
“전하 주제에 의한 변주곡”

권 영 준
연세대 물리학과

전하(charge)가 들려주는 신기한 이야기!
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(electric) charge



Program

서주 Adagio Sostenuto

1악장 Quantization 주제에 의한 변주곡

제1변주 Moderato,                       “Magnetic Monopole”

제2변주 Allegro ma non troppo,    “Fractional Charge”

2악장 Conservation 주제에 의한 변주곡

제1변주 Allegro con brio,             “보존법칙과 대칭성”

제2변주 Andante ma non tanto,    “Anti-particle, anti-matter”

Coda, Maestoso con spirito



물리학 - 떠오르는 이미지?
꿈 

아름다움   

정열

괴물

어려움

지겨움 
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“Nature has a great simplicity and 
therefore a great beauty.”                           
- R. Feynman

“There	  exists	  a	  passion	  for	  comprehension…	  
Without	  this	  passion,	  there	  would	  be	  neither	  
mathematics	  nor	  natural	  science.”	  	  	  	  -‐	  A.	  Einstein

쟤물포, 물망초, 진도개 … 



물리학 - 무엇을 연구 하는가?
물질(物質)의 이치(理致)를 연구하는 학문

물질이란? - 무생물 (기존 물리학의 연구 대상)

- 기본입자 (elementary particles) ➔ 입자물리, 핵물리

- 원자, 분자 ➔ 원자물리, 분자물리

- 고체, 액체 ➔ 고체물리, 응집물질 물리

- 플라즈마 ➔ 플라즈마 물리

- 빛, 소리 ➔ 광학, 음향학

- 다체계 (many-particle systems) ➔ 통계물리

but, 자연계에는 무생물만 있는 것이 아니다!
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물리학이 다루는 
우주론

천체물리
지구물리

생물물리

고체물리

원자물리
핵물리, 입자물리



물리학 - 무엇을 연구 하는가?

생명 시스템

- 생물물리 (biophysics)

- 의학물리 (medical physics)

경제, 사회 시스템

- 경제물리 (econophysics)

- 사회물리 (sociophysics)

- 복잡계 및 혼돈(chaos)의 연구, 비선형 물리

… 
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but, 자연계에는 무생물만 있는 것이 아니다!

}물리학의 

새로운 

연구분야들



그렇다면 물리는 만병통치인가?
No, not at all!

그런데 왜 (주제넘게) 물리학자들은 생명, 경제, 사회 등의 분야까
지도 연구하려 드는가?

- 생명, 경제, 사회 현상 등에도 (왠지는 모르나…) 물리학에서 쓰이
는 법칙이 성립되는 부분이 있음을 알게 됨

- 컴퓨터의 발달로 계산 능력이 현저히 향상되어 복합계, 비선형계 
등에 대한 연구 능력이 생김 

-‐‑ So,  why  not?
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9derivatives
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물리학 - 왜 하는가?
심심해서 & 호기심 때문에 ( O )

아름다움에 대한 갈망 때문에 ( O )

삶에서 부딪히는 문제를 해결하기 위해서 ( O, X ) - 실용성

-‐ 왕관은	  순금으로	  만들어졌는가?	  (O)	  -‐	  Archimedes’	  Principle

-‐ 나일강	  홍수에	  대비하자	  (X)	  -‐	  이건	  공학에	  더	  가까움!

배가 고파서 ( X )

-‐ 다른	  길을	  알아보세요!	  
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Science is a wonderful thing if one does 
not have to earn one’s living at it.

- Albert Einstein



물리학 - 호기심을 위해
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그리스 신화에 따르면 판도라의 
호기심으로 세상에 불행이 시작
되었고 또한 희망도 생겼다.



물리학 - 아름다움을 위해
물리학자들이 가진 고집(신념)

- 물리학의 기본 법칙은 아름답고 간단해야 한다 

도대체 그들이 말하는 아름다움이란 무엇인가?

- 대칭성의 아름다움

- 가능한 한 많은 현상을 동시에 설명할 수 있는 강력한 이론체계 

❖ (예) 뉴턴의 운동 법칙 + 중력 법칙으로 사과의 떨어짐과 행성의 궤도 
운동을 동시에 설명함.

❖ (예) 맥스웰의 전자기 이론으로 전기 현상과 자기 현상을 하나의 이론
으로 설명함.

- 통일장 이론?!
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대칭성의 아름다움
some beautiful examples of symmetry
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물리학에서 보는 대칭성은 어떤 것
인가?Beauty is truth, truth beauty — that is all

Ye know on earth, and all ye need to know.
- John Keats



물리학의 대칭성
물리 법칙을 기술하는 독립변수에 변화를 주어도 (예: 시간, 

공간 등의 입력정보를 변화) 그 법칙이 변하지 않을 때 ‘대칭
적’이라고 한다.

- 대칭성(symmetry) = “불변성(invariance)”

우리 우주가 지니고 있다고 여겨지는(?) 대칭성

- 좌우 대칭(?)
- 회전 대칭
- 공간의 원점 이동
- 시간의 원점 이동
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시간과 공간의 원점 이동에 대해 대칭인가?

시간의 원점 이동, 공간의 원점 이동에 대한 대칭성을 생각해 보자.

자연의 기본법칙(물리법칙)이 측정한 시간, 장소에 따라 달라진다면

- 전세계 과학자들 혹은 물리학자들 간의 의사 소통이 가능할까?

❖ 이 대칭성(=불변성)은 과학자들 간의 협력 연구를 가능케 하는 매우 기본적인 성질이
므로 너무나 당연하게 여겨지고 있다.

- 그런데.. 과연 그럴까?

❖ 지구에서 한 물리 실험과 100억광년 떨어진 천체에서 한 물리 실험은 과연 같은 자연
법칙을 따를까?

❖ 오늘 지구에서 한 물리 실험과 10억년 전 지구에서 한 물리 실험은 과연 같은 자연법
칙을 따를까?

❖ 아직까지는 실험적으로 이 대칭성이 틀렸다는 증거는 없다.

❖ Enjoy (the symmetries) while you can!
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What is charge?
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가장 간단한 원자: 수소

proton

electron

~10-10 m

~10-15 m



19

원자 안에 들어있는 전하

✦ 원자를 만드는 기본 요소들
• Electron (전자)

− “electric” + “on”
− 물질의 전기적, 화학적 성질은 대부분 전자에 의해서 결정됨
− Q = -e = -1.6 x 10-19 C

• Nucleus (원자핵)
− Proton (양성자): (“proto-” + “on”), Q = +e
− Neutron (중성자): (“neutral” + “on”), Q = 0

• e = 1.6 x 10-19 Coulomb : basic unit of electric charge
• “proto-” : first, original  (ex) protocol, prototype



우리가 가진 작은 지식들...

	  전하	  	  	  	  	  	  	  전자기력의	  세기

	  Some	  “elementary”	  objects	  have	  charge
• electron	  (e-‐),	  proton	  (p)
• But,	  we	  don’t	  know	  WHY...

	  두가지	  아주	  중요한	  성질들
• Quantized	  (기본전하의	  정수배)
• Conserved	  (전하량	  보존법칙)

20
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For each fundamental interaction, there is a parameter 
that determines the coupling strength

Examples
• electric charge              for EM interaction
• weak charge                 for weak int.
• “color” charge              for strong int.
• gravtational charge??

전하가 만드는 힘
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from H. Murayama’s summary talk at LP 2003



Themes & Variations
 Variations on a theme of Quantization

 Variations on a theme of Conservation
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Variations on a theme of  Quantization

R. Millikan (1911)

9

q ~E +m~g = 0

Nobel Prize(1923)

“… if these researches of 
Millikan had given a 
different result, the law of 
Einstein would have been 
without value, and the 
theory of Bohr without 
support.  After Millikan's 
results both were awarded 
a Nobel Prize for Physics 
last year.”



Variation 1

P.A.M. Dirac (1931)
- magnetic monopole 도입

eg

h
= n

Quantization
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Moderato, “Magnetic Monopole”



opposing induced field, tending to cancel an increasing field to the right, will be to the left;
and the induced current in the coil circulates appropriately. The polarity of the emf indi-
cates the direction in which it drives current in the external circuit and would be mea-
sured by a voltmeter across the terminals of the coil. In other words, the approach of a south
pole induces a current that causes the coil to manifest a south pole at its near end, which
opposes the advance of the magnet and thereby the change of the field. If the magnet is
withdrawn, as in Fig. 20.6b, the change—a decreasing field to the right—is opposed by an
induced field to the right. The induced current direction is now reversed, as is the emf. A
north pole is induced at the coil’s right end, which attracts the magnet, tending to oppose its
motion away. 

Change is at the heart of the phenomenon of induction, just as it underlies the concept
of energy—change is a manifestation of energy. Not surprisingly, Lenz’s Law can be
appreciated as a result of the Law of Conservation of Energy. For example, when an exter-
nal agent moves the magnet in Fig. 20.6a, it must overcome the counterforce immediately
exerted by the coil. The work done in the process provides the electrical energy needed to
build up and sustain the induced current. The magnetic field is the intermediary between the
external mover pushing the magnet and the resulting current. Were that not the case, the
induced current would be created at no cost of mechanical work, and energy would not be
conserved. No matter how the flux changes, work must be done on the system and the
induced current, which is a manifestation of that work, must oppose the change—it doesn’t
necessarily stop it, but always opposes it. The work done by the magnet on the current
(Wmc) must match the work done by the current on the magnet (Wcm), and that work is neg-
ative: Wmc ! "Wcm.

In one version of the magnetically levitated train (Fig. 20.7), there are superconducting
electromagnets in the bottom of the car. These pass above two rows of closed coils mount-

81120.1 FARADAY’S INDUCTION LAW
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Coil “sees” a decreasing
field to the right

(b)
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– +
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0
–
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–
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I

BI

Coil “sees” an increasing
field to the right

(a)

Figure 20.6 A coil with an air core, an ammeter, and a bar magnet. (a) The approach of an S-
pole induces an emf (# on the right, " on the left) that causes a current to circulate clockwise in
the external circuit. (b) Removing the S-pole induces a counterclockwise current and the reversal
of the emf, driving it. Note the polarity of the connections on each meter and the sign of its read-
ing. For simplicity the B-fields are drawn only in the plane of the page.

Landing
wheel

Cryogenic
compressor

Superconducting
magnet

Propulsion
coil

Levitation
coil

Guideway

Figure 20.7 A high-speed maglev
train. Superconducting coils on the bot-
tom of the car induce opposing B-fields
in aluminum coils in the guideway that
lift the car.

자석의 움직임 방향과 전류의 방향을 눈여겨 보시라!

Faraday’s law
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Moderato, “Magnetic Monopole”

Monopole detection with SQUID

Induction Properties 

Superconducting coil

!

i

!

distance

distance

)
#

#(#
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t

B
jE m !

!
"#$%& '

g

i=-(( + '0g)/L

&'() +',-. /01 23 

dipole

What is a SQUID?What is a SQUID?

! SQUID is a SSuperconducting 

QUQUantum IInterference DDevice

! The most sensitive magnetic flux 

detector

! detect magnetic fields of less 

than 1/50,000,000 of terrestrial 

magnetism

! Referred to as a cryogenic or 

superconducting magnetometer

! Superconductor

! Josephson Junction

Introduction to 

Superconductors

Introduction to 

Superconductors

! Discovered with Mercury in 1911 by a Dutch physicist Heike Kamerlingh

Onnes, who won the Nobel Prize in Physics for his research

! Superconductors: Materials that have no resistance to the flow of 

electricity, when cooled below a critical Temprature Tc

! A superconductor is more than a perfect conductor, it is a perfect 

diamagnetic material

Superconductor

Non Supercon-

ductive metal
R

e
s
is

ta
n

c
e

TempTc

Al Pb Nb3Ge

Tc (K) 1.14 7.19 23.2

YBa2Cu3O7

934.15

Hg Nb

9.2

Bc (T) 0.0105 380.08030.0411

Type-I Type-II High-T

0.206

Good conductors, Ag, Cu, Li do not show superconductivity

Quantization

Onnes (1911)

Variation 1
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Variation 1
Moderato, “Magnetic Monopole”
Quantization

Valentine’s Day Monopole ?
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Variation 1
Moderato, “Magnetic Monopole”
Quantization

Citation: K. Hagiwara et al. (Particle Data Group), Phys. Rev. D 66, 010001 (2002) and 2003 partial update for edition 2004 (URL: http://pdg.lbl.gov)

1KALBFLEISCH 00 used an induction method to search for stopped monopoles in pieces
of the DØ (FNAL) beryllium beam pipe and in extensions to the drift chamber aluminum
support cylinder. Results are model dependent.

2KALBFLEISCH 00 result is for aluminum.
3KALBFLEISCH 00 result is for beryllium.
4HE 97 used a lead target and barium phosphate glass detectors. Cross-section limits are
well below those predicted via the Drell-Yan mechanism.

5Multiphoton events.
6 Cherenkov radiation polarization.
7Re-examines CERN neutrino experiments.

Monopole Production — Other Accelerator SearchesMonopole Production — Other Accelerator SearchesMonopole Production — Other Accelerator SearchesMonopole Production — Other Accelerator Searches
MASS CHG ENERGY
(GeV) (g) SPIN (GeV) BEAM DOCUMENT ID TECN

> 610 ≥ 1 0 1800 pp 8 ABBOTT 98K D0
> 870 ≥ 1 1/2 1800 pp 8 ABBOTT 98K D0
>1580 ≥ 1 1 1800 pp 8 ABBOTT 98K D0

> 510 88–94 e+ e− 9 ACCIARRI 95C L3
8ABBOTT 98K search for heavy pointlike Dirac monopoles via central production of a
pair of photons with high transverse energies.

9ACCIARRI 95C finds a limit B(Z → γ γ γ) < 0.8 × 10−5 (which is possible via a
monopole loop) at 95% CL and sets the mass limit via a cross section model.

Monopole Flux — Cosmic Ray SearchesMonopole Flux — Cosmic Ray SearchesMonopole Flux — Cosmic Ray SearchesMonopole Flux — Cosmic Ray Searches
“Caty” in the charge column indicates a search for monopole-catalyzed nucleon decay.
The absense of an entry usually means a track-etch experiment.

FLUX MASS CHG COMMENTS
(cm−2sr−1s−1)(GeV) (g) (β = v/c) EVTS DOCUMENT ID TECN

<1.4E−16 1 1.1E−4 < β <1 0 10 AMBROSIO 02B MCRO
<3E−16 Caty 1.1E−4 < β <5E−3 0 11 AMBROSIO 02C MCRO
<1.5E−15 1 5E−3 < β < 0.99 0 12 AMBROSIO 02D MCRO
<1E−15 1 1.1 × 10−4–0.1 0 13 AMBROSIO 97 MCRO
<5.6E−15 1 (0.18–3.0)E−3 0 14 AHLEN 94 MCRO
<2.7E−15 Caty β ∼ 1 × 10−3 0 15 BECKER-SZ... 94 IMB
<8.7E−15 1 >2.E−3 0 THRON 92 SOUD
<4.4E−12 1 all β 0 GARDNER 91 INDU
<7.2E−13 1 all β 0 HUBER 91 INDU
<3.7E−15 >E12 1 β=1.E−4 0 16 ORITO 91 PLAS
<3.2E−16 >E10 1 β > 0.05 0 16 ORITO 91 PLAS
<3.2E−16 >E10–E12 2, 3 0 16 ORITO 91 PLAS
<3.8E−13 1 all β 0 BERMON 90 INDU
<5.E−16 Caty β <1.E−3 0 15 BEZRUKOV 90 CHER
<1.8E−14 1 β >1.1E−4 0 17 BUCKLAND 90 HEPT
<1E−18 3.E−4 < β <1.5E−3 0 18 GHOSH 90 MICA
<7.2E−13 1 all β 0 HUBER 90 INDU
<5.E−12 >E7 1 3.E−4 < β <5.E−3 0 BARISH 87 CNTR
<1.E−13 Caty 1.E−5 < β <1 0 15 BARTELT 87 SOUD
<1.E−10 1 all β 0 EBISU 87 INDU
<2.E−13 1.E−4 < β <6.E−4 0 MASEK 87 HEPT
<2.E−14 4.E−5 < β <2.E−4 0 NAKAMURA 87 PLAS
<2.E−14 1.E−3 < β <1 0 NAKAMURA 87 PLAS

HTTP://PDG.LBL.GOV Page 2 Created: 5/30/2003 11:20

Citation: K. Hagiwara et al. (Particle Data Group), Phys. Rev. D 66, 010001 (2002) and 2003 partial update for edition 2004 (URL: http://pdg.lbl.gov)

<5.E−14 9.E−4 < β <1.E−2 0 SHEPKO 87 CNTR
<2.E−13 4.E−4 < β <1 0 TSUKAMOTO 87 CNTR
<5.E−14 1 all β 1 19 CAPLIN 86 INDU
<5.E−12 1 0 CROMAR 86 INDU
<1.E−13 1 7.E−4 < β 0 HARA 86 CNTR
<7.E−11 1 all β 0 INCANDELA 86 INDU
<1.E−18 4.E−4 < β <1.E−3 0 18 PRICE 86 MICA
<5.E−12 1 0 BERMON 85 INDU
<6.E−12 1 0 CAPLIN 85 INDU
<6.E−10 1 0 EBISU 85 INDU
<3.E−15 Caty 5.E−5 ≤ β ≤ 1.E−3 0 15 KAJITA 85 KAMI
<2.E−21 Caty β <1.E−3 0 15,20 KAJITA 85 KAMI
<3.E−15 Caty 1.E−3 < β <1.E−1 0 15 PARK 85B CNTR
<5.E−12 1 1.E−4 < β <1 0 BATTISTONI 84 NUSX
<7.E−12 1 0 INCANDELA 84 INDU
<7.E−13 1 3.E−4 < β 0 17 KAJINO 84 CNTR
<2.E−12 1 3.E−4 < β <1.E−1 0 KAJINO 84B CNTR
<6.E−13 1 5.E−4 < β <1 0 KAWAGOE 84 CNTR
<2.E−14 1.E−3 < β 0 15 KRISHNA... 84 CNTR
<4.E−13 1 6.E−4 < β <2.E−3 0 LISS 84 CNTR
<1.E−16 3.E−4 < β <1.E−3 0 18 PRICE 84 MICA
<1.E−13 1 1.E−4 < β 0 PRICE 84B PLAS
<4.E−13 1 6.E−4 < β <2.E−3 0 TARLE 84 CNTR

7 21 ANDERSON 83 EMUL
<4.E−13 1 1.E−2 < β <1.E−3 0 BARTELT 83B CNTR
<1.E−12 1 7.E−3 < β <1 0 BARWICK 83 PLAS
<3.E−13 1 1.E−3 < β <4.E−1 0 BONARELLI 83 CNTR
<3.E−12 Caty 5.E−4 < β <5.E−2 0 15 BOSETTI 83 CNTR
<4.E−11 1 0 CABRERA 83 INDU
<5.E−15 1 1.E−2 < β <1 0 DOKE 83 PLAS
<8.E−15 Caty 1.E−4 < β <1.E−1 0 15 ERREDE 83 IMB
<5.E−12 1 1.E−4 < β <3.E−2 0 GROOM 83 CNTR
<2.E−12 6.E−4 < β <1 0 MASHIMO 83 CNTR
<1.E−13 1 β=3.E−3 0 ALEXEYEV 82 CNTR
<2.E−12 1 7.E−3 < β <6.E−1 0 BONARELLI 82 CNTR
6.E−10 1 all β 1 22 CABRERA 82 INDU
<2.E−11 1.E−2 < β <1.E−1 0 MASHIMO 82 CNTR
<2.E−15 concentrator 0 BARTLETT 81 PLAS
<1.E−13 >1 1.E−3 < β 0 KINOSHITA 81B PLAS
<5.E−11 <E17 3.E−4 < β <1.E−3 0 ULLMAN 81 CNTR
<2.E−11 concentrator 0 BARTLETT 78 PLAS
1.E−1 >200 2 1 23 PRICE 75 PLAS
<2.E−13 >2 0 FLEISCHER 71 PLAS
<1.E−19 >2 obsidian, mica 0 FLEISCHER 69C PLAS
<5.E−15 <15 <3 concentrator 0 CARITHERS 66 ELEC
<2.E−11 <1–3 concentrator 0 MALKUS 51 EMUL

10AMBROSIO 02B direct search final result for m ≥ 1017 GeV, based upon 4.2 to 9.5
years of running, depending upon the subsystem. Limit with CR39 track-etch detector
extends the limit from β=4 × 10−5 (3.1 × 10−16 cm−2 sr−1 s−1) to β= 1 × 10−4

(3.1 × 10−16 cm−2 sr−1 s−1). Limit curve in paper is piecewise continuous due to
different detection techniques for different β ranges.
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<5.E−14 9.E−4 < β <1.E−2 0 SHEPKO 87 CNTR
<2.E−13 4.E−4 < β <1 0 TSUKAMOTO 87 CNTR
<5.E−14 1 all β 1 19 CAPLIN 86 INDU
<5.E−12 1 0 CROMAR 86 INDU
<1.E−13 1 7.E−4 < β 0 HARA 86 CNTR
<7.E−11 1 all β 0 INCANDELA 86 INDU
<1.E−18 4.E−4 < β <1.E−3 0 18 PRICE 86 MICA
<5.E−12 1 0 BERMON 85 INDU
<6.E−12 1 0 CAPLIN 85 INDU
<6.E−10 1 0 EBISU 85 INDU
<3.E−15 Caty 5.E−5 ≤ β ≤ 1.E−3 0 15 KAJITA 85 KAMI
<2.E−21 Caty β <1.E−3 0 15,20 KAJITA 85 KAMI
<3.E−15 Caty 1.E−3 < β <1.E−1 0 15 PARK 85B CNTR
<5.E−12 1 1.E−4 < β <1 0 BATTISTONI 84 NUSX
<7.E−12 1 0 INCANDELA 84 INDU
<7.E−13 1 3.E−4 < β 0 17 KAJINO 84 CNTR
<2.E−12 1 3.E−4 < β <1.E−1 0 KAJINO 84B CNTR
<6.E−13 1 5.E−4 < β <1 0 KAWAGOE 84 CNTR
<2.E−14 1.E−3 < β 0 15 KRISHNA... 84 CNTR
<4.E−13 1 6.E−4 < β <2.E−3 0 LISS 84 CNTR
<1.E−16 3.E−4 < β <1.E−3 0 18 PRICE 84 MICA
<1.E−13 1 1.E−4 < β 0 PRICE 84B PLAS
<4.E−13 1 6.E−4 < β <2.E−3 0 TARLE 84 CNTR

7 21 ANDERSON 83 EMUL
<4.E−13 1 1.E−2 < β <1.E−3 0 BARTELT 83B CNTR
<1.E−12 1 7.E−3 < β <1 0 BARWICK 83 PLAS
<3.E−13 1 1.E−3 < β <4.E−1 0 BONARELLI 83 CNTR
<3.E−12 Caty 5.E−4 < β <5.E−2 0 15 BOSETTI 83 CNTR
<4.E−11 1 0 CABRERA 83 INDU
<5.E−15 1 1.E−2 < β <1 0 DOKE 83 PLAS
<8.E−15 Caty 1.E−4 < β <1.E−1 0 15 ERREDE 83 IMB
<5.E−12 1 1.E−4 < β <3.E−2 0 GROOM 83 CNTR
<2.E−12 6.E−4 < β <1 0 MASHIMO 83 CNTR
<1.E−13 1 β=3.E−3 0 ALEXEYEV 82 CNTR
<2.E−12 1 7.E−3 < β <6.E−1 0 BONARELLI 82 CNTR
6.E−10 1 all β 1 22 CABRERA 82 INDU
<2.E−11 1.E−2 < β <1.E−1 0 MASHIMO 82 CNTR
<2.E−15 concentrator 0 BARTLETT 81 PLAS
<1.E−13 >1 1.E−3 < β 0 KINOSHITA 81B PLAS
<5.E−11 <E17 3.E−4 < β <1.E−3 0 ULLMAN 81 CNTR
<2.E−11 concentrator 0 BARTLETT 78 PLAS
1.E−1 >200 2 1 23 PRICE 75 PLAS
<2.E−13 >2 0 FLEISCHER 71 PLAS
<1.E−19 >2 obsidian, mica 0 FLEISCHER 69C PLAS
<5.E−15 <15 <3 concentrator 0 CARITHERS 66 ELEC
<2.E−11 <1–3 concentrator 0 MALKUS 51 EMUL

10AMBROSIO 02B direct search final result for m ≥ 1017 GeV, based upon 4.2 to 9.5
years of running, depending upon the subsystem. Limit with CR39 track-etch detector
extends the limit from β=4 × 10−5 (3.1 × 10−16 cm−2 sr−1 s−1) to β= 1 × 10−4

(3.1 × 10−16 cm−2 sr−1 s−1). Limit curve in paper is piecewise continuous due to
different detection techniques for different β ranges.
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Monopole search 
w/ particle detector
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박첨지네 밭있어 그래그래서
그 밭에 오리가 있거든 그래그래서
예서 꽥 꽥 꽥, 제서 꽥 꽥 꽥 ...

(외국동요)
Old Macdonald had a farm, E-I-E-I-O
And on his farm he had a duck, E-I-E-I-O
With a "quack, quack" here and a "quack, quack" there
Here a "quack" there a "quack"
Everywhere a "quack, quack"
Old Macdonald had a farm, E-I-E-I-O

모래알 깨뜨려 원자들 / 원자들 깨뜨려 원자핵
원자핵 깨뜨려 양성자 / 양성자 깨뜨려 쿼크알

라라라라라 ~~~ (U. Chicago, 김영기 교수 note에서)

바윗돌 깨뜨려 돌덩이 / 돌덩이 깨뜨려 돌멩이
돌멩이 깨뜨려 자갈돌 / 자갈돌 깨뜨려 모래알
라라라라라 ~~~          (외국곡, 윤석중 작사)

“물과돌” 

“Fundamental Particles & Interactions?” 
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What is the world made of?
- is atom truly fundamental?

• The nucleus is ten thousand times smaller 

than the atom and the quarks and electrons 

are at least ten thousand times smaller than 

that. 

• We don't know exactly how small quarks and 

electrons are; they are definitely smaller than 

10-18 meters, and they might literally be 

points, but we do not know.

• It is also possible that quarks and electrons 

are not fundamental after all, and will turn out 

to be made up of other, more fundamental 

particles.

• (Oh, will this madness ever end?) 

•�
	���������
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The fundamental fermions

1st 2nd      3rd
generations

Particle Flavor Q/|e|

e ! "
0

leptonsleptons
#e

!"

u c t +2/3
quarksquarks

d s b !"#$

#%#&

??



Proton Structure 

valence quark :  u  u  d 

sea quark : all quarks and antiquarks 

gluons 

Parton Distribution Function 

Partons 

35

from 이강영 교수 (경상대) seminar at Yonsei, 2011
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Superconducting magnetic levitation -- example
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Mr. LaRue, aga
in?
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Allegro ma non troppo, “Fractional Charge”
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<3.E−10 +1,2 0 29 CLARK 71B CC
<1.E−10 +1,2 0 29 HAZEN 71 CC
<5.E−10 +1,2 3.5 ∗ 0 BOSIA 70 CNTR

+1,2 <6.5 1 29 CHU 70 HLBC
<2.E−9 +1 0 FAISSNER 70B CNTR
<2.E−10 +1,2 0.8 ∗ 0 KRIDER 70 CNTR
<5.E−11 +2 4 CAIRNS 69 CC
<8.E−10 +1,2 <10 0 FUKUSHIMA 69 CNTR

+2 1 29,31 MCCUSKER 69 CC
<1.E−10 >5 1.7,3.6 0 28 BJORNBOE 68 CNTR
<1.E−8 ±1,2,4 6.3,.2 ∗ 0 26 BRIATORE 68 CNTR
<3.E−8 >2 0 FRANZINI 68 CNTR
<9.E−11 ±1,2 0 GARMIRE 68 CNTR
<4.E−10 ±1 0 HANAYAMA 68 CNTR
<3.E−8 >15 0 KASHA 68 OSPK
<2.E−10 +2 0 KASHA 68B CNTR
<2.E−10 +4 0 KASHA 68C CNTR
<2.E−10 +2 6 0 BARTON 67 CNTR
<2.E−7 +4 0.008,0.5 ∗ 0 BUHLER 67 CNTR
<5.E−10 1,2 0.008,0.5 ∗ 0 BUHLER 67B CNTR
<4.E−10 +1,2 0 GOMEZ 67 CNTR
<2.E−9 +2 0 KASHA 67 CNTR
<2.E−10 +2 220 0 BARTON 66 CNTR
<2.E−9 +1,2 0.5 ∗ 0 BUHLER 66 CNTR
<3.E−9 +1,2 0 KASHA 66 CNTR
<2.E−9 +1,2 0 LAMB 66 CNTR
<2.E−8 +1,2 >7 2.8 ∗ 0 DELISE 65 CNTR
<5.E−8 +2 >2.5 0.5 ∗ 0 MASSAM 65 CNTR
<2.E−8 +1 2.5 ∗ 0 BOWEN 64 CNTR
<2.E−7 +1 0.8 0 SUNYAR 64 CNTR

23AMBROSIO 00C limit is below 11× 10−15 for 0.25 <q/e< 0.5, and is changing rapidly

near q/e=2/3, where it is 2 × 10−14.
24Distribution in celestial sphere was described as anisotropic.
25With telescope axis at zenith angle 40◦ to the south.
26 Leptonic quarks.
27 Lifetime > 10−8 s; charge ±0.70, 0.68, 0.42; and mass >4.4, 4.8, and 20 GeV, respec-

tively.
28Time delayed air shower search.
29Prompt air shower search.
30Also e/4 and e/6 charges.
31No events in subsequent experiments.

Quark Density — Matter SearchesQuark Density — Matter SearchesQuark Density — Matter SearchesQuark Density — Matter Searches
QUARKS/ CHG MASS
NUCLEON (e/3) (GeV) MATERIAL/METHOD EVTS DOCUMENT ID

<1.17E−22 silicone oil drops 0 32 LEE 02
<4.71E−22 silicone oil drops 1 33 HALYO 00
<4.7E−21 ±1,2 silicone oil drops 0 MAR 96
<8.E−22 +2 Si/infrared photoionization 0 PERERA 93
<5.E−27 ±1,2 sea water/levitation 0 HOMER 92
<4.E−20 ±1,2 meteorites/mag. levitation 0 JONES 89
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<1.E−19 ±1,2 various/spectrometer 0 MILNER 87
<5.E−22 ±1,2 W/levitation 0 SMITH 87
<3.E−20 +1,2 org liq/droplet tower 0 VANPOLEN 87
<6.E−20 −1,2 org liq/droplet tower 0 VANPOLEN 87
<3.E−21 ±1 Hg drops-untreated 0 SAVAGE 86
<3.E−22 ±1,2 levitated niobium 0 SMITH 86

<2.E−26 ±1,2 4He/levitation 0 SMITH 86B

<2.E−20 >±1 0.2–250 niobium+tungs/ion 0 MILNER 85
<1.E−21 ±1 levitated niobium 0 SMITH 85

+1,2 <100 niobium/mass spec 0 KUTSCHERA 84
<5.E−22 levitated steel 0 MARINELLI 84
<9.E−20 ± <13 water/oil drop 0 JOYCE 83
<2.E−21 >

∣

∣ ± 1/2
∣

∣ levitated steel 0 LIEBOWITZ 83

<1.E−19 ±1,2 photo ion spec 0 VANDESTEEG 83
<2.E−20 mercury/oil drop 0 34 HODGES 81
1.E−20 +1 levitated niobium 4 35 LARUE 81
1.E−20 −1 levitated niobium 4 35 LARUE 81
<1.E−21 levitated steel 0 MARINELLI 80B

<6.E−16 helium/mass spec 0 BOYD 79
1.E−20 +1 levitated niobium 2 35 LARUE 79
<4.E−28 earth+/ion beam 0 OGOROD... 79
<5.E−15 +1 tungs./mass spec 0 BOYD 78
<5.E−16 +3 <1.7 hydrogen/mass spec 0 BOYD 78B

<1.E−21 ±2,4 water/ion beam 0 LUND 78
<6.E−15 >1/2 levitated tungsten 0 PUTT 78
<1.E−22 metals/mass spec 0 SCHIFFER 78
<5.E−15 levitated tungsten ox 0 BLAND 77
<3.E−21 levitated iron 0 GALLINARO 77
2.E−21 −1 levitated niobium 1 35 LARUE 77
4.E−21 +1 levitated niobium 2 35 LARUE 77
<1.E−13 +3 <7.7 hydrogen/mass spec 0 MULLER 77
<5.E−27 water+/ion beam 0 OGOROD... 77
<1.E−21 lunar+/ion spec 0 STEVENS 76
<1.E−15 +1 <60 oxygen+/ion spec 0 ELBERT 70
<5.E−19 levitated graphite 0 MORPURGO 70
<5.E−23 water+/atom beam 0 COOK 69
<1.E−17 ±1,2 levitated graphite 0 BRAGINSK 68
<1.E−17 water+/uv spec 0 RANK 68
<3.E−19 ±1 levitated iron 0 STOVER 67
<1.E−10 sun/uv spec 0 36 BENNETT 66
<1.E−17 +1,2 meteorites+/ion beam 0 CHUPKA 66
<1.E−16 ±1 levitated graphite 0 GALLINARO 66
<1.E−22 argon/electrometer 0 HILLAS 59

−2 levitated oil 0 MILLIKAN 10

32 95% CL limit for fractional charge particles with 0.18e ≤
∣

∣Qresidual
∣

∣ ≤ 0.82e in total
of 70.1 mg of silicone oil.

33 95% CL limit for particles with fractional charge
∣

∣Qresidual
∣

∣ >0.16e in total of 17.4 mg
of silicone oil.

34Also set limits for Q = ±e/6.
35Note that in PHILLIPS 88 these authors report a subtle magnetic effect which could

account for the apparent fractional charges.
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<1.E−19 ±1,2 various/spectrometer 0 MILNER 87
<5.E−22 ±1,2 W/levitation 0 SMITH 87
<3.E−20 +1,2 org liq/droplet tower 0 VANPOLEN 87
<6.E−20 −1,2 org liq/droplet tower 0 VANPOLEN 87
<3.E−21 ±1 Hg drops-untreated 0 SAVAGE 86
<3.E−22 ±1,2 levitated niobium 0 SMITH 86

<2.E−26 ±1,2 4He/levitation 0 SMITH 86B

<2.E−20 >±1 0.2–250 niobium+tungs/ion 0 MILNER 85
<1.E−21 ±1 levitated niobium 0 SMITH 85

+1,2 <100 niobium/mass spec 0 KUTSCHERA 84
<5.E−22 levitated steel 0 MARINELLI 84
<9.E−20 ± <13 water/oil drop 0 JOYCE 83
<2.E−21 >

∣

∣ ± 1/2
∣

∣ levitated steel 0 LIEBOWITZ 83

<1.E−19 ±1,2 photo ion spec 0 VANDESTEEG 83
<2.E−20 mercury/oil drop 0 34 HODGES 81
1.E−20 +1 levitated niobium 4 35 LARUE 81
1.E−20 −1 levitated niobium 4 35 LARUE 81
<1.E−21 levitated steel 0 MARINELLI 80B

<6.E−16 helium/mass spec 0 BOYD 79
1.E−20 +1 levitated niobium 2 35 LARUE 79
<4.E−28 earth+/ion beam 0 OGOROD... 79
<5.E−15 +1 tungs./mass spec 0 BOYD 78
<5.E−16 +3 <1.7 hydrogen/mass spec 0 BOYD 78B

<1.E−21 ±2,4 water/ion beam 0 LUND 78
<6.E−15 >1/2 levitated tungsten 0 PUTT 78
<1.E−22 metals/mass spec 0 SCHIFFER 78
<5.E−15 levitated tungsten ox 0 BLAND 77
<3.E−21 levitated iron 0 GALLINARO 77
2.E−21 −1 levitated niobium 1 35 LARUE 77
4.E−21 +1 levitated niobium 2 35 LARUE 77
<1.E−13 +3 <7.7 hydrogen/mass spec 0 MULLER 77
<5.E−27 water+/ion beam 0 OGOROD... 77
<1.E−21 lunar+/ion spec 0 STEVENS 76
<1.E−15 +1 <60 oxygen+/ion spec 0 ELBERT 70
<5.E−19 levitated graphite 0 MORPURGO 70
<5.E−23 water+/atom beam 0 COOK 69
<1.E−17 ±1,2 levitated graphite 0 BRAGINSK 68
<1.E−17 water+/uv spec 0 RANK 68
<3.E−19 ±1 levitated iron 0 STOVER 67
<1.E−10 sun/uv spec 0 36 BENNETT 66
<1.E−17 +1,2 meteorites+/ion beam 0 CHUPKA 66
<1.E−16 ±1 levitated graphite 0 GALLINARO 66
<1.E−22 argon/electrometer 0 HILLAS 59

−2 levitated oil 0 MILLIKAN 10

32 95% CL limit for fractional charge particles with 0.18e ≤
∣

∣Qresidual
∣

∣ ≤ 0.82e in total
of 70.1 mg of silicone oil.

33 95% CL limit for particles with fractional charge
∣

∣Qresidual
∣

∣ >0.16e in total of 17.4 mg
of silicone oil.

34Also set limits for Q = ±e/6.
35Note that in PHILLIPS 88 these authors report a subtle magnetic effect which could

account for the apparent fractional charges.
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Millikan’s experiment in the digital era

Search for Fractional-Charge Particles in Meteoritic Material

Peter C. Kim, Eric R. Lee, Irwin T. Lee, and Martin L. Perl*
Stanford Linear Accelerator Center, Stanford University, 2575 Sand Hill Road, Menlo Park, California 94025, USA

Valerie Halyo
Department of Physics, Princeton University, Princeton, New Jersey 08544, USA

Dinesh Loomba
Department of Physics, University of New Mexico, Albuquerque, New Mexico 87131, USA*

(Received 24 July 2007; published 19 October 2007)

We have used an automated Millikan oil drop method to search for free fractional-charge particles in a
sample containing in total 3.9 mg of pulverized Allende meteorite suspended in 259 mg of mineral oil.
The average diameter of the drops was 26:5 !m with the charge on about 42 500 000 drops being
measured. This search was motivated by the speculation that isolatable, fractional-charge particles
produced in the early Universe and present in our Solar System are more likely to be accumulated in
asteroids than on Earth‘s surface. No evidence for fractional-charge particles was found. With 95%
confidence, the concentration of particles with fractional-charge more than 0.25 e (e being the magnitude
of the electron charge) from the nearest integer charge is less than 1:3! 10"21 particles per nucleon in the
meteoritic material and less than 1:9! 10"23 particles per nucleon in the mineral oil.

DOI: 10.1103/PhysRevLett.99.161804 PACS numbers: 14.80."j, 13.40.Em, 14.65."q, 96.30.Za

Since the electron‘s identification and the measurement
of its charge [1] e about 100 years ago, there has been the
question as to whether there are other isolatable elementary
particles with fractional charge such as, for example, 0:5!
e or "! e. No known physics law requires the unit of
elementary particle charge to be unique; hence, the exis-
tence of fractional-charge, isolatable, elementary particles
is an experimental question. Of course the quarks are taken
to have fractional charge #2=3 or #1=3, but they are not
isolatable.

Since about 1950, there have been many searches for
fractional-charge, isolatable, elementary particles using a
variety of search methods: detection in cosmic rays, pro-
duction in accelerators, production in colliding beams
machines, searches in bulk matter [2–14]. All but two
searches reported null results. McCusker claimed detection
of free quarks in early cosmic rays searches [12], but this
has not been confirmed in much more extensive modern
searches. Using a superconducting levitometer method,
LaRue et al. [11] reported the existence of fractional-
charged particles in niobium, but Smith et al. [13] found
no such particles using a ferromagnetic levitometer on a
5 times larger niobium sample.

Two searches for fractional-charge particles in meteor-
itic material have been carried out: the 1989 ferromagnetic
levitometer search by Jones et al. [14] and the search
reported in this Letter. Jones et al. searched through three
samples of meteoritic material—Hoba iron-nickel, Forsyth
County iron-nickel, and Murchison stoney—with a total
mass of 2.8 mg. No fractional-charge particles were found.

If isolatable, fractional-charge particles exist in nature,
then there should be some relic abundance left over from

the early Universe. Where they would be located on Earth
depends strongly on their chemical properties [15,16]
which require assumptions about their charge and mass.
Geochemical and geophysical processes occurring during
Earth’s early history generally produced differentiation by
mass, with heavier atoms generally tending to sink deep
inside Earth. Null results from accelerator and collider
searches for fractional-charge particles indicate that they
are likely to be heavy; hence, they may have sunk deep into
the Earth during its early formation history. However, there
are important exceptions to differentiation by density; for
example, minerals rich in uranium, plutonium, and lead
have been pushed back to the surface of Earth by geo-
chemical processes at the crust-mantle boundary. We have
wanted our search to be as model independent as possible,
and therefore these considerations have motivated us to
target our search to the carbonaceous chondritic meteor-
ites, which are some of the most primordial and unpro-
cessed sources of materials inside the solar system. At over
4.5 Gyrs old, these meteorites are some of the oldest dated
objects in the solar system and, indeed, are used to date the
solar system. It is also believed that they have undergone
very little processing since formation; therefore, little dif-
ferentiation within the meteoritic material has occurred.
Other than the loss of volatile elements, the initial relative
elemental abundances have been maintained in these ob-
jects. Thus, any fractional-charge particles initially bound
in these meteorites should be there at roughly the same
abundances today. Finally, their elemental abundances are
believed to be representative of the material from which
the solar system collapsed. That is, data from these mete-
orites together with that from the Sun’s photosphere are

PRL 99, 161804 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
19 OCTOBER 2007

0031-9007=07=99(16)=161804(4) 161804-1 © 2007 The American Physical Society



40

Perl’s last experiment

in the ejection aperture, drop charge measurements were
grouped in intervals of 1 h each for purposes of analysis
and initial statistical cuts. Within each 1 h analysis interval,
drop diameter consistency, trajectory, mean charge and
charge spread must be within preset intervals, or the hour
run is rejected. Within each good 1 h interval, each indi-
vidual fluid drop must pass cut criteria based on consis-
tency of multiple charge measurements of the same drop,
mean drop charge, and physical location of the drop within
the imaging field.

In addition to storing the data for offline processing, the
computer system measures in real time the drop charge
distribution and keeps the distribution centered by varying
the voltage in the neutralizer. The computer system also
determines in real time the average drop trajectory in the
measurement chamber and corrects the trajectory, if nec-
essary, by moving the drop generator horizontally.

The search began on January 15, 2004, and ended on
December 31, 2006, with 42:5! 106 drops produced
which passed all measurement cuts. In a search for rare
particles, the experimenter must avoid the bias that occurs
when the full data set is examined, and then the data se-
lection criteria are changed so that a statistical fluctuation
becomes significant. We avoided this bias by substantially
setting the drop selection criteria using early data and then
looking at newly accumulated data every several months to
see that the apparatus was running properly. The percent-
age of cut events is ill defined since a malfunctioning drop
generator can skip or eject multiple off axis drops with
randomly determined detectability. Using the criteria of
100% up time at an ejection rate of 0.833 drops per second,
the experimental apparatus could hypothetically have
been able to measure the charges on 77:8! 106 drops in
the absence of any measurement cuts. Combining both
hardware downtime and measurement cuts, the charges
of 42:5! 106 drops were measured in the actual
experiment.

After the application of these criteria, we had a final data
sample of 42 537 104 drops of average diameter 26:5 !m.
Figure 2 shows the charge distribution in units of e. We see
sharp peaks at integer numbers of charges and no drops
further than 0.25 e from the nearest integer. We emphasize
that there is no background subtraction here; this is all the
data after the application of the criteria previously
discussed.

To show the shape of the peaks at integer values of q, we
superimpose them in Fig. 3 using the charge distribution,
qc, defined by qc " q# Nc where Nc is the signed integer
closest to q. The peaks have a near Gaussian distribution
with a standard deviation of 0.042 e.

In Fig. 4, we superimpose the valleys between the peaks
using the residual charge distribution, qr, defined by qr "
jqj# Nl where Nl is the largest integer less than jqj. We
did not find any drops with residual charge between 0.25 e
and 0.75 e.

In conclusion, with 95% confidence, the concentration
of particles with fractional-charge more than 0.25 e from
the nearest integer charge is less than 1:3! 10#21 particles
per nucleon in the meteoritic material and less than 1:9!
10#23 particles per nucleon in the mineral oil. The total
mass of our meteoritic material is 3.9 mg. Thus, our null
results agree with that of Jones et al. [14], and the two
searches have covered a variety of meteoritic materials
with a total mass of 5.7 mg. The 259 mg of mineral oil is
the largest, fractional-charge search sample used in the
Millikan oil drop method or the magnetic levitometer
method.

We do not plan to continue the search for fractional-
charge particles using our drop method because the next
search should use samples a hundred times larger, but we
have not found a practical method to accomplish this
dream. We have considered the expensive possibility of
building and simultaneously operating a hundred copies of
our present apparatus, but we have not solved the problem
of insuring that all the machines are operating correctly.
We think the next step in meteorite searches should be a

FIG. 2. The q charge distribution in units of e.

FIG. 3. The qc charge distribution in units of e.
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ferromagnetic levitometer using full computer system au-
tomatic data acquisition and control. At present, we do not
have the time or resources to carry out this proposal.

We are very grateful to our collaborators in previous
fractional-charge searches: Charles Hendricks, Klaus
Lackner, Nancy Mar, Howard Rogers, and Gordon Shaw;
and to student programmers Adie Jain and Jason Seidman.
This work was supported by Contract No. DE-AC02-
76SF00515 with the U. S. Department of Energy.
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used to specify the initial elemental abundances of the solar
system. If fractional charge particles exist in nature, these
objects are likely to contain them.

In our search, we used a commercially purchased sample
from the Allende carbonaceous chondrite meteorite [17].
The meteorite was first ground by hand and then further
pulverized using a jet pulverizer, giving a range of powder
sizes from 0.04 to 6:0 !m. It is an art, somewhat hit and
miss, to make a colloidal suspension using a very diverse
mineral powder. After much experimentation, using the
Edison method [18], we found we could suspend 1.5%
by weight powder in a mixture of 5% by volume of
Castrol brand 10W30 weight motor oil and 95% by volume
of Ultraol 50 NF [19]. We were not able to significantly
increase the proportion of meteorite in the suspension.

Our development of an automated Millikan oil drop
method to search for free fractional-charge particles began
in 1994 [20] with some of the inspiration for a modern
Millikan oil drop apparatus coming form the earlier work
of Bland and his colleagues at San Francisco State
University [21,22].

The principle of our measurement of drop charge is that
a drop of radius r, density ", and charge Q falls in air (z
direction) through a horizontal (x direction) electric field of
strength E. From Stokes‘ law, the horizontal terminal
velocity, vx, is

 vx !
QE
6#$r

(1)

where $ is the viscosity of air. Hence, measuring vx gives
Q providing r is known. The drop radius is determined
from the vx of integer charge particles. The measurement
of Q does not depend on the density of the drop and is also
independent of the gravitational force on the drop. The
electric field alternates in the "x and #x direction so that
the drop is moved back and forth along the x axis. If the
drop were falling in still air, the vertical terminal velocity
would be given by

 vz;term ! 2r2"g
9$

(2)

where g is the acceleration of gravity. However, we use an
upward flow of air of velocity vair in the #z direction.
Hence, the net downward velocity of the drop is

 vz !
2r2"g
9$

# vair: (3)

We want vz to be small; hence, we set vair to be close to
vz;term but slightly smaller.

The apparatus for this search, shown schematically in
Fig. 1, consisted of the Lee et al. [23] apparatus we used
previously, augmented (a) by a device, called a neutralizer,
[24,25] that brings the average drop charge to zero and
(b) by increased automatic computer control of the drop
trajectories. The piezoelectrically driven, drop-on-demand

drop generator [26] produced 0.833 drops per second with
an average drop diameter of 26:5 !m and a short term (one
hour) diameter spread of 0:016 !m (0.06%). The data
were analyzed in 1 h segments, so a gradual long-term
drift in the average drop diameter, which did in fact occur,
was acceptable so long as the drop diameter was stable
over durations of the order of hours.

The drops emerging from the generator had charges
spread over $ several thousand e [24]. However, the
precision measurement of drop charge required a very
much smaller charge spread centered at zero charge. The
neutralizer we built [25] consisted of a still air vertical
space through which the drops fell, the air being continu-
ously ionized by a 200 !C 90Sr source. A horizontal
electric field is produced across the vertical space by metal
plates, the total voltage, V, can be varied from "3 to #3
volts. By adjusting V, we obtained a Gaussian drop charge
distribution centered close to zero with an rms of about
15e. The drops leaving the neutralizer fall directly into the
charge measurement chamber.

As a drop falls though the measurement chamber, there
are nimages independent measurements of its charge,
nimagesave ! 8. The motion of the drops in the measurement
chamber is recorded using a CCD through an f=11,
135 mm focal length lens. The image of the drops is
produced by a 10 Hz, stroboscopic light source made of
20 red LEDs. The CCD pixel images of the drops is
computer processed and stored on a hard disk as described
in Lee et al. [23].

Since there is a slow drift in the diameter of the ejected
drops between drop ejector servicing due to debris build up

FIG. 1. Search apparatus.
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Capacitance
In the early days, rubbing machines could develop prodigious voltages but only tiny trick-
les of charge. The pressing problem was to store the charge, so that it could be built up and
then dumped in a single powerful blast. It was soon recognized that when a conductor was
electrified, the size of the conductor determined the amount of charge it could store. In the
beginning, bars of metal were used, gun barrels and the like, and sometimes even people
themselves, but more ambitious practitioners suspended massive cannons, charging them
to tremendous levels. Any such charge-storing device was dubbed a condenser by Volta,
but that term has now been replaced by the word capacitor. 

16.7 The Capacitor
It was Volta who introduced the expression “electrical capacity” in analogy with the con-
cept of heat capacity. At a given potential (V ), the amount of charge (Q) that can be stored
by a body depends on its physical characteristics, all of which we lump together under the
name capacitance (C ). The more charge, the greater the capacitance; the less voltage that
is needed to accomplish the feat, the greater the capacitance. In other words, C must vary
directly with Q and inversely with V:

C ! "
Q
V

" (16.12)

The unit of capacitance is coulombs per volt, and to honor Faraday, it is called a farad (F):
1 farad ! 1 F ! 1 C!V. Keep in mind that capacitance is always a positive quantity.

One farad is a rather large capacitance; microfarad (1 mF ! 10−6 F) and picofarad 
(1 pF ! 10−12 F) capacitors smaller than the size of a grain of rice are commonly used in
radios and TV sets. But fairly hefty capacitors (about the size of a soup can) can still be
found in air conditioners where large amounts of charge are dumped into the compressor

CHAPTER 16 ELECTROSTATICS: ENERGY674

When charge is either created or
destroyed, equal amounts of positive
and negative charge are always
involved—charge is conserved. Here we
see the creation of several electron-
positron pairs (red and blue, respective-
ly) through the action of (trackless) pho-
tons. In the middle left, a fast-moving
200-MeV positron (long blue track
which is half of an electron-positron pair
created in the lower part of the picture),
stops abruptly when it collides with an
electron within one of the atoms in the
liquid. Both charged particles are anni-
hilated and an energetic photon is cre-
ated in the process. (There is probably
also another very low-energy photon
produced, but it goes unnoticed.) The
photon moving to the left invisibly car-
ries away most of the energy of the two
particles. It travels  with a momentum
more-or-less equal to that of the
positron. About 10 cm away, the photon
transforms, creating another electron-
positron pair. These spiral more tightly
than the original pair because they have
less momentum to start with.

≈10 cm

Alessandro Giuseppe Antonio Anastasio
Count Volta (1745–1827).

Variations on a theme of  Conservation
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Variation 1 :  Allegro con brio

대칭성원리와 뇌테르의 정리

43



왜 (물리학은) 대칭성에 열광하는가?
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??

많은 경우에 물리문제 해결을 쉽게, 즐겁게, 아름답게 만들어준다!

•주변의 세 물체(파란 점들)들이 원점에 있는 물체(빨간 점)에 작용하는 중
력의 합은 얼마인가? 힘의 크기와 방향을 계산하시오.
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독일의 수학자, 물리학자
뇌테르의 정리를 증명함 (1918)
• “대칭성이 있으면 그에 해당하는 보존법칙이 있다”

여성이라는 이유로 차별을 많이 받았음
• “여기는 대학교이지 목욕탕이 아닙니다” 
- 스승 Hilbert가 뇌테르의 무보수 강사 임용조차 반대하는 동
료교수에게 화를 내며 

• “막스 뇌테르는 에미 뇌테르의 아버지입니다” 
- 역시 수학자였던 아버지 막스 뇌테르의 장례식에서 에미 뇌
테르가 막스의 딸이라는 얘기를 듣고 아인슈타인이 한 대꾸
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Emmy	  Nöther	  (1882	  ~	  1935)



NY Times obituary http://www-history.mcs.st-andrews.ac.uk/Obits2/Noether_Emmy_...

1 of 1 11/4/07 12:37 AM

Emmy Noether

Professor Einstein Writes in Appreciation of a 
Fellow-Mathematician.

To the Editor of The New York Times:

The efforts of most human-beings are consumed in the struggle for their daily bread, but most of
those who are, either through fortune or some special gift, relieved of this struggle are largely
absorbed in further improving their worldly lot. Beneath the effort directed toward the accumulation
of worldly goods lies all too frequently the illusion that this is the most substantial and desirable end
to be achieved; but there is, fortunately, a minority composed of those who recognize early in their
lives that the most beautiful and satisfying experiences open to humankind are not derived from the
outside, but are bound up with the development of the individual's own feeling, thinking and acting.
The genuine artists, investigators and thinkers have always been persons of this kind. However
inconspicuously the life of these individuals runs its course, none the less the fruits of their
endeavors are the most valuable contributions which one generation can make to its successors.

Within the past few days a distinguished mathematician, Professor Emmy Noether, formerly
connected with the University of Göttingen and for the past two years at Bryn Mawr College, died
in her fifty-third year. In the judgment of the most competent living mathematicians, Fräulein
Noether was the most significant creative mathematical genius thus far produced since the higher
education of women began. In the realm of algebra, in which the most gifted mathematicians have
been busy for centuries, she discovered methods which have proved of enormous importance in the
development of the present-day younger generation of mathematicians. Pure mathematics is, in its
way, the poetry of logical ideas. One seeks the most general ideas of operation which will bring
together in simple, logical and unified form the largest possible circle of formal relationships. In this
effort toward logical beauty spiritual formulas are discovered necessary for the deeper penetration
into the laws of nature.

Born in a Jewish family distinguished for the love of learning, Emmy Noether, who, in spite of the
efforts of the great Göttingen mathematician, Hilbert, never reached the academic standing due her in
her own country, none the less surrounded herself with a group of students and investigators at
Göttingen, who have already become distinguished as teachers and investigators. Her unselfish,
significant work over a period of many years was rewarded by the new rulers of Germany with a
dismissal, which cost her the means of maintaining her simple life and the opportunity to carry on
her mathematical studies. Farsighted friends of science in this country were fortunately able to make
such arrangements at Bryn Mawr College and at Princeton that she found in America up to the day
of her death not only colleagues who esteemed her friendship but grateful pupils whose enthusiasm
made her last years the happiest and perhaps the most fruitful of her entire career.

ALBERT EINSTEIN. 
Princeton University, May 1, 1935.

[New York Times May 5, 1935]
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Emmy Noether (1882 - 1935)

Previous | Index | Next

In 1935, the year of Emmy Noether's death, 
Albert Einstein wrote in a letter to the New
York Times, "In the judgement of the most
competent living mathematicians, Fraulein 
Noether was the most significant creative
mathematical genius thus far produced since 
the higher education of women began."
Born in 1882 in Germany, Emmy Noether 
persisted in the face of tremendous
obstacles to become one of the greatest 
algebraists of this century.

Known primarily for her profound and 
beautiful theorems in ring theory, Emmy
Noether's most significant achievement runs 
deeper: she changed the way
mathematicians think about their subject. 
"She taught us to think in simple, and thus
general, terms... homomorphic image, the 
group or ring with operators, the ideal... and
not in complicated algebraic calculations,"
said her colleague P.S. Alexandroff during a memorial service after her death. In
this way, she cleared a path toward the discovery of new algebraic patterns that had
previously been obscured.

Despite her intellectual achievements and the recognition of such mathematicians as
David Hilbert and Hermann Weyl, Emmy Noether endured years of poor treatment
by German universities, where for a time she could not even lecture under her own
name. Weyl later wrote that, even when the Nazis prevented her from lecturing, "her
courage, her frankness, her unconcern about her own fate, her conciliatory spirit,
were, in the midst of all the hatred and meanness, despair and sorrow... a moral
solace." Forced out of Germany by the Nazis in 1933, Emmy Noether came to Bryn
Mawr College, where she soon collected many students and colleagues around her.
She died there just two years later at the age of fifty-three.

Previous | Index | Next

Copyright ©2005 Association for Women in Mathematics. All rights reserved.

Comments: awm-webmaster@awm-math.org.
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Within the past few days a distinguished mathematician, Professor 
Emmy Noether, ... , died in her fifty-third year. 

In the judgment of the most competent living mathematicians, 
Fräulein Noether was the most significant creative mathematical 
genius thus far produced since the higher education of women began. 

In the realm of algebra, in which the most gifted mathematicians have 
been busy for centuries, she discovered methods which have proved 
of enormous importance in the development of the present-day 
younger generation of mathematicians. 

Pure mathematics is, in its way, the poetry of logical ideas. One seeks 
the most general ideas of operation which will bring together in 
simple, logical and unified form the largest possible circle of formal 
relationships. In this effort toward logical beauty spiritual formulas are 
discovered necessary for the deeper penetration into the laws of 
nature.

A. Einstein, in a letter of obituary for E. Noether to NYT
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5 Invariant Variation Problems

Emmy Noether

M. A. Tavel’s English translation of “Invariante Variationsprobleme,” Nachr. d. König. Gesellsch.
d. Wiss. zu Göttingen, Math-phys. Klasse, 235–257 (1918), which originally appeared in Transport
Theory and Statistical Physics, 1 (3), 183–207 (1971).0

Abstract

The problems in variation here concerned are such as to admit a continuous group (in Lie’s
sense); the conclusions that emerge from the corresponding differential equations find their most
general expression in the theorems formulated in Section 1 and proved in following sections.
Concerning these differential equations that arise from problems of variation, far more precise
statements can be made than about arbitrary differential equations admitting of a group, which
are the subject of Lie’s researches. What is to follow, therefore, represents a combination of
the methods of the formal calculus of variations with those of Lie’s group theory. For special
groups and problems in variation, this combination of methods is not new; I may cite Hamel
and Herglotz for special finite groups, Lorentz and his pupils (for instance Fokker), Weyl and
Klein for special infinite groups.1 Especially Klein’s second Note and the present developments
have been mutually influenced by each other, in which regard I may refer to the concluding
remarks of Klein’s Note.

§ 1. Preliminary Remarks and Formulation of Theorems

All functions occurring in the sequel are to be assumed analytic, or at least continuous and contin-
uously differentiable a definite number of times, and unique in the interval considered.

By a “group of transformation,” familiarly, is meant a system of transformations such that for
each transformation, there exists an inverse contained in the system, and such that the composition
of any two transformations of the system in turn belongs to the system. The group will be called a
finite continuous group Gρ if its transformations are contained in a most general (transformation)
depending analytically on ρ essential parameters ϵ (i.e., the ρ parameters are not to be representable
as ρ function of fewer parameters). Correspondingly, an infinite continuous group G∞ρ is understood
to be a group whose most general transformations depend on ρ essential arbitrary functions p(x) and
their derivatives analytically, or at least in a continuous and finite-fold continuously differentiable
manner. The group depending on infinitely many parameters but not on arbitrary functions stands
as an intermediate term between the two. Finally, a group depending both on arbitrary functions
and on parameters is called a mixed group.2

Let x1, . . . , xn be independent variables and u1(x), . . . , uµ(x) functions depending upon them. If
the x’s and u’s are subjected to the transformations of a group, then, by hypothesis of invertibility

0This paper is reproduced by Frank Y. Wang (fwang@lagcc.cuny.edu) with LATEX.
1Hamel, Math. Ann. 59 and Z. f. Math. u. Phys. 50. Herglotz, Ann. d. Phys. (4) 36, esp. § 9, p. 511. Fokker,

Verslag d. Amsterdamer Akad. Jan. 27, 1917. For further bibliography, compare Klein’s second Note, Göttinger
Nachrichten, July 19, 1918. The recently published work by Kneser (Math. Zschr. 2) deals with the setting up of
invariants by a similar method.

2Lie, in “Grundlagen für die Theorie der Unendlichen kontinuierlichen Transformationsgruppen” (Foundations of
the theory of infinite continuous groups of transformations), Ber. d. K. Sachs. Ges. d. Wissensch 1981 (cited
as Grundlagen), defines the infinite continuous group as a group of transformations which are given by the most
general solutions of a system of partial differential equations, provided these solutions do not depend only on a finite
number of parameters. One of the above-mentioned types differing from the finite group will thus be thereby obtained;
whereas conversely the limiting case of infinitely many parameters need not necessarily satisfy a system of differential
equations.
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In 1935, the year of Emmy Noether's death, 
Albert Einstein wrote in a letter to the New
York Times, "In the judgement of the most
competent living mathematicians, Fraulein 
Noether was the most significant creative
mathematical genius thus far produced since 
the higher education of women began."
Born in 1882 in Germany, Emmy Noether 
persisted in the face of tremendous
obstacles to become one of the greatest 
algebraists of this century.

Known primarily for her profound and 
beautiful theorems in ring theory, Emmy
Noether's most significant achievement runs 
deeper: she changed the way
mathematicians think about their subject. 
"She taught us to think in simple, and thus
general, terms... homomorphic image, the 
group or ring with operators, the ideal... and
not in complicated algebraic calculations,"
said her colleague P.S. Alexandroff during a memorial service after her death. In
this way, she cleared a path toward the discovery of new algebraic patterns that had
previously been obscured.

Despite her intellectual achievements and the recognition of such mathematicians as
David Hilbert and Hermann Weyl, Emmy Noether endured years of poor treatment
by German universities, where for a time she could not even lecture under her own
name. Weyl later wrote that, even when the Nazis prevented her from lecturing, "her
courage, her frankness, her unconcern about her own fate, her conciliatory spirit,
were, in the midst of all the hatred and meanness, despair and sorrow... a moral
solace." Forced out of Germany by the Nazis in 1933, Emmy Noether came to Bryn
Mawr College, where she soon collected many students and colleagues around her.
She died there just two years later at the age of fifty-three.

Previous | Index | Next

Copyright ©2005 Association for Women in Mathematics. All rights reserved.

Comments: awm-webmaster@awm-math.org.

49



Symmetry & Conservation
50

Homogeneity of Space

Isotropy of Space        

Homogeneity of Time 

Linear Momentum      

Angular Momentum    

Energy                       



방향(회전) 대칭성   isotropy
자연의 기본 법칙이 방향에 따라 다르다면?

- 동쪽을 향해서 실험 장치를 설치하고 실험한 결과와 남쪽을 향
해 설치하고 얻은 결과가 다르게 된다?

- 우주에 동/서/남/북의 구별이 있을까?

❖ 동서남북은 지구상에서나 존재하는 것! 

아직까지 어느 실험에서도 공간이 회전대칭성을 만족하
지 않는다는 증거는 찾지 못함

- Again, enjoy the symmetry while you can!

51

our Solar System

Milky Way Galaxy

artist’s conceptual view
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Planck 실험에서 관측한 CMB 분포
거의 isotropic한 분포를 보여줌 

(평균온도 2.7K를 기준으로 빨간색과 파란색의 차이는 약 10-5 K)

방향(회전) 대칭성   isotropy



거울 대칭성 (=좌우 대칭성)   parity
자연의 기본 법칙은 좌우변환에 대해 대칭적인가?

-‐ 실제	  장면을	  찍은	  영화와	  거울에	  비친	  모습을	  찍은	  영화를	  구별
할	  수	  있는가?

-‐ 자연의	  근본법칙이	  왼쪽과	  오른쪽을	  차별할까?

-‐ 사람은	  좌우대칭일까?
❖ 왜 심장은 왼쪽에 있을까?

❖ 왜 사람은 오른손잡이가 많을까?

53

[Note] 놀랍게도(?!) 자연법칙 중 약한 핵력
(방사능 섭-붕괴의 원인) 현상은 좌우대칭이 완
전히 깨져 있다. 

I cannot believe that God is a weak left 
hander.

- W. Pauli



그밖에 물리학에서 다루는 대칭성
게이지 대칭성

물질-반물질 대칭성

시간 반전 대칭성

초대칭성

기타 ... 
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완벽한 대칭성?   불완전한 대칭성?
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Original Left Symmetry Right Symmetry

 ... 덕수궁(德壽宮) 박물관에 청자 연적이 하나 있었다. 내가 본 
그 연적(硯滴)은 연꽃 모양으로 된 것으로, 똑같이 생긴 꽃잎들이 
정연(整然)히 달려 있었는데, 다만 그 중에 꽃잎 하나만이 약간 옆
으로 꼬부라졌었다. 이 균형(均衡) 속에 있는, 눈에 거슬리지 않는 
파격(破格)이 수필인가 한다. 한 조각 연꽃 잎을 옆으로 꼬부라지
게 하기에는 마음의 여유(餘裕)를 필요로 한다. …                     
- 피천득 ‘수필’에서



완벽한 대칭성?   불완전한 대칭성?
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•자연계에 존재하는 상호작용(~힘)마다 각각에 해당하는 게이지 대칭성
이 있다. 상호작용의 종류에 따라서 게이지 대칭성이 완벽하게 유지된 
것도 있고 (자발적으로) 깨진 것도 있다.

•각각의 게이지 대칭성에는 그에 해당하는 게이지 입자가 있다. 이 게이
지 입자가 그 상호작용을 매개하는 역할을 한다.

•완벽한 게이지 대칭성은 그에 해당하는 ‘전하량 보존법칙’을 가지고 있
다. 이 경우 게이지 입자는 질량이 0이다.

•깨어진 게이지 대칭성은 게이지 입자의 질량을 0보다 커지게 만든다.

•게이지 대칭성이 자발적으로 깨지지 않으면 물리 이론을 쓸모 없게 만
드는 괴상한 현상들이 생긴다.

•게이지 대칭성을 자발적으로 깨지도록 만드는 역할을 하는 입자가 바
로 힉스(Higgs) 입자이다.



대칭성의 자발적 깨짐
(예) “좌빵 우물”

57

식탁에 빵과 물은 대칭적으로 놓여 있었다. 오른쪽 물컵과 왼쪽 
물컵이 내 자리에서 정확히 같은 거리에 있다면 어느 쪽 물컵이 
내 것인가?

누군가 우연히 오른쪽 컵을 잡으면 다른 사람들 모두 오른쪽 컵을 
잡게 된다.

➔ 좌우 대칭성이 자발적으로 깨진다.



“빛이 있으라!”
게이지 대칭성 -- 소립자 상호작용의 기본법칙

•양자역학적 대칭성 
•게이지 대칭성을 유지하려면 새로운 입자 (게이지 입자)
가 필요함

Photon (particle of light) - 전자기력을 위한 게이지 입자

게이지 대칭성 --> 전하량 보존법칙!
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Fundamental 

Interactions

Fundamental Interactions & Gauge Bosons
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Physics 1979 http://nobelprize.org/nobel_prizes/physics/laureates/1979/

1 of 1 11/6/07 12:59 PM

About Nobelprize.org  Privacy Policy  Terms of Use  Technical Support  RSS The Official Web Site of the Nobel Foundation Copyright © Nobel Web AB 2007

"for their contributions to the theory of the unified weak and 

electromagnetic interaction between elementary particles, including, inter 

alia, the prediction of the weak neutral current"

The Nobel Prize in Physics 1979

Sheldon Lee Glashow Abdus Salam Steven Weinberg

 1/3 of the prize  1/3 of the prize  1/3 of the prize

USA Pakistan USA

Harvard University, Lyman 

Laboratory 

Cambridge, MA, USA

International Centre for 

Theoretical Physics 

Trieste, Italy; Imperial

College 

London, United Kingdom

Harvard University 

Cambridge, MA, USA

b. 1932 b. 1926

d. 1996

b. 1933

 

Titles, data and places given above refer to the time of the award.

Photos: Copyright © The Nobel Foundation
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[BpG: 1] ri\4 (the Standard Model)

ri\4X 1960%*j@ Sheldon Glashow, Steven Weinberg, Abdus

Salam/R[vF)KRhas+w_.�[@ZY#Cb]<6bV

6R[vFm�bW3G:YK,u\4W3, jH=_[k2R�un

"[My��UR'O0<6tMyR[vF,cz;fdYlN$J

PQ+\4\(. 

\\4Y8-�33Glashow, Weinberg, SalamX 1979%&A<6tE

YJEsS(. 1uri\4[\4b g5THu�33 Veltman�

’t Hooft� 1999%&A<6tEYJEsSW9, `�uu!oL<6t_

\{I?D,ri\4[\4b ge7Rq�xYu>^(.

! The most powerful and successful theory which explains almost all of 

the experimental results in particle and nuclear physics

! Based on (relativity) + (quantum theory)

�A culmination of Modern Physics!
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Particle Physics in one page
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"#�� �! ����$ 

For the last 40 years

1965 Feynman, Schwinger & Tomonaga QED (�!"!�-) ��.�

1969 Gell-Mann Quark model .�

1976 Richter & Ting J/! ! ��

1979 Glashow, Salam & Weinberg Standard Model ��.�

1980 Cronin & Fitch CP �)���%��

1984 Rubia & Van der Meer W, Z  !��

1988 Lederman, Schwarz & Steinberger $��!� flavor #��

1990 Friedman, Kendall & Taylor ��!�*+#��

1992 Charpak MWPC �� (," !
(�)

1995 Perl & Reines "� ! / $��!��

1999 ’t Hooft & Veltman Standard Model� Renormalization

2002 Davis, Coshiba & Giaconni 01/���$��!/&'��

2004 Gross, Politzer & Wilczek Asymptotic freedom in QCD
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2008 Nambu, Kobayashi, Maskawa   대칭성 깨짐 이론
2013 Higgs, Englert                           힉스 입자 예측



Variation 2 :  Andante ma non tanto

Anti-particle, 
anti-matter & CP

64



Two Pillars of 20th Century Physics

• Special Relativity: the framework for 
describing the physics of objects moving 
at speeds close to the speed of light.

• General Relativity: the extension of this 
theory to include gravity.

These are almost inconsistent with each other!

• Quantum Mechanics: the 
framework for studying the 
physics of very short 
distances

20세기 물리학의 두 기둥
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The equations

↵F = m
d2↵r

dt2

i� d

dt
⇥ =

�
� �2

2m
⇥2 + V (↵r)

⇥
⇥

(i�µ⇤µ �m)⇥ = 0

Newton

Schrödinger

Dirac
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2004 KIAS Winter Camp              1/14/2004
43

[a�jW 2] ]��(ª¨«, antiparticle)

�t���|�I�+�R¬§�k���]=���Pª¨«H

2 bO<. ª¨«; 19289x Paul Dirac(19339 :_ [Q�g ng)x �

¢i £=[Q�� �}� B �� s�y�3 g=k�L� 0¡� hK

� �L� �o�; 3�xi 5 ��) zu@w�T 19329 Carl 

Anderson(19369:_[Q�gng)x�¢i��^/@w<.

XD��x=¢i]��)�tr�<;-�g=k�L\s�y�

�Kb�8{;� nv;0L�?~Q���PCJaU��K�

Mt� a�� [�x d¢i ]��K �Mt� ª©®� ¦q �. ��

�<.

R�~Q��x[�3][��+�s�K���<U]��E�~
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x ~Q; > �g ��  n) v. A<. �| +� ���]�� *� c

4¤�rSK~Q)f;l1)�� n�;[Q�6,P�N<. 
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입자-반입자 쌍생성 (pair creation)



How can we exist?

69

• Big bang cosmology --> balanced production of 
matter & antimatter, 

• 현재의 우주:   물질 >> 반물질

• Sakharov가 제시한 3가지 조건
–	
 baryon number non-conservation

–	
 C and CP violation

–	
 not in thermal equilibrium

• But, can CP violation happen in Nature?

• If it does, do we understand the mechanism?



노벨평화상을 받은 어느 물리학자

70



71
2004 KIAS Winter Camp              1/14/2004

44

[���� 3] C, P and T

C (charge conjugation) : particle ! anti-particle

P (parity) : (x, y, z) ! (-x, -y, -z)

T (time reversal) : t ! -t

CPT Theorem

A theory whose dynamical contents is expressed in terms of hermitian, Lorentz-

invariant lagrangian of local quantum fields is invariant under the combined 

operation CPT.

Consequences of CPT Theorem

! Spin-statistics theorem

! Particle and antiparticle have identical masse and lifetime

! All the internal quantum numbers of antiparticles are opposite to those of 

the particles

65

from 김충선 교수 colloquium at Yonsei
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CP violation !

Cronin, Fitch, et al. (1964)
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"for the discovery of violations of fundamental symmetry principles in the 

decay of neutral K-mesons"

The Nobel Prize in Physics 1980

James Watson Cronin Val Logsdon Fitch
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From"the"symposium"“50"years"of"CP"violation”"
at"Queen"Mary"University"of"London"
July"10!11,"2014
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Kobayashi-Maskawa (KM) 가설
“CPV is due to an irreducible phase in 

the quark mixing matrix in 3 generations”

First 3rd-gen. 
particle (τ)

seen in 1975
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From"the"symposium"“50"years"of"CP"violation”"
at"Queen"Mary"University"of"London"
July"10!11,"2014
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Beauty and the B...



t-dep. CPV in B0 ⇧ K0
SK+K�

• signal-enhanced projections
N(B0 ⇧ K0

SK+K�) = 1176 ± 51
eff. ⌅ 16%

• background is mostly qq̄ continuum

Youngjoon Kwon CP violations from B decays Physics in Collision, Sep.1–4, 2010

Two asymmetric B-factories

11

PEP-II at SLAC

KEKB at KEK

Belle

BaBar

9GeV (e!) " 3.1GeV (e+)

peak luminosity:

        1.2"1034cm!2s!1

Two asymmetric-energy B factories

8GeV (e!) " 3.5GeV (e+)

  peak luminosity:

       2.1"1034cm!2s!1

world record

11 nations, 

80 institutes, 

~600 members

13 countries, 

57 institutes,

 ~400 members

Youngjoon Kwon CP violations from B decays Physics in Collision, Sep.1–4, 2010



Youngjoon Kwon New physics search in B decays Nov. 15, 2009 @ FAPPS09 79

0.672 ± 0.023

t-dep. CPV in B0 ⇧ K0
SK+K�

• signal-enhanced projections
N(B0 ⇧ K0

SK+K�) = 1176 ± 51
eff. ⌅ 16%

• background is mostly qq̄ continuum

Youngjoon Kwon CP violations from B decays Physics in Collision, Sep.1–4, 2010
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Beauty 09

CKM
f i t t e r

BELLE
green

blue

B-Factories  have  confirmed  the  large  CP  violation
in  particular,  B � cc K   modes : sin2φ    = 0.672E0.0230

1 high  precision !

Now,  the  reference  for  the  new  physics  search 
φ      = 21.15 0.90

0.881

φ      = 89.0 4.4
4.22

year

φ      = 69 19
213

http://ckmfitter.in2p3.fr/

O.Long @ Moriond, 
                     EW, 2010

Now...
DIS 2010 @ Florence,  Italy  (2010, Apr., 19-23) 7
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2008

CPV is due to an irreducible phase in the unitary quark 
mixing matrix in 3 generations



Coda
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Maestoso con spirito



��� �� Robert Rathbun Wilson  

Robert Rathbun Wilson  
      (1914 �2000) 

���, ��� 
� � �	�� �� 
�� ��� �� 
�
� ��� �� 
�
� ��� �� 
(1967�1978) 

�� ! 

from 이강영 교수 (경상대) seminar at Yonsei, 2011



John Orlando Pastore 
     (1907 �2000) 

Pastore: Is there anything connected with the hopes of this accelerator that 
           in any way involves the security of this country? 
 
Wilson: No sir, I don't believe so. 
 
Pastore: Nothing at all? 
 
Wilson: Nothing at all. 
 
Pastore: It has no value in that respect? 
 
Wilson: It has only to do with the respect with which we regard one another,  
          the dignity of men, our love of culture. It has to do with whether we are  
          good painters, good sculptors, great poets. I mean all the things we  
          really venerate in our country and are patriotic about. 
          It has nothing to do directly with defending the country  
          except to make it worth defending. 

���� �
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1969. 4. 17. �� 
� ��� 	���� 

from 이강영 교수 (경상대) seminar at Yonsei, 2011
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