
Ie I
no . s

electrons P o
&+ *

~
/

©

Louis de Broglie
(1891 - 1987)

/

K Electron as wave

double-
slit

pattern

Double-slit interference

A=h/p

electron
electron
beam gun
interference

\

screen

K & F 69 % R A /

MK KL A8 P Particle-wave duality
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R FAF AL 0D : Quantum Mechanics = -F 7 52

The uncertainty principle:

— The more precisely we know the position X of an object,
the worse we know its momentum p.

Ap Ax~ AE At~ h

T F 4 F:
BT EY T 3
‘/ U‘R%’f‘- - #E] ‘fi Werngglézirl_ Iilg;s(ae)nberg

v Principle of Uncertainty #| & & /& 32
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M ZETFHS

® Kiix mA2: H&I1/2H AT 8= = A spinorA8 X1 = F /) F K3 H 42

Dirac equation (original)

- o
(ﬁmc2 TcC (Z anPn)) ¢(w7t) = ih az/)(at,t)

| E>0, 8 HETH
E = c\/p2 + m?c?

—=

Paul Dirac (1902 - 1984) E <0, ? —> BfL-T{B 9L (1928)
Dirac # K F:
v’ Dirac Sea: E-B M, ©F-5 R4 E

v BlMEzE BE > 2m,

*
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http://en.wikipedia.org/wiki/File:Dirac_4.jpg
http://en.wikipedia.org/wiki/File:Dirac_4.jpg

MXTIeE T/ 5 — positron 8 55 Fe 7 I,
® T LInag S R MATF — EwFet

Lk : (0.511MeV ¥)
\ A8 % (1902 -1998) / D Anderson (1905-1991)

1930, By 4t 242 % 1932, 5 @ & ¥ & Jlet 42 i
BU# BRI R AFREe 4T & in Cloud Chamber

/

E R Fer: FiEm/Aes FAE, wirq, /2F L, 48R

15



M T TP

Mgt UD)TRE

/N 1/ e—ie‘@(x)

> ¥ -F w3 /1 5 Quantum electro dynamics QED

Ky HE A I K T 2N 49 Lk AR B A )

AR EAER

o

—1

Bk A~ (ef) — g'" (eQy)

2
Eee

PHBE: 0 «<|A]* = a?QF/ES

—

- -
> A A | o= 20 =0.007 297 352 5664(17).
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X LE#
T8

W H A4

¥,: 1785 Coulomb
# vt
~e2/p2

1789 1800

Galvani = Volta

i \g-;ab

P 51

( “RABEEH)
8 AR R )

B\«;ﬁ;é/ -

Yo—: FHRAF S
Gravity | General Relativity
NGNMZ/F'2 L > (Einstein 1916)
(Newton 1687) N»/-Q‘G'IR?
5 Ko B,
v'1867
p—_— Maxwell Equations
1819 | Electro- > T "
Oested M . v ) ) 3\ _§-_% %7‘7&77 ';_%z:
oy T agnetic 1905 Einstein @ C QED U1
#7 i = I > Special (1948)
Relativity »—
V1925 @ h EB N
Quantum Mechanics 2#%% w®
(Fr W0 &g A2 5k HLIE A AR




B 4K 4% 4] Natural Units

> W REAT AR (F 50/ K/ F) vs A RA-F 3L

2 F # % Quantum Mechanics + #X# Relativity — = F3%# Quantum Field Theory
| Y |
h ~ 6.63X103 - s c~3X108m - s’ Natural Units

> AnageEs: | [h]=[c] =1

[ fic =197.326 9788(12) MeV fm J

v=x/t—> [L]=[T]e®—3%
E=hw—- [E]=[T]"

-1eV=1.6X10"], 1MeV=10%V, 1GeV=10°MeV, 1TeV=10°GeV

E=mc?-> [E]=[M]=p]
-m_=0.511MeV, mp:1.()()73u:938.3MeV, m_=1.0087u=939.6MeV
[E] = [M]=[p]= [T]"* = [L]™* i eg [F] = [md] = [VU] = [M?] — : &F w3 [e] =?
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® 1AL AT ® i THFE:
& ' % & (6000K) K 84S (107K) Ll €m0 e
‘y‘h /> H\ 7> é‘é’j—‘ /N
~ 0.5 eV ~ keV %71'\’ J HX ] j‘:_ 7}}7
— - Heisenberg: A~ h/E
HAZRE (AT
~ 10 keV
W, F it = m, JR ¥R 2 mp SH L 7 = 2k 5 U2
~ 0.511 MeV ~1GeV W RLFL T =) AR An iR 35
TeV accelerator & collider
W, 55 A % A 4k 5 Higgs
~ 0(100) GeV
New Physics BSM . ' . 2
~1-10 TeV ? Einstein: 1M = E/C
: + A KEE " HET
X % —GUTHE AT
~ 1019 TeV !
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@ NS RILMihsiitam, “HB7 +Amags+ IREE
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18 2
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¢« 7‘%‘;}7‘»
W, An ik ¥, & ~100kV

MR kKL~ h/E ~ 0.0054% &

HHAT B FHEM B, e.g. CCD
ZRHST TR B

Electron Electron Gun

A

seamng {1
o (AR
iﬁﬁiﬂl'iii!}ﬁ’

A K

|
Backscattered \'I""”
Elect
Dot ootor AL
—_——

Stage

Anode

M agnetic
Lens

ToTY
Scanner

Secondary
Eleciron
Detactor

Specimen
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BR i A% F #F s Large Hadron Collider (LHC) %J &AL

LHC - B CERN
mzaboint 8 -== ATLAS ALICE
E ikorntl = Point 2

ES40 - V10/09/9;

® X A% -F a2 HLHC ® pre-LHC era: Large Electron-positron collider (LEP 1989-2000)
+ FIR B AW g R K~27 km, HTF~140m + LI E: HWLHCE —mig. Ak *THE3R
+ ZALAT B T7+7 TeV ppitdg @ 2x10%* cm?s! + Efi v FariE: LEP efe 100+100GeV @ 1032 cm?s!

22



® “RERT . RFRIAE, =TTV, BAEZRW, PR RIRN R 4

mk\»\
2 &5 @@w« B/ A = hc/E ~197MeV fm / 7TTeV

! 24
10! 102 10 10°° e 1 102 10% 10° 102 10" 10"%10%"10

_T mm m km Mm Gm Tm Pm Em ~ 1 X 10-19 m

Q@fﬁﬁﬁ

> BRFRZTE=TTeV=7x102eVx1.6x10"]/eV ~1x10°]
> BERF R A E L, = 2X10% cm?s!

> XRAHEW=E X L, ~ 2X10% J-cm™s

23



B ARESENEN RS XA R ERR A%

ATLAS F 27000k, K46m x A 1225m ~5500A, 245FF R E4r, 2B F
S

CMS F 2140007, K21m x A 4215m ~5500 A, 241BF R 4L, S4E




Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector

Electromagnetic
Calorimeter

Solenoid magnet
Transition
Radiation

Tracking Tracker

Pixel/SCT detector

B ARESENEN RS XA R ERR A%

ATLAS £ 270007, K46m x H225m ~5500 A, 2458F % 4%,

CMS F 2140007, K21m x A 4215m ~5500 A, 241#F % 34%,




ITa. Standard Model(1- %7 K F)
I Ak F R A8 ZAE A




Standard Model of Elementary Particles @ A Xk F: “&7 BF, LAIRLEH

three generations of matter interactions / force carriers

(fermions)

massl =2.2 MeV/c?
charge™ %

spinl Yo U
[
up
l
I =4.7 MeV/c?

-V
1 d
i

i down

I =0.511 MeV/c?

I ~1.28 GeV/c?

I %A

! » (.

I charm

I =96 MeV/c2
__1/3

-

[ strange

I =105.66 MeV/c?

-1 I -1
I b7 e I b7 IJ
electron | muon
R N B o= |
<1.0 eV/c? <0.17 MeV/c?
0 0
Y Vg Lz Vl-l
electron muon
neutrino neutrino

=173.1 GeV/c2
%

«

top
=4.18 GeV/c?
.
bottom

=1.7768 GeV/c?
-1

1 T

tau

<18.2 MeV/c?
0

Y VT

tau
neutrino

(bosons)

=125.11 GeV/c?
0
0

<

0
1 bV,
photon “

=91.19 GeV/c?
0

s

4
Z boson

U

=80.360 GeV/c?
1

W

W boson "

> AE=12% kT “BEERT A

&%, (Ui
Quark dl

> B A=A

%48 ZAE A g
WA EAE R e
5348 ZAE A sin®0y

By (e") =13

Lepton V;

A8 ZAF AE & T

IR Fgluon g
J&-Fphoton y
BrEHEFWE/Z

> B0/ Higes#i¥



%j{_\j}:’i “jt%:i”

Standard Model of Elementary Particles

three generations of matter

mass
charge

spin

I =2.2 MeV/c?
£

v .
|
=4.7 MeVI/c2
1.
I Y d
[ down

1

I ~0.511 MeV/c2
I -1

I 1/2 e

] electron

<1.0 eV/c?

Ve

electron
neutrino

X ©

(fermions)

=1.28 GeV/c?

charm

=96 MeV/c?
-1
R

strange

=105.66 MeV/c?
=1

- @

muon

<0.17 MeV/c?
0

Yo V l’l

muon
neutrino

I =173.1 GeV/c?

top

-5
Y b

tau

18.2 MeV/c?
Y VT

tau
neutrino

interactions / force carriers
(bosons)

125.11 GeV/c?

0
® |- H
gluon ' higgs

- @ \
photon

=91.19 GeV/c?
0

1sz

Z boson

=80.360 GeV/c?
1

CW

W boson '

® fit)=1/2% KA F(ER):
> & % Quark: 9 # w4 + &2

@ : @ J% Fp(uud)

© T Fn(udd)

» 22 FLepton: ~®F + P#KF

n->p+e +v,

B F HLo /Ly /LA 12

28



%;4&?%:%&—5?3—:3"%5\L8/MT4{ 8] 5 &

® FHEMM: >y, pAFT HF® - 100/ CR 24

FRE T

Q, = —e, m,;~105.66 MeV, L,=0/L,=1/L.=0

20000 m

® IF W FAIEALLE:

~(e)) 7=

C.D.Anderson, strange track @ balloon, 1936 s

J.C.Street & E.C.Stevenson, ¢/m ratio @ ground , 1937

(eQ Ji)

v R B Atk RE,.>2m,

~——

v EABEG: M EueF o« a?Q/EZ

V MASBTHETFRE XL=XL,=

29



Z~ 5,quartk 55 &, 2 ] Color confinement

\ proton  neutron ( HadronJal® :
| a a \° no free quark,

gluon as color strain to

bond neutral hadrons

\_

200,000 fm = 0.2 nm

> #%:XJEREJL “7'] ﬁi” ~ 1 fm > #%:XJE?]‘E#TI‘\ AQCD ~ 200 MCV

—R00000007 — Energy

q G q 4q q q q 4
09000 — A — ~— 000D 090000~
1 1 I 1
1 1 I 1

< HadronJet

— Elongating gluon tube

30



5% 48 ZAF A : Quantum Chromodynamics (QCD)

® JLAMRIK: quarkBER, AAe1/2, 5 A BT,

“@” /_f‘;j;__ — “@”x]ﬂ” Xﬁﬁg&]%\i

® [RAtFL: O()MeV K Agep, 3IFHKIL npQCD — #-% svalence & T4 A

/ﬁi: J,=1/2, m ~1GeV, Qp=+1\

¢ O
&

ﬁ\ﬁé: Ju:.]d: 1/2> mudeN()’

/XX%%%‘?%: Ja=3/2, my~1.2GeV, Q,=+2

delta (A" it 1 By
3.90e-24 AT =—

1232 \/6

+2

3/2 =FET AWmAE

\ Q,=+2/3,Q=-1/3 /

-

® ZAlEL: O10)GeV » Agcp, I pQCD — & F vt iFjetht A

+ MSHAR A F LT, B45 fu/d/sR 27T Ak — X LEF] 2quark ik F £
+ AEEIR T, BT AR AT Rjet™iiE — e B FjetdRN B ‘1’4?757[:5']5‘6/\( W, A% 5




b7 E fi B F AT HEAUBES 3% T4 FLAT A

BESIIEN 2

Epeam = 1.0-2.1 (2.3) GeV
Lges = 6.5X10% cm?st @ 3770

v
-
T
(1]
=
(@ 4
w
=
(=
et
o
)
|

Three Generations of Matter



QCD & Iode (1) & et A

® b iHMBSEARFRATA

u/c +2/3 ~0/1.28
d/s ~1/3 ~0/0
A
® bt AUBSE R FRIL S I - S
= 5L & BESII 1998, PHLB!I{EDDD}EEM e
2 Gammaz :
0 mMarkl :
g5 pluto
_a(e*e” - hadrons) L | L @d®s j
g(ete™ - putu~) s f % H H
tem 5 g | ke M ik
_ 2oi(eTe” = q;q;) 2 H‘ ;
— olete - utu) *H uPd®s® c
f : BES 2 - 5GeV
Colors and fractional charge of quarks R S Py com @

R ~ [(2/3)2+2x(1/3)2]x3 = 2 v [2x(2/3)2+2x(1/3)2]x3 = 3



Standard Model of Elementary Particles

three generations of matter

® f)=1/2% K F(=RK):

interactions / force carriers

(fermions) (bosons)
| I I > % % Quark: -3 w47 + &% H
mass =2.2 MeV/c? =]1.28 GeV/c? =173.1 GeV/c? 0 =125.11 GeV/c?
charge | % % % 0 0
spin || ¥ U Ys C Ys t 1 g’, 0 H ]D’L‘- %p (uud)
up charm top gluon ' higgs @ @

=4.7 MeV/c? =96 MeV/c2 =4.18 GeV/c? 0 :

-1 -V - 0 ‘:]? %n (udd)

¥ d ¥ Y b 1 L

down strange bottom hoton “

r I .
=0.511 MeV/c?

=105.66 MeV/c?

I =1.7768 GeV/c?

=91.19 GeV/c?

1 T I ; > % FLepton: “wF” + PRF
Y e Y I..l Ys i F 1 Z -

1 4

I electron muon tau Z boson — —

i f n—->p+e Vv,

I <1.0 eV/c2 <0.17 MeV/c? <18.2 MeV/c? =80.360 GeV/c2
0 0 0 +1
L Ve : \Y, , V1 |

I Lo Lo l’l I Lo 1 ij

l electron
| neutrino

muon

neutrino I
F N B N B BN B B B |

tau
neutrino

oson

;

BT HLo/Ly /LA 1A F e

34



K xy B a9 4EF) . P IRT
® T e P HQy =0, MR EM, 0, XRFTHE, REDHRZEMIMI R

p 100 trillion neutrinos pass through
>\ your body every second!!!

f’ )}) o

V. V.
electron

neutrino

» Your body will stop 1 neutrino passing through

in a lifetime!

KHuman body contains ~20 mgo]

Potassium *K, which is emitting

340 million neutrinos per day!
19K = 30Ca + B~ + v,

A& EE: 0.01171(1D)%

K F A 1.2513)x10%y /




AT

> AL R2E BAm-Npik 4o % 5 :

241Am—> 237Np_|_4He

237
93

241

95Am

4}5241Am1%4'4\ocﬁx, RS ZAZ  He 44
ALtk LB, TTRAAD Z

Mumber of events —m=

Al PHA DECAY

americium —m= neptunium + alpha particle
224 54 &72 220,810,605 3728429  MeWice

5.484
Alpha particle energy (MeV] —= L =YY

£y my
ru—Q

Py, My

Figure 38.1: Definitions of variables for two-body decays.

38.4.2. Two-body decays:
In the rest frame of a particle of mass M, decaying into 2 particles labeled 1 and 2,

M2 _m3 4 m?

E1= 2M

(38.15)

IP1| = |pal

36



AR RE T
» 1913-1930: 4£Rh-48Pd B decay — "M X A" #H 4 & Fcontinuous spectrum of E 2!

'95Rh - 107Pd + e~

BETA DECAY
rhodium —® palladium + beta particle _
98,652 876 98,649.195 0.511 Me\/cd

n->p+e ?

(1885-1962)

Number of events —=

%

3169 “FE or P not conserved in Sub-Atom World ? ”

Beta particle energy (MeV] —% MeV .
(Niels Bohr)

37


file://///localhost/upload.wikimedia.org/wikipedia/commons/6/6d/Niels_Bohr.jpg
file://///localhost/upload.wikimedia.org/wikipedia/commons/6/6d/Niels_Bohr.jpg
file://///localhost/upload.wikimedia.org/wikipedia/commons/d/da/Coat_of_Arms_of_Niels_Bohr.svg
file://///localhost/upload.wikimedia.org/wikipedia/commons/d/da/Coat_of_Arms_of_Niels_Bohr.svg

HATHEBRE R
» 1913-1930: 4£Rh-42Pd B decay — " TT#HM K&~ H 4 % Fcontinuous spectrum of E 2!

197Rh - 197Pd + ¢~ |
Woltgang E Pauli (1930)

BETA DECAY
rhodium —= palladium + beta particle i n — p —+ e_ + X ?
28,652 876 28,649.1956 0.511 Meliel

(1900-1958)

» Hypothesis of Neutrino (1930):

Number of events —=

v’ Massless, m, = 0

3.169 , ,
Beta particle energy (MeV) —®  MeV v" No or very weak interaction = undetectable

38



AR R

» 1913-1930: 4£Rh-42Pd B decay — " TT#HM K&~ H 4 % Fcontinuous spectrum of E 2!

Number of events —=

197RA - 197Pd + ¢-

BETA DECAY

rhodium —® palladium
28,652 876 28,649.1956

.

beta particle

0211

“I have done something very bad
today by proposing a particle that
cannot be detected; it is something

Me"ur.-"-.':;f . »
no theorist should ever do.

(1900-1958)

» Hypothesis of Neutrino (1930):

Beta particle energy (MeV)

..—h.-

3169
el

n-pt+e + |V,

39




W % Fneutrino

» 1913-1930: 4£Rh-42Pd B decay — " TT#HM K&~ H 4 % Fcontinuous spectrum of E 2!

Number of events —=

197RA - 197Pd + ¢-

“I have done something very bad
today by proposing a particle that
cannot be detected; it is something

no theorist should ever do.”

(1900-1958)

» Reines-Cowan B HE ¥ £ -F 52 56 (1956):

BETA DECAY
rhodium —= palladium + beta particle i
08,652.876 98.649.196 Q.11 MeV/es
|
3.169
Beta particle energy (MeV] —% MeV

Vo +p—on+e®

To Pauli: “We are happy to inform you that we have definitively

. »
detected neutrinos.
40



W, 55 48 ZAF ] (1): Electro-Weak 33 7 %, /7L

e SUQR)ARE

/N [Ije—igfﬁ (x)

PR BEESRET: | 23R EFWT MLy 41E5 5% wiie 2k A

nop+e +V, PT KA KA
p , A~ (&) gz 9 (@)
] duu(+ /3)
n f @ ‘
1 \‘~\ J _ v 55‘%%%%5%/;{*3:59%8
dud(—1/3) ~s. L ~V,
w- @ v B AT My ~ 80GeV
\ v IREER K E=(m, - m) ~ O(1)MeV
Wi & F R =: e
v AKEE E<<M,, R A My MR KR A%




i‘\FEI WRBE CAREAEALT

ﬂmﬁﬁ:gwm O<ke\f>%é;f{ i CERR

gl 3, vt g
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W, 35 48 ZAE ] (2): Electro-Weak 3 ¥ /£ /7L

ek, FZ0 -¥

ALY 2% 55 P MR A A )

5

weak

® 19804 /X LEP 3 Mete — ptuft B 245 Z-poledf M| &

PETRA TRISTA}\I LEP

oCELLO B®AMY

¢PLUTO
+TASSO

oL3

#MAC OJADE  aTOPAZ
*MARK 11 AMARK ] vVENUS

10 & reepP
2L
b
A
10 e
_2-
10 b
0 25

5075|100

125

150

175

Vs [GeV]

1 1 I 1
200

/'R EFRE:
=
MZ

M+

1

> SRR B O .

» Breit-Wigner £33 @M., ~ 90GeV

> kA

E~1GeVRE 3k, ®iBRMEAEIL]: 107



W, 55 48 B AE B % —

: Gravi 2 e g General Relativi
i—téﬁ NGNM‘:}'PZ # = AL > (Einstein 1916) w
W &) (Newton 1687) ~fg-G"'R?
B BE A 45 X &9 BEAX,
: v'1867
W, ;;85 ;:ulomb R Maxwell Equations N
W, A AF ¥ EM wave =i
verfrs g e Electro- > ) ETF RN 2
1789 1800 &, 77 3 MngeﬂC v'1905 Einstein @ C QED U1
Galvani = Volta o #7 B} = WL > Special 1948
FiE  FEen Relativity —» W) Great
-/ v1925 @ h IE R Achievement
Quantum Mechanics E;_%%’%
(405 2 ) ) LA R AL SU(2)x U(1)
@ 100GeV
554 Rl
Jo= Weak SU2
P (1958) w/ Z/DY
5 + mass :
“ — - :L‘ 9 eg Xfa R i 4p>o+2e+2v
( "D ZELEH ) )
~L
8 ZAE R ) 7 B
> St SU3
B H % — oS SUc3)
eg % FREER




