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§1 Supersymmetry and Nature

3��IO�.�}Á¥§�é¡� David Gross ¡�/the
Standard non-standard theory0¶TnØ� TeV Ôn���
Ì�ndµ

Higgs �þË�?���guÑ¯K
√

X�é¡�»"UI� TeV§Kr!f!>^n��Ä�5
�ÍÜëêò3 1016 GeV éÐ/�®u�:

√

�é¡âf��»¥�VÔ�Jø
g,�ÿÀö
�é¡3unØ�éõ���E¥Ñg,/�3

Higgs �þ¯K

IO�.g^� 1 9 1/2 �âf�þÉ5�/Ã�é¡5�
o§ÙË�?�Ø�Ué�¶� Higgs âfvkXd3$

�Ä Higgs | φ ∼ v + h �¤�f ψ � Yukawa ÍÜ

LYukawa ∼ −
1√
2
λ(v + h)ψ̄ψ ⇒ �Ñ¤�f�þ mf = λv/

√
2

Feynman graph:∆
=

1

�k − imf Feynman graph:∆
= − λ√

2 Feynman graph:∆
= − 1

p2 +m2



Higgs �þ�þfÄ�?��lÙDÂf�ü�ÖÑ

¤�féü���z

Feynman graph:∆=

[
− 1

(p2 +m2)

]2(
− λ√

2

)2

×
∫

d4k

(2π)4
Tr

[
1

�k − imf

· 1

(�k + �p)− imf

]

= − 2λ2

(p2 +m2)2

∫
d4k

(2π)4

k · (k + p)−m2
f

(k2 +m2
f )[(k + p)2 +m2

f ]
∝ Λ2

⇒ ∆m2 = m4∆

(
− 1

m2

)
= m4∆ü�

[
− 1

p2 +m2

]
p→0

= −2λ2

∫
d4k

(2π)4

[
1

k2 +m2
f

−
2m2

f

(k2 +m2
f )2

]

∼ − λ2

8π4

∫
S3

dΩ2
3

∫ Λ

0

dk
k3

k2
= −

m2
f

4π2v2
Λ2



,�ÀÚgdÝ B(x) � Higgs ÍÜ§ü�uÑ�¹�g.

λ′|φ|2|B|2 ∼ 1

2
λ′(v2 + 2vh+ h2)|B|2 ⇒ m2

b = −1

2
λ′v2, λ′ < 0

Feynman graph:∆=
(λ′v)2

(p2 +m2)2

∫ Λ d4k

(2π)4

1

(k2 +m2
b)[(k + p)2 +m2

b ]
∝ log Λ

Feynman graph:∆=
λ′

(p2 +m2)2

∫ Λ d4k

(2π)4

−1

k2 +m2
b

⇒ ∆m2 =
m2
b

8π2v2
Λ2

�Ä�IO�.¥� Higgs |ÍÜ��ÀÚ9¤�|�¢S
gdÝ§��ÑÙü�é Higgs �þ?��o�z

∆m2
H =

3

8π2v2

(
−4m2

t + 2m2
W + 4m2

Z +m2
H

)
Λ2

Ï v ∼ 2.46× 102 GeV§�äe�3 Λ ∼Mp§þfÞá�­½
5 ∆m2

H . m
2
H �¦�âfà�þ��°[�N§��°Ý

(v/Mp)
2 ∼ 10−34

�r�Nü$���É� 10% °Ý§L��~��äUI

(v/Λ)2 ∼ 10−1 ⇒ Λ ∼ 1 TeV



ÏdIO�.�@�´/Øg,0�¶3 TeV UI?�U
Ñy#Ôn§fÐ u LHC U
u��U«
�é¡U¦nØäkg,5µz� Dirac ¤�f ψ = (ψL, ψR)

k���º� φ = (BL, BR)§~X STOP¶��é¡ÿ�»"
�§|λ′| = λ2, mf = mb,L = mb,R§��º�é Higgs �þ�?
��p-�

∆m2 = −
m2
f

4π2v2
Λ2 +

m2
b,L

8π2v2
Λ2 +

m2
b,R

8π2v2
Λ2 = 0

f>UI?��é¡¢Sþ´»"�§3/^»"0(Soft
SUSY Breaking) �.¥§|λ′| = λ2 � m2

b −m2
f = δ 6= 0

∆m2 = 2|λ′|
∫

d4k

(2π)4

[
1

k2 +m2
b

− 1

k2 +m2
f

]
+ logarithmic

→ |λ′|
8π2

[
m2
f

(
1− log

m2
f

µ2

)
−m2

b

(
1− log

m2
b

µ2

)]
+ · · ·

= − |λ
′|

8π2

(
1 + 6 log

m2
f

µ2

)
δ + O(δ2)



Ò^»"�.
ó§X­|�Ù�º���þ©�3 Higgs
�þ�þ?§δ ∼ m2§K Higgs �þ?� ∆m2 . m2 ­½

IO�.�4��é¡*¿ (MSSM) �¹ 105 �^»"ë
ê§Ù¥k 20 ��m� LHC Ônk'

ÍÜ~ê��:

�5�| Aµ � nf � Weyl ¤�| ψi 9 nb �EIþ| φj

ÍÜ§�|W¿5�+�L«� Aµ ∈ Radj§ψi ∈ Ri§φj ∈ R̃j
ÍÜ~ê g �UI�Ä�5�d β-¼ê�x§ü�Cqµ

β(g) = − g3

16π2

[
11

3
C2(Radj)−

2

3

nf∑
i=1

T2(Ri)−
1

3

nb∑
j=1

T2(R̃j)

]

Tr
[
R(T a)R(T b)

]
≡ T2(R)δab ⇒ T2(R) =

dimR

dimG
· C2(R)

X N = 1 SYM �|SN�ü�¥þõ­� V = (Aaµ, λ
a
α, D

a)

β(g) = − g3

16π2

[
11

3
C2(Radj)−

2

3
T2(Radj)

]
= − 3g3

16π2
C2(Radj)



N = 1 SYM � Nf �Ã�õ­� Φi = (φi, ψi, Fi) ∈ Ri ÍÜ

β(g) = − g3

16π2

3C2(Radj)−
2

3

Nf∑
i=1

T2(Ri)−
1

3

Nf∑
i=1

T2(R̃i)


= − g3

16π2

3C2(Radj)−
Nf∑
i=1

T2(Ri)


IO�.¥�5�|

5�+ SU(3)c × SU(2)L × U(1)Y

Yang-Mills | Amµ t
m Baµ σ

a/2 CµY

ÍÜ~ê gs g g′

Ô�|35�+ØÓL«¥��§L«�ê± (rc, rL)Y P�

Gell-Mann-Nishijima 'X Q = 1
2
σ3 + Y

Higgs |´ SU(3)c �Úü�§SU(2)L � doublet§Y = −1/2

φ =

(
φ+

φ0

)
∈ (1c,2L)−1/2



¤�fµ�Ã ψL ∈ 2L§mÃ ψR ∈ 1L§�knxÃ�§�Ú
�f§zxdÊ«W¿�ª|¤

`L =

(
νe
e−

)
∈ (1c,2L)−1/2, `R = e+ ∈ (1c,1L)+1

qL =

(
u
d

)
L

∈ (3c,2L)+1/6, uR ∈ (3∗c ,1L)−2/3, dR ∈ (3∗c ,1L)+1/3

i\� SU(5) �Ú�nØ SU(3)c × SU(2)L × U(1)Y ↪→ SU(5)

=k��5�ÍÜ~ê g5§�C�ê ∇µ = ∂µ − ig5A
A
µT

A

SU(5) )¤� TA Ã,§8�z¤ T2(Rf ) = 1/2

5�+ SU(3)c × SU(2)L × U(1)Y �i\�ªµ

tm →
(
tm 0
0 0

)
, σa/2→

(
0 0
0 σa/2

)
,

√
3

5
Y →

√
3

5

(
− 1

3
1 0

0 1
2
1

)
Higgs | Φ ∈ 24adj§5⊗ 5∗ = 24⊕ 1¶ý�Ï"��¤

Φ0 ≡ 〈Φ〉 =

(
− 1

3
1 0

0 1
2
1

)
V

� Φ0 é´� TA )¤ SU(3)× SU(2)× U(1)§SU(5) gu»"



>^�p�^�¦»" SU(2)× U(1)→ U(1)§ÏdIÚ\,
� Higgs | H ∈ 5

H =

Ha

φ+

φ0

{ Ha : color triplet with QH = −1/3, SU(2)L singlet

(φ+, φ0) : SM Higgs doublet

¤�f3 SU(5) �L« 5∗ Ú 10 (�¡ÜþL«) ��§z
�xÑ��¤£1, 2, 3 �Ú�I¤

d̄1

d̄2

d̄3

e
ν

 ∈ 5∗,


0 ū3 ū2 u1 d1

0 ū1 u2 d2

0 u3 d3

0 ē
0

 ∈ 10

Ï"IO�.�n�ÍÜ~ê�Ä��Ú�UI?�u�:

g3 = g2 = g1 = g5


g3 = gs

g2 = g

g1 =

√
5

3
g′



°[(�~ê αi = g2
i /4π, i = 1, 2, 3¶Callan-Symanzik �§

dgi
d logQ

= − β
(i)
0

(4π)2
g3
i ⇒

dαi
d logQ

= −β
(i)
0

2π
α2
i

⇒ α−1
i (Q) = α−1

i (M) +
β

(i)
0

2π
log

Q

M

β
(i)
0 =

11

3
C2(R

(i)
adj)−

2

3

nf∑
m=1

T2(R(i)
m )− 1

3

nb∑
n=1

T2(R̃(i)
n )

β
(1)
0 = −2

3

∑
f

3

5
Y 2
f −

1

3

∑
b

3

5
Y 2
b

b½IO�.�n�ÍÜ~ê gi 3�Ú�UI M = MX ?
�u�:§K3Ù¦UI Q ?k

α−1
2 (Q)− α−1

1 (Q) =
β

(2)
0 − β(1)

0

2π
log

Q

MX

α−1
3 (Q)− α−1

2 (Q) =
β

(3)
0 − β(2)

0

2π
log

Q

MX


⇒ α−1

3 − α
−1
2

α−1
2 − α

−1
1

=
β

(3)
0 − β(2)

0

β
(2)
0 − β(1)

0

≡ B mªØ�6UI



¢�êâµ3f>UI Q = mZ ?§αi �ÿþ��

α−1
3 = 8.50± 0.14, α−1

2 = 29.57± 0.02, α−1
1 = 59.00± 0.02

⇒ B = 0.716± 0.005± 0.03

{
1��Ø�
g¢�*ÿ�°Ý

1��Ø�Ï�Ñ
 ≥ 2 ��A

�nØ'�µ� SU(3)c +¤éA� β-¼ê
b½�¹ nH � Higgs |§Ïþ�Úü�§é β

(3)
0 Ã�z

�k ng �¤�f§Ù¥�fW¿Úü�§é β
(3)
0 Ã�z¶

Ïz�þ¹o� color triplet uL, uR, dL, dR§N´�Ñ

β
(3)
0 =

11

3
C2(R

(3)
adj)− 4ng ·

2

3
· T2(R

(3)
f ) = 11− 4

3
ng

� SU(2)L +¤éA� β-¼ê
�Ã/mÃ¤�f©OW¿ SU(2)L � doublet/singlet
z�¤�f¹n�§�V� qaL (éAn«ôÚ a = 1, 2, 3) 9
���fV� `L§z� Higgs W¿V�§�k

β
(2)
0 =

11

3
C2(R

(2)
adj)− 4ng ·

2

3
· T2(R

(2)
f )− nH ·

1

3
T2(R

(2)
f )

=
22

3
− 4

3
ng −

1

6
nH



� U(1)Y +¤éA� β-¼ê

¤�f� Higgs f�Ö�� |©þ�ê

`L ∈ (1c,2L)−1/2 Yf = −
1

2
dim1c · dim2L = 2

`R ∈ (1c,1L)+1 Yf = 1 dim1c · dim1L = 1

qL ∈ (3c,2L)+1/6 Yf =
1

6
dim3c · dim2L = 6

uR ∈ (3∗c ,1L)−2/3 Yf = −
2

3
dim3∗c · dim1L = 3

dR ∈ (3∗c ,1L)+1/3 Yf =
1

3
dim3∗c · dim1L = 3

φ ∈ (1c,2L)−1/2 Yb = −
1

2
dim1c · dim2L = 2

∑
f

Y 2
f = 2 ·

(
−

1

2

)2

+ 1 · (1)2 + 6 ·
(

1

6

)2

+ 3 ·
(
−

2

3

)2

+ 3 ·
(

1

3

)2

=
10

3∑
b

Y 2
b = 2 ·

(
−

1

2

)2

=
1

2
⇒ β

(1)
0 = −ng ·

2

3

∑
f

3

5
Y 2
f − nH ·

1

3

∑
b

3

5
Y 2
b

= −
4

3
ng −

1

10
nH



5¿� β
(3)
0 , β

(2)
0 , β

(1)
0 �6¤�f�ê ng ��ªÑ´ÏL�

Ó�� −4ng/3§� ng ØÑy3 B = (β
(3)
0 − β(2)

0 )/(β
(2)
0 − β(1)

0 )

�¥§�IO�.¤¹� Higgs |��ê nH òK� B �n
Øýó�µ

B =

(
11
3
− 4

3
ng
)
−
(

22
3
− 4

3
ng − 1

6
nH
)(

22
3
− 4

3
ng − 1

6
nH
)
−
(
− 4

3
ng − 1

10
nH
) =

110 + 5nH
220− 2nH

� nH = 1, 2, · · · , 8 � B �nØO���

nH 1 2 3 4 5 6 7 8

B 0.528 0.556 0.584 0.613 0.643 0.673 0.704 0.735

�ÿþ� B = 0.716± 0.005± 0.03 '�§XIO�.n�ÍÜ
~ê3�Ú�UI MX ?�u�:§LÚ? nH & 7 � Higgs
|�é²wù´Ø��É�§g3, g2, g1 ¢Svkú��:
@Ïÿþ°ÝØp§b½�:�3��� MX ��

α−1
2 (Q)− α−1

1 (Q) =
β

(2)
0 − β(1)

0

2π
log

mZ

MX

mZ ∼ 91.2 Gev, nH . 10 ⇒ MX ∼ mZ e
2773.71
110−nH . 1014 Gev



�	�fPC§�¦ MX & 1016 GeV ⇒ nH & 25

SU(5) YM =


Gαβ −

√
2
15
Bδαβ X̄α Ȳ α

Xβ W 3 +
√

3
10
B W+

Yβ W− −W 3 +
√

3
10
B


�fPC�d5�ÀÚf X,Y mediated§Ì�� p→ e+π0

X,Y �ò§�C��f:

X-mediated:
g5√

2

[
d̄��̄Xe

+ + ū��̄Xu+ c.c
]

Y -mediated:
g5√

2

[
ū�̄Y d+ ū�̄Y e

+ + c.c
]

〈pi|H′|pf 〉 ∼
g2
5

M2
X

⇒ Γi→f ∼
g4
5

M4
X

m5
p

τp(p→ e+π0) ∼
{

1027 − 1031yrs 1014 GeV

31× 1034yrs 1016 GeV

¢� τp(p→ e+π0) > 1.2× 1033yrs (IMB), 8.2× 1033yrs (Super-K)



e TeV UI±þk N = 1 �é¡§K β-¼êC¤

β
(i)
0 = 3C2(R

(i)
adj)−

∑
m

T2(R(i)
m ) (Ã��| Φm ∈ Rm)

β
(1)
0 = −3

5

∑
m

Y 2
m = −3

5

ng∑
f

Y 2
f + nH

∑
b

Y 2
b


Higgs �Úü�¶z�¤�f(9Ù�º�þ)¹o� color triplet

β
(3)
0 = 3C2(R

(3)
adj)− 4ng · T2(R

(3)
f ) = 9− 2ng

z�þ¹ 3 + 1 � SU(2)L doublet§d	 Higgs �W¿V�

β
(2)
0 = 3C2(R

(2)
adj)− 4ng · T2(R

(2)
f )− nH · T2(R

(2)
f ) = 6− 2ng −

1

2
nH

f�Ö²��ÚXcµ
∑
f Y

2
f = 10/3,

∑
b Y

2
b = 1/2

β
(1)
0 = −3

5

[
ng ·

10

3
+ nH ·

1

2

]
= −2ng −

3

10
nH

�é¡ Yukawa ÍÜ�¦ nH = 2

{
�E�X�³�g,íØ

Ã� Higgsino �~-�^�



ÏdIO�.��é¡4�*¿é B ��nØýó´

B =
(9− 2ng)−

(
6− 2ng − 1

2
nH
)(

6− 2ng − 1
2
nH
)
−
(
−2ng − 3

10
nH
) =

30 + 5nH
60− 2nH

=
5

7
= 0.714



§2 Basics of Supersymmetry

N = 1 �é¡

X�é¡´$U£TeV¤y�§�I��Ä N = 1 nØ
/�0¤�f´Ã��§IO�.� |λ = + 1

2
〉 CPT←→ |λ = − 1

2
〉

W¿5�+ØÓ�EL« [X SU(2)L �V�Úü�]§ØAÑy
3 N ≥ 2 ¥þõ­�¥ [ÄKüöÑòW¿¢���L«]

N = 2 nØ¥#NkW¿5�+?¿L«� hypermultiplet§
^ N = 1 �ó§z�ù��õ­�d�éÃ�õ­�|¤§
©OW¿5�+L« R Ú R∗, | 1

2
〉 ∈ R CPT←→ | − 1

2
〉 ∈ R∗§ù

�$U­.¥�mÃ¤�fAk�W¿�ªØÎ
�é¡»"�­�A�´ý�¼��"�Uþ§Ïd N > 1

nØØ��U/Ü©/0»"� N = 1§
A��»"¤v
k SUSY �nØ¶3�õê�/§éJ3 N > 1 �k�.¼
þ¥�Eäk»"Å��³¼ê

N = 1 ��ê�Ä�é´'X�

{Qα, Q̄β̇} = 2σµ
αβ̇
Pµ

òÊÏ��*Ð���m zA = (xµ, θα, θ̄α̇)



��m�é¡C� (x, θ, θ̄)→ (x′, θ′, θ̄′) d�+¦{½Â

e−iaP+iεQ+iε̄Q̄ · e−ixP+iθQ+iθ̄Q̄ = e−ix
′P+iθ′Q+iθ̄′Q̄

eA · eB = eA+B+ 1
2

[A,B]+···

A ≡ −iaµPµ + iεQ+ iε̄Q̄

B ≡ −ixµPµ + iθQ+ iθ̄Q̄

A+B = −i(xµ + aµ)Pµ + i(θ + ε)Q+ i(ε̄+ θ̄)Q̄

[A,B] = −[εQ, θ̄Q̄] + [θQ, ε̄Q̄] = 2(θσµε̄− εσµθ̄)Pµ

⇒ A+B + 1
2
[A,B] = −i[xµ + aµ + i(θσµε̄− εσµθ̄)]Pµ

+i(θ + ε)Q+ i(ε̄+ θ̄)Q̄

⇒


x′µ = xµ + aµ + i(θσµε̄− εσµθ̄)

θ′ = θ + ε

θ̄′ = θ̄ + ε̄

dd���Ö��©�fL«

εQ+ ε̄Q̄ = εα
(

∂

∂θα
− iσµαα̇θ̄α̇∂µ

)
+ ε̄α̇

(
∂

∂θ̄α̇
− iθασµαβ̇ε

β̇α̇∂µ

)



�|=½Â3��mþ�| S(x, θ, θ̄)§Ï Grassmann ê��
"5§é�|��XeÐm

S(x, θ, θ̄) = φ(x) + θκ(x) + θ̄χ̄(x) + θθm(x) + θ̄θ̄n(x)

+ θσµθ̄vµ(x) + θθθ̄λ̄(x) + θ̄θ̄θψ(x) + θθθ̄θ̄D(x)

3�é¡C�e§�|�C�Æ� δεS = (εQ+ ε̄Q̄)S§l¥�
±���©þ|�C�Æ¶��`ù
©þ|�¤��ê�
��L«§�
��Ø���|õ­�§I\,
�å^�
3��m¥Ú?�C�ê

Dα =
∂

∂θα
+ iσµαα̇θ̄

α̇∂µ, D̄α̇ = − ∂

∂θ̄α̇
− iθασµαα̇∂µ

N´�ye��é´'X

{Dα, D̄α̇} = −2iσµαα̇∂µ, {Dα, Dβ} = {D̄α̇, D̄β̇} = 0

{Dα, Qβ} = {Dα, Q̄β̇} = {D̄α̇, Qβ} = {D̄α̇, Q̄β̇} = 0

N = 1 �é¡nØ¥ü«|õ­�
Ã��| Φ(x, θ, θ̄)§÷v�å D̄α̇Φ = 0

¥þ�| V (x, θ, θ̄)§÷v�å V † = V



- yµ = xµ + iθσµθ̄¶Ï θα Õáu θ̄ Ú xµ§k

∂α̇θ
α = ∂µθ

α = 0 ⇒ D̄α̇θ
α = 0 ⇒

D̄α̇y
µ = −iθασναα̇∂νxµ − i∂α̇(θσµθ̄) = −iθασµαα̇ + iθασµαα̇ = 0

÷vÃ��|�å�§ D̄α̇Φ = 0 ���)

Φ = Φ(y, θ) ⇒ Φ(y, θ) = φ(y) +
√

2θψ(y) + θθF (y)

Φ(x, θ, θ̄) = φ(x) + iθσµθ̄∂µφ(x) +
1

4
θθθ̄θ̄�φ(x)

+
√

2θψ(x)− i√
2
θθ∂µψ(x)σµθ̄ + θθF (x)

Ã��|�©þ��é¡C�d δεΦ = (εQ+ ε̄Q̄)Φ ÖÑ

δεφ =
√

2 εψ,

δεψ =
√

2i σµε̄∂µφ+
√

2εF,

δεF =
√

2i ε̄σ̄µ∂µψ.

Iþ F �þj ∆ = 2§.¼þ¥J±Ú?ÄU� |∂µF |2§�
ÙÏ~���ÃÄåÆ�9Ï|Ñy3nØ¥



÷v¢^� V = V † �¥þ�|��Ðm [ª¥ÀÚ|©þ�¢]

V (x, θ, θ̄) = C(x) + iθχ(x)− iθ̄χ̄(x) +
i

2
θθ[M(x) + iN(x)]

− i
2
θ̄θ̄[M(x)− iN(x)]− θσµθ̄vµ(x) + iθθθ̄

[
λ̄(x) +

i

2
σ̄µ∂µχ(x)

]
−iθ̄θ̄θ

[
λ(x) +

i

2
σµ∂µχ̄(x)

]
+

1

2
θθθ̄θ̄

[
D(x) +

1

2
�C(x)

]
XJ Φ ´Ã�|§K Φ + Φ† ´¥þ|

Φ + Φ† = φ+ φ∗ +
√

2(θψ + θ̄ψ̄) + θθF (x) + θ̄θ̄F ∗(x)

+iθσµθ̄∂µ(φ− φ∗) +
i√
2
θθθ̄σ̄µ∂µψ +

i√
2
θ̄θ̄θσµ∂µψ̄ +

1

4
θθθ̄θ̄�(φ+ φ∗)

Ïd5�C� vµ(x)→ vµ(x) + ∂µα ��é¡í2�

V → V + Φ + Φ†

3ù�5�C�e§V ��©þXeC�

C → C + φ+ φ∗, χ→ χ− i
√

2ψ, M + iN →M + iN − 2iF

vµ → vµ − i∂µ(φ− φ∗), λ→ λ, D → D



o�±�� Wess-Zumino 5�¦ C = χ = M = N = 0§3d
5�e

V = −θσµθ̄vµ(x) + iθθθ̄λ̄(x)− iθ̄θ̄θλ(x) +
1

2
θθθ̄θ̄D(x)

�XÊÏ>^nØ¥�¥Õ5�Øä Lorentz �C5§WZ
5�»��é¡
¥þ�| V ¤éA�/5�|r0½Â�

Wα = −1

4
D̄D̄DαV

|^ WZ 5�ØJ�Ñ

Wα = −iλα(y) +

[
δα
βD(y)− i

2
(σµσ̄ν)α

β(∂µvν(y)− ∂νvµ(y))

]
θβ

+ θθσµαα̇∂µλ̄
α̇(y)

35�C� V → V + Φ + Φ† e§V (x, θ, θ̄) �©þ λα, D Ø
C§vµ XÓ U(1) 5�³C�§�|r Fµν = ∂µvν(y)− ∂νvµ(y)

kØC5§Ïd�� Wα ´5�ØCþ



Wα �5�ØC5��d½Â���y

Wα → −1

4
D̄D̄Dα(V + Φ + Φ†) = Wα −

1

4
D̄D̄Dα(Φ + Φ†)

D̄α̇Φ = DαΦ† = 0 ⇒ −1

4
D̄D̄Dα(Φ + Φ†) = −1

4
D̄D̄DαΦ

= −1

4
D̄{D̄,Dα}Φ = −1

4
{D̄,Dα}D̄Φ = 0

Wα ��6u��mCþ θ Ú yµ§��Ã��|

D̄α̇Wα = 0

Wα ÷vN\�å^�

DαWα = D̄α̇W̄
α̇ (

Ï DαD̄2Dα = D̄α̇D
2D̄α̇

)
U(1) ¥þ�|ØJí2�?¿�C��+��/µ�5�+
�o�ê)¤�� T a§¥þõ­� V ¥�©þ|35�+
���L«¥�� V = V aT a§C��5�C�í2¤

eV
′

= e−iΛ
†
eV eiΛ, V ′ = V + i(Λ− Λ†) + · · ·

�é¡|r Wα = −1

4
D̄D̄

(
e−VDαe

V
)



N´�y5��C5

W ′α = −1

4
D̄D̄

[
e−V

′
Dαe

V ′
]

= −1

4
D̄D̄

[
e−iΛe−V eiΛ

†
Dα
(
e−iΛ

†
eV eiΛ

)]
= −1

4
e−iΛD̄D̄

e−V eiΛ
†
e−iΛ

†︸ ︷︷ ︸
-��ü +�

Dα
(
eV eiΛ

)
= −1

4
e−iΛD̄D̄

(
e−V

[
(Dαe

V )eiΛ + eV (Dαe
iΛ)
])

= e−iΛWαe
iΛ − 1

4
e−iΛD̄{D̄,Dα}eiΛ = e−iΛWαe

iΛ

��E5�³�Ô�|�ÍÜ§òÃ��| Φi ��35�
+�½�L« Ri �¥¶5�+� e−iΛ éÃ�|kg,�^

Φi → Φ′i = e−iΛΦi, Φ†i → Φ′†i = Φ†ie
iΛ†

� Λ ´Ã��|�§5�C��� Φ′i ½÷vÃ�^�
¥þ�| Φ†ie

V Φi 35�C�e�±ØC

Φ†ie
V Φi → Φ′†i e

V ′Φ′i = (Φ†ie
iΛ†)(e−iΛ

†
eV eiΛ)(e−iΛΦi) = Φ†ie

V Φi



�E�é¡ØC��^þ{B�{´�Ä Grassmann È©∫
dθ = 0,

∫
dθθ = 1,

∫
dθf(θ) =

∂

∂θ
f(θ)

N = 1 ��m�Ã�È©ÿÝ�

d2θ = −1

4
dθαdθβεαβ , d2θ̄ = −1

4
dθ̄α̇dθ̄β̇ε

α̇β̇

⇒
∫
d2θ θ2 =

∫
d2θ̄ θ̄2 = 1;

∫
d4θ θ̄2θ2 = 1

éu?�Ã��| Φ§Ù F-term ��é¡C� δεF ´��
���ê§�È©

∫
d4xF 3�é¡C�eØC

3Ã�|¥�Ñ F-term ��{´é�|�È©
∫
d2θ(· · · )

aq/§¥þ| D-term ��é¡C� δεD �´�����
ê§ÏdÈ©

∫
d4xD 3�é¡C�eØC¶�� D-term �

�{´é¥þ|�È©
∫
d4θ(· · · )

��m¥� Dirac ¼ê∫
d2θf(θ)δ2(θ) = f(0) ⇒ δ2(θ) = θθ, δ2(θ̄) = θ̄θ̄



~�µWess-Zumino �.¶T�.¹eZIþÃ��| Φi

Φ†iΦi ´¥þ|§§� D-term Jø
�é¡ØC�.¼þ

ÐmIþÃ��|

Φi(y, θ) = φi(y) +
√

2θψi(y) + θθFi(y)

Φ†i (ȳ, θ̄) = φ∗i (ȳ) +
√

2θ̄ψ̄i(ȳ) + θ̄θ̄F ∗i (ȳ)
,

{
yµ = xµ + iθσµθ̄

ȳµ = xµ − iθσµθ̄

ü���Ã���|�È�

Φ†i (ȳ, θ̄)Φj(y, θ) = φ∗i φj +
√

2φ∗i θψj +
√

2θ̄ψ̄iφj + θθφ∗iFj + θ̄θ̄F ∗i φj

+2(θ̄ψ̄i)(θψj) +
√

2θθθ̄ψ̄iFj +
√

2θ̄θ̄θF ∗i ψj + θθθ̄θ̄F ∗i Fj

ù
©þ|± y, ȳ �Cgþ¶?�Ú�Ðm

φi(y) = φi(x) + iθσµθ̄∂µφi(x) + 1
4
θθθ̄θ̄�φi(x)

φ∗i (ȳ) = φ∗i (x)− iθσµθ̄∂µφ∗i (x) + 1
4
θθθ̄θ̄�φ∗i (x)

θψi(y) = θψi(x) + i(θσµθ̄)(θ∂µψi(x))

θ̄ψ̄i(ȳ) = θ̄ψ̄i(x)− i(θσµθ̄)(θ∂µψi(x))

θθFi(y) = θθFi(x), θ̄θ̄F ∗i (ȳ) = θ̄θ̄F ∗i (x)



Ðm¥��"� D-terms �ÑÄU�∫
d4θ φ∗i (ȳ)φi(y) = −∂µφ∗i (x)∂µφj(x) +

1

4
�(φ∗i φj)∫

d4θ θ̄ψ̄i(ȳ) θψj(y) =
i

2
∂µψ̄i(x)σ̄µψj(x)− i

2
ψ̄i(x)σ̄µ∂µψj(x)∫

d4θ θθθ̄θ̄F ∗i (ȳ)Fj(y) = F ∗i (x)Fj(x)

⇒
∫
d4θ Φ†iΦi = −

[
∂µφ

∗
i ∂
µφi + iψ̄iσ̄

µ∂µψi − F ∗i Fi
]

+��ê

XJ W(Φi) �X/�6u� Φi§@o W(Φi) ò÷vÃ�|
^� D̄α̇W = 0§��Ð¤£± y �gCþ�¤©þ|

W(Φi) =W(φi) +
∂W
∂φi

√
2θψ + θθ

(
∂W
∂φi

Fi −
1

2

∂2W
∂φi∂φj

ψiψj

)
3¦ F-terms �§yµ = xµ + iθσµθ̄ ¥¹ θ̄ ��Ø�z§Ïd
�{ü/ò y �¤ x∫

d2θ W(Φi) =
∂W
∂φi

Fi −
1

2

∂2W
∂φi∂φj

ψiψj

\þE�Ý§=��^þ��p�^Ü©



~�µ5�|�ÄU�

|r Wα 9Ù�Ý W̄α̇ ©O´Ã��^þ|Ú�Ã��^þ
|§�5�+� U(1) �Ñäk5�ØC5

IþÃ�| WαWα, W̄α̇W̄
α̇ ¥�¹
 FµνFµν �§� F-term∫

d2θWαWα = −iλσµ∂µλ̄+D2 − 1

2
FµνFµν +

i

4
εµνκρF

µνFκρ∫
d2θ̄ W̄α̇W̄

α̇ = −iλ̄σ̄µ∂µλ+D2 − 1

2
FµνFµν −

i

4
εµνκρF

µνFκρ

5�|ÄU���é¡í2

L =
1

4g2

[∫
d2θWαWα +

∫
d2θ̄ W̄α̇W̄

α̇

]
= − 1

4g2
FµνFµν −

i

4g2
λ̄σ̄µ∂µλ+

1

2g2
D2 + ÑÝ�

5¿� U(1) �/� λ 35�C� V → V + i(Λ− Λ†) �eØ
C§ÙÄU�¥Ñy�´ÊÏ�ê

ò U(1) í2��C��nØ´��
��µTr(WαWα) ´I
þÃ�|§�äk5�ØC5



F-term �(��C���/�q∫
d2θTr(WαWα) = −iλaσµ(Dµλ̄)a +DaDa

−1

2
F aµνF

aµν +
i

4
εµνκρF

aµνF aκρ∫
d2θ̄Tr(W̄α̇W̄

α̇) = −iλ̄aσ̄µ(Dµλ)a +DaDa

−1

2
F aµνF

aµν − i

4
εµνκρF

aµνF aκρ

�C�ê Dµ ¥�5�³é λ U��L«�^

ò5�ÍÜ~ê g2 �ý� ϑ ëê(Ü§½ÂEÍÜ~ê

τ =
ϑ

2π
+

4πi

g2
⇒ 1

8π
Im

[
τTr

∫
d2θWαWα

]
=

ϑ

32π2i

[
Tr

∫
d2θWαWα − Tr

∫
d2θ̄W̄α̇W̄

α̇

]
+

1

4g2

[
Tr

∫
d2θWαWα + Tr

∫
d2θ̄W̄α̇W̄

α̇

]
L = − 1

4g2
F aµνF

aµν +
ϑ

32π2
F aµν F̃

aµν − i

4g2
λ̄aσ̄µ(Dµλ)a +

1

2g2
DaDa



~�µ5�|�IþÃ�| Φi �ÍÜ
Ï Φ†ie

V Φi ´5�ØC�¥þ�|§�Ù D-term ���é
¡95�ØC�4�ÍÜ∫

d4θΦ†ie
V Φi = −Dµφ∗iDµφi − iψ̄iσ̄µDµψi + F ∗i Fi

− Daφ∗i T
a
ijφj −

√
2iφ∗i λ

aT aijψj +
√

2iψ̄iλ̄
aT aijφj

Da ´9Ï|§�5�ÄU�¥��g.Ü¿ÈK�§òé
Iþk�³�z g2

2

(
φ∗i T

a
ijφj

)2
(Ü~�-�§ØJ�E��� N = 1 �é¡.¼þ

L =
1

8π
Im

[
τTr

∫
d2θWαWα

]
+
∑
i

∫
d4θΦ†ie

V Φi

+

∫
d2θW(Φi) +

∫
d2θ̄W̄(Φ†i )

Xc§�³ W ´Ã��| Φi ��X¼ê

^©þ|�Ñ§L d�|ÄU�!¤�f�ÀÚf Yukawa
ÍÜ�±9Iþ|�³U�|¤



ÄU�£Ñ�ý� ϑ-ëê¤

Lkin = −
∑
i

(
Dµφ∗iDµφi + iψ̄iσ̄

µDµψi
)

−
∑
a

1

4g2
a

(
F aµνF aµν + iλaσµDµλ̄a

)
Yukawa ÍÜ

Lyuk =
√

2i
∑
ia

(
gaψiT aijλ

aφ∗j + c.c.
)
−
∑
ij

1

2

∂2W
∂φi∂φj

ψiψj

Iþ|�³¼ê

V = |Fi|2 +
1

2
(Da)2; F †i = −∂W

∂φi
, Da = ga

∑
i

φ∗i T
a
ijφj

$Uk�.¼þ

L =
∑
i

∫
d4θK(Φ∗i,Φi)+

∑
ab

∫
d2θfab(Φ)W a

αW
αb+

∫
d2θW(Φi)+c.c.

ª¥ fab, W þ��X¼ê§±�yk�.¼þäk�é¡



R é¡5
N = 1 ��ê�3gÓ�§gÓ�+� U(1)R

Qα → eiαQα, Q∗α → e−iαQ∗α, eiα ∈ U(1)R

��m�I θ, θ̄ 3 U(1)R �=ÄeC��

θ → eiαθ, θ̄ → e−iαθ̄ ⇒
∫
d2θ → e−2iα

∫
d2θ

TgÓ�+Ï~��¤²;.¼þé¡5+§= R é¡5
Ã��| Φi � R Ö

Φi = φi +
√

2 θ ψi + θ θ Fi

ri ri 1 ri − 1 1 1 ri − 2

Ï L ∼
∫
d2θW§U(1)R é¡5�¦�³ W � R Ö7L� 2

5�ÀÚf Aµ � R Ö´"§Wα ∼ (σµσ̄νθ)αF
µν ⇒ r(Wα) = 1

V = −θσµθ̄Aµ(x) + iθθθ̄λ̄(x)− iθ̄θ̄θλ(x) +
1

2
θθθ̄θ̄D(x)

r(Aµ) = 0 ⇒ r(V ) = 0, r(λ̄) = −1, r(λ) = 1, r(D) = 0



k-]f�µ¥¤�f�"�ÿÝ

U(1)R : [dλdλ̄]0 ·
∏
i

[dψidψ̄i]0 → e−iα∆(k)[dλdλ̄]0 ·
∏
i

[dψidψ̄i]0

∆(k) = n+(Radj)− n−(Radj) +
∑
i

[n+(Ri)− n−(Ri)] (ri − 1)

= 2k

C2(Radj) +

Nf∑
i=1

(ri − 1)T2(Ri)


�¦ ∆(k)α = 2πn ∀k ∈ Z �du�¦C2(Radj) +

Nf∑
i=1

(ri − 1)T2(Ri)

α ∈ πZ ⇒ U(1)R »"�,lÑf+

Åð��6
�|�Ã¡�C� Φ(x)→ Φ(x) + δεΦ(x) �±�^þØC

δεS = 0 ⇒ δεL
l�
= ∂µK

µ[Φ, ε] ½Â6� ε·Jµ =
∂L

∂(∂µΦ)
δεΦ−Kµ



�Né¡5C�ëê ε Ø�6��:§∂µ � δε ��§�k

ε · ∂µJµ = ∂µ

[
∂L

∂(∂µΦ)
δεΦ

]
− ∂µKµ

=

[
∂µ

∂L
∂(∂µΦ)

]
δεΦ +

∂L
∂(∂µΦ)

δε(∂µΦ)− ∂µKµ

$Ä�§
=

∂L
∂Φ

δεΦ +
∂L

∂(∂µΦ)
δε(∂µΦ)︸ ︷︷ ︸

δεL

−∂µKµ = 0

ò Noether ½nA^���²£C�

δεΦ(x) ≡ Φ′(x)− Φ(x) = Φ(x− ε)− Φ(x) ≈ −εµ∂µΦ(x)

δεL = −εµ∂µL ⇒ Kµ = −εµL O� Kµ �Ø^$Ä�§

⇒ ε · Jµ =
∂L

∂(∂µΦ)
(−εν∂νΦ) + εµL ≡ ενTµν , ∂µT

µ
ν
3�
= 0

Tµν = δµνL−
∂L

∂(∂µΦ)
∂νΦ |�Uþ-ÄþÜþ



k�I��ÄU?�6§X^ Nother �{�Ek
|ØX
ÚUþ-ÄþÜþ§��� Tµν Øé¡§$�Ã5��C5
~fµGeorgi-Glashow �.§Iþ³ V (Φ) = λ

4
(ΦaΦa − v2)2

.¼þ L = −1

4
F aµνF

aµν − 1

2
DµΦaDµΦa − V (Φ)

C©úª
∂L
∂Φa

= efabcAbµD
µΦc − λ

(
ΦbΦb − v2

)
Φa

∂L
∂Abµ

= −efabc (F aµνAcν +DµΦa · Φc)

∂L
∂(∂µΦa)

= −DµΦa,
∂L

∂(∂µAaν)
= −F aµν

$Ä�§ ∂µ

[
∂L

∂(∂µΦa)

]
=

∂L
∂Φa

, ∂µ

[
∂L

∂(∂µAaν)

]
=

∂L
∂Aaν

⇒

 DµD
µΦa = λ

(
ΦbΦb − v2

)
Φa

DµF
aµν = efabcΦbDνΦc

UÄÜþ Tµν = ηµνL+DµΦa∂νΦa + F aµρ∂νAaρ



U?�Uþ-ÄþÜþµ� Aρµν 'u ρ, µ �é¡

T̃µν ≡ Tµν + ∂ρAρµν , ∂µT
µν = 0 ⇒ ∂µT̃

µν = 0∫
V

d3x T̃ 0ν = P ν +

∫
V

d3x ∂iAi0ν︸ ︷︷ ︸
L¡�

= P ν

�- Aρµν = F aρµAaν§d$Ä�§O� ∂ρAρµν

∂ρAρµν = ∂ρF
aρµ ·Aaν + F aρµ∂ρA

aν

=
(
DρF

aρµ − efabcAbρF cρµ
)
Aaν + F aρµ∂ρA

aν

= efabcDµΦa ·AbνΦc − F aµρ
(
∂ρA

aν − efabcAbνAcρ
)

T̃µν = F aµρF aνρ +DµΦaDνΦa + ηµνL, ∂µΘµν = 0

A^ Nother ½n��é¡XÚ§�Ã��| Φ ∼ (φ, ψ, F ) �
.¼þd Kähler ³� D term �Ñ∫

d4θK(Φ∗,Φ) =
1

4
�K − ∂φ∂φ∗K ·

(
∂µφ

∗∂µφ+ iψ̄σ̄µ∂µψ − F ∗F
)

− ∂2
φ∂φ∗K ·

(
iψσµψ̄∂µφ− ψ2F

)
− c.c− 1

4
∂2
φ∂

2
φ∗K · ψ2ψ̄2



��K� Kähler ³£�­�¤§��O� Nother �6

L = −
(
∂µφ

∗∂µφ+ iψ̄σ̄µ∂µψ − F ∗F
)

εαJµα + ε̄α̇J
µα̇ =

∂L
∂(∂µφ)

δεφ+
∂L

∂(∂µψ)
δεψ +

�
����∂L

∂(∂µF )
δεF + c.c.

Jµα =
√

2(σν σ̄µψ)α∂νφ
∗, Jµα̇ =

√
2(σ̄νσµψ̄)α̇∂νφ

Lorentz )¤��^þÝ
L« σµν = 1
4
(σµσ̄ν − σν σ̄µ) 'u�

I µ↔ ν �¡§��ò Nother �6U?�

J̃µα = Jµα +
4
√

2

3
(σµν)α

β ∂ν(φ∗ψβ)

J̃µα̇ = Jµα̇ +
4
√

2

3
(σ̄µν)α̇β̇ ∂ν(φψ̄β̇)

 ∂µJ̃
µ
α = ∂µJ̃

µα̇ = 0

U?��6 J̃µα Ñy3,��| J µ �Ðª¥µJ µ ∼ J̃µαθα · · ·
?��| Jαα̇ = σµJµ ¡� Ferarra-Zumino õ­�§e�3
Ã��| X ¦ D̄α̇Jαα̇ = DαX¶X3 Kähler ³+�³nØ¥

Jαα̇ = 2gij · (DαΦiD̄α̇Φ∗j)− 2

3
[Dα, D̄α̇]K, X = 4W − 1

3
D̄2K

⇒ D̄α̇Jαα̇ = DαX (J µ � θ-©þ=� J̃µα)



c¡À�� Jαα̇ òÅð6 J̃µα , T̃
µν , · · · B\�
Ó���õ

­��¥¶XJnØ�k�/é¡5§K N = 1 ��/�
ê SU(2, 2|1) �ÀÚf�ê SO(4, 2)× U(1)R �¹
 R é¡5
�)¤�§�A�Åð6ò�� Jαα̇ ��$©þÑy3�
|Ðª¥ [�õê N = 1 nØ¿���/nØ§Jαα̇ ��$©þ��ØÅð]

���3 U(1)R é¡5§ÃØnØ´Äk�/ØC5§Ñ�
�EÑ,��6õ­� Rαα̇ ¦Ù�$©þ� U(1)R 6¶ù
�õ­�ò÷v/R-õ­�0^�

D̄α̇Rαα̇ = χα, D̄α̇χα = Dαχα − D̄α̇χα̇ = 0

���E/S-õ­�0Sαα̇§Ù½Â�§�

D̄α̇Sαα̇ = DαX + χα (S ´ J � R ��5|Ü)

�­�½n

Grisaru-Siegel-Rocek (1979) ÏLïÄ�ã�(�uy§N = 1

nØ��³´Ø�­��

Seiberg (1994) ��{z
�­�½n�í�§í�|^�³
��X5¿�«
��6�AÛ��U»��­�½n



±ü�Ã��| Φ � Wess-Zumino �.�~§Ù�³ W(Φ)

��X¼ê
Iþ|©þ φ �g�^³¼ê V = |W ′(φ)|2 �ÄU� |∂µφ|2

��ä�þog�þj§� [φ] ∼ L−1, [W(φ)] ∼ L−3

X�³¹ n-g� W(φ) = λnφ
n + · · ·§KÍÜ~ê λn �þj

d [λnφ
n] ∼ L−3 ÖÑ§= [λn] ∼ Ln−3

{ü�ê�L²=� n ≤ 3 ���­�§ÏdT�.���
��­��³� [Wess-Zumino, 1974]

W(φ) =
1

2
mφ2 +

1

3
λφ3

'4�^� λ = 0§�.òz�gdEIþ|+gd^þ|
nØ§äkÏ~¿Âe� U(1)R é¡5

L0 = −
(
∂µφ∗∂µφ+m2φ∗φ

)
−
[
ψ̄σ̄µ∂µψ +

1

2
m
(
ψψ + ψ̄ψ̄

)]
U(1)R :

{
φ→ eirαφ

φ∗ → e−irαφ∗
,

{
ψ → ei(r−1)αψ

ψ̄ → e−i(r−1)αψ̄

U(1)R é¡5�¦¤�f� R Ö�" ⇒ r(φ) = 1

�.ëê��Ã�| [�D�Ö]§�m�^�E#Nké¡5



du r(φ) = 1, r(W) = 2§R-ØC5�¦ r(m) = 0, r(λ) = −1

þf?�Ø»� WZ �.��é¡5§k�nØ��³E
,´ [�) λ, m 3S�] Ã�|��X¼ê

Weff =Weff(m,λ, φ)
þj�Ä−→ mφ2 · f

(
λ,
φ

m

)
, f Ãþj§�X

Ï mφ2 � R Ö� 2§�k��³��§� r(f) = 0 ½�dk

∀eiα ∈ U(1)R, f

(
e−iαλ,

eiαφ

m

)
= f

(
λ,
φ

m

)
⇒ f

(
λ,
φ

m

)
= f

(
λφ

m

)
�X5Ø#N±Ù¦�ª�Ø eiα

k��³3gd|4�eòò£�äã�L�ª§X λ→ 0
�Ó��4 m ªu"¿�± λ/m ≡ t k�

1 = lim
λ,m→0

mφ2f(λφ/m)

mφ2/2 + λφ3/3
=

f(tφ)

1/2 + tφ/3
⇒ f(tφ) =

1

2
+
tφ

3

f �(J´é?¿k��gCþþ¤á�O(�ª§�

Weff = mφ2f(tφ) = mφ2 ·
(

1

2
+
tφ

3

)
=

1

2
mφ2 +

1

3
λφ3

Ã­�z?�



F-term ÏÙ�X5N´���é¡�o§� D-term 3þf
?�e��òk­�§X Kähler ³ Keff(Φi,Φ

†
j) 6= Ktree(Φi,Φ

†
j)

�©�?µ¿�¤k� F-term 3þf?�eÑØUCÙä
ã(J§��~f´5�|r�

1

8π
Im

[
τTr

∫
d2θWαWα

]
= − 1

4g2
F aµνF

aµν +
ϑ

32π2
F aµν F̃

aµν

− i

4g2
λ̄aσ̄µ(Dµλ)a +

1

2g2
DaDa

τ =
ϑ

2π
+

4πi

g2
ò¼��ã?�§Ï���ü�½p�� β(g) 6= 0

µ
dg

dµ
= − β0g

3

16π2
⇒ d

dµ

1

g2
=

β0

8π2µ
⇒ 1

g2
=

1

g2
0

+
β0

8π2
log
(µ

Λ

)
ü�?�µτeff = τtree +

iβ0

2π
log
(µ

Λ

)
p�V\ O(g2) �§Ø�3

�6Ø¥ τeff �U� τ = τtree ���~ê�µϑ→ ϑ+ α òÚ
å.¼þUC����ê§Ï
´é¡C�§½¦ τeff ´ τ
��5¼ê§�=kü�?�

τeff = f(τ) ⇒ f(τ + const.) = f(τ) + const. ⇒ f(τ) = τ+ü�



Shifman-Vainshtein )û
Xe��D{
N = 1 nØ¥�p� β(g) 6= 0

�­�½nµτ �õ¼�ü�?�

Novikov-Shifman-Vainshtein-Zakharov ���6(J

β(g) = − g3

16π2

3C2(Radj)−
∑
i T2(Ri)(1− γi)

1− g2

8π2C2(Radj)

��6�Ak�U¬»��­�½n



§3 Dynamical Supersymmetry Breaking: A
First Look

�é¡£9Ù^»"Å�¤U)û Higgs �þ�guÑ�¯
K§¦IO�.äk/technical naturalness0

�5��?¯KE,�3µ�Ûf>UI��Ú�UI��
Xdã�º

�­�½n�«µX�é¡3äã�?�»"§K�6Ø¤
k�ÑØ»"§Ï�ØUÏL�ã?�3�³¥�)»"�

��6�A�U)¤»"�§ÙUI��êÏf e−a/g
2

§�
k�U;��?¯K£Witten 1981¤

�é¡þfåÆ
��
ä�.§�ÄþfåÆ��é¡��µ�XÚ¹ü�
����Ö Qi, i = 1, 2

Q1 =
1

2
[σ1p+ σ2W (x)] , Q2 =

1

2
[σ2p− σ1W (x)] ⇒ {Qi, Qj} = δijH



ùp H = H+ ⊕H− ´XÚ�M�îþ

H =
1

2

(
p2 +W 2 + ~σ3

dW

dx

)
3²;�?þ§X W �3":§XÚòk��é¡�»"
�Ä�¶�­�½nw�µ���6ØUCÄ��"U�
eÄ� ψ äk�é¡§Qi|ψ〉 = 0§K

ψ = exp

[
±
∫ x

−∞
dxWσ3

]
ψ0 �8�z�¦ W (x) ´ó¼ê

�f�":U�"§éÙV\�6�§�ÍÜ~êéUþ�
�z±�ê/ªªu"§":U�k�U3��6«�Ñy

Witten ��I½n

��	�é¡ÄåÆ��6»"��U5§Ú? Witten �
I¶ò|ØXÚ�\k�NÈ�Ýf¥§¦��ê
��3 E > 0 �þf�f�m�§H �_§Ï
 Qα �_

Qα|B〉 =
√
E|F 〉 |B〉 1:1 �é←→ |F 〉



"U�þ�U���é§üö�ê��½Â
 Witten �I

∆ = Tr(−1)F e−βH Õáu β �

�nØ¥�,�ëê λ0 CÄ� λ ≈ λ0 + δλ§k�U¦Ü©
"U�£Ä� E > 0 ��§½ö��§Ïd

nb(λ) = nb(λ0) + δnb, nf (λ) = nf (λ0) + δnf

£?£Ñ E > 0 ����ê7L÷vÀÚ-¤��é§�

δnb = δnf ⇒ ∆(λ) = nb(λ)− nf (λ) = nb(λ0)− nf (λ0) = ∆(λ0)

Witten �I´�ØCþ§Õáuëê�ëY�Cz

X ∆ 6= 0§K�3"U��§�é¡�»"¶� ∆ = 0§�
UíäÀÚ!¤�"U��é§Ã{�ä�é¡´Ä»"

~µX N = 1 SYM¶�5�+ G = SU(2)§òXÚ�uºÝ
� L ��Ý¿�¶5� A0 = 0§ÀÚgdÝ� Ai Ý


�Uþ�5g�pé´� Ai = const.§�Ù3 Cartan f�ê

W = exp(iA3
ix
i) 3 x ∼ x+ L e7Lü�§A3

i = 2πni/L ⇒ =
Ä� A3

3 6= 0µü�4z¶>.^� ⇒ ¤�Ã"U�§∆ = 2



§4 Supersymmetric Dynamics in Four
Dimensions

�5�+� SU(Nc)§k Nf �Ô��|��3 Rf , R
∗
f L«

5��fvà
�ÄX5�nØ§5�| Aµ Ú5��f λα£Weyl ^þ¤
Ñ3 SU(Nc) ���L«¥§.¼þ�

L = − 1

4g2
F aµνF

aµν +
ϑ

32π2
F aµν F̃

aµν − i

4g2
λ̄aσ̄µ(Dµλ)a +

1

2g2
DaDa

ù�nØ3²;þ£9�6Ø¥¤kÃ�é¡5

λ→ eiαλ, λ̄→ e−iαλ̄

Ïd�6µe¥ 〈λλ · · · 〉pert = 0§ØÑy5��fvà

]f�µe�Ã�é¡5 U(1) ò»"�lÑf+ ZNc 3 eiα

[dλ0dλ̄0]→ ei∆(k)α · [dλ0dλ̄0], ∆(k) = 2kC2(Radj) = 2kNc net 0-modes

〈(λλ)kNc〉 6= 0; k = 1 ⇒ 〈(λλ)Nc〉 ∝ e−
8π2

g2
+iθ

= e−2πτ



d�IO�(J§ù�nØk Nc �"UÄ�§3ù
Ä�
?�é¡Ø»"¶Witten ßÿ�35��fvà 〈λλ〉 = cΛ3

ò 〈λλ〉 w¤ 〈W 2
α〉 ��$©þ¶Uì Seiberg

L = τW 2
α → (τ +

S

M
)W 2

α ÍÜ�Úü� S Ã�³

þf?�£Ä τ ��~ê§�Ñ S �"��³

Weff (S) ∝ e−
τ

3b0 e
− 1

3b0

S
M ∝ Λ3

þª3� S £fÍÜ¤�¹e¤á¶XJ S ≈ 0 ?³¼ê�
34�:§K�Uk�é¡»"�æ­�

�é¡ QCD
Ú?§�Ô�

Qf ∈ Nc, Q̄f ∈ N̄c, 1 ≤ f ≤ Nf

�Né¡59W¿�L«

SU(Nf )L × SU(Nf )R × U(1)B × U(1)R

Q : (Nf , 1, 1,
Nf −N
Nf

), Q̄ : (1, Nf ,−1,
Nf −N
Nf

)



Ï V ∼ −iθ̄θ̄θλ+ · · ·§5��f λ � R ÖL� r(λ) = 1¶5¿
� 2Nf �Ã��| Qf , Q̄f W¿�L« Rf , R

∗
f k�Ó�+Ø

�I T2(Rf ) = T2(R∗f ) = 1/2§lc¡�(J� U(1)R �~-�
�^�

C2(Radj) +

2Nf∑
f=1

(rf − 1)T2(Rf ) = 0 ⇒ Nc +
2Nf

2
(rf − 1) = 0

r(Qf ) = r(Q̄f ) = rf =
Nf −Nc
Nf

�é¡ý����m5gIþ|�³U":

V = |Fi|2 +
1

2
(Da)2; F †i = −∂W

∂φi
, Da = ga

∑
i

φ∗i T
a
ijφj

V = 0 ⇒ Fi = Da = 0

� Nf < Nc �(½ý���ê�§´�½�§)�

Q = Q̄ =


v1 0 0 . . . 0 . . .
0 v2 0 . . . 0 . . .

. . .
0 0 0 . . . vNf . . .





Ã��|� N2
f �5�ØC�|ÜE,´Ã��|

Mf,f̄ = Q̄f̄Qf

�Ä�| Mf,f̄ �k��p�^§Ù�X�³3�6Ø¥�
"§�6�6�1�Kd R-é¡5Úþj(½

W =
Λ

3N+Nf
N−Nf

det(Mf,f̄ )
1

N−Nf

, 〈λλ〉 ∼ Λ3 ⇒ r(Λ) =
2

3

ù�XÚk��6�5��fvà

〈λλ〉 = M
3N−Nf

N e
− 8π2

Ng2(M) µ
Nf
N

AO� Nf < Nc �ÄåÆÄ��X SU(Nc −Nf ) 5�nØ�
d¶
� Nf = Nc − 1 �§�³òd]f)¤

aq�?Ø Nf ≥ Nc ����6y�
Nf = Nc + 1µs-confining
Nc + 2 ≤ Nf ≤ 3

2Nc: Seiberg Duality
3
2Nc < Nf < 3Nc: The Conformal Window



§5 Supersymmetry Breaking

6�XÚvk R-é¡5§�Ä����³ W¶�é¡ý�
7L´e��§�)

∂W

∂φi
= 0, i = 1 . . . n

ùp� n ��X�§^u(½ n �Cþ§��k)

b½�3 R-é¡5§Ïk�	�å W (eiriαφi) = e2iαW (φi)§
��
ó�§´�½�§Ø�3)
� φn �ý�Ï"�Ø�"§½Â n− 1 � R-�"�|Cþ

Xi =
φi

φ
ri/rn
n

R-é¡5�¦�³��¤

W = φ2/rn
n f(Xi)

(½�é¡ý���§
=⇒ ∂if = f = 0

n ��§(½ n− 1 �Cþ§��Ã)

�¦���³#N»��é¡§AÚ? R-é¡5



þã?Ø�í2�keZ� Xi, i = 1, · · · , N ��/

W =

N∑
i=1

Xifi(φa), r(Xi) = 2, r(φa) = 0; 1 ≤ a ≤M

e M = N§(½ý���§|�

fi = 0; Xi = 0 ⇒ ��k)§�é¡ý��¤lÑ8

e M > N§(½ý���§�¤�½�§|§Cþê�L
�§ê

fi = 0; Xi = 0 ⇒ ��k M −N ���é¡ý���m

e M < N§(½ý���§|�½§Cþê�u�§ê

fi = 0; Xi = 0 ⇒ ��Ã)§�é¡»"

���«�/d O’Raifeartaigh �.¢y

W = X(λA2 − f) +mYA



§8 Metastable Supersymmetry Breaking

­½��é¡»"´�~AÏ�y�§�Ek'�.��E
,

Ï¦æ­½��é¡»"�.
lEâþ`§'�N´é��.�¢y
lVgþ`§����é¡»"I��3ëY� R-é¡
5§ù«�Né¡53Ônþ´k¯K�

Ônþa,���«Öþ5g5�é¡5§
�Né¡5�
Ñ�ÖKØ´¶���P�&�´µ

Global symmetry is nothing sacred; all conserved quantities must
be local gauge charges.

þfÚå�A (virtual black holes, spacetime foams, wormholes etc.) ò
»��Né¡5



�±��ëY� R-é¡5´�Ä���*nØ3,�UI
e�/ó,é¡50§\þpþj��f6Ä�§ëY��
Né¡�»�

æ­��{ü�~f´�é¡þfåÆµ³¼êk�ÛÜ�
4��§3ÙNC�þf�=�æ­�

��³9v
p§ÒU¦Ø­½��Æ·v
�

3�é¡|Ø¥§Kähler ³�k�¤|��g.â�­�§
�ØU3äã¥�¿V\pþj�f�6Ä6Ä¶�XJ�
ï
�­��¦§ÒU
�Eæ­�
3ó,k U(1)R ëYé¡5�nØ¥V\pþj�f§òé
¡5»"�lÑf+

X → e
4πi
N X; Y → e

4πi
N Y

X N = 5§lÑé¡5#Ne�ÍÜ

δW = M−3 (aX6 + bY 6 + cX4Y 2 + dX2Y 4 + . . .
)

3lÑ� R C�e W → e
4πi
N W§ÏdnØ¹ N ��é¡4

�: X ∼
(
µ2M3)1/5 αk, α = e

2πi
5



� M v
��§�é¡ý��l�:§�:�ÛÜ4�
:¶3�:NCpþj�f�z��þ§�±�Ñ

Ï�:NC��¿��é¡­½�§�ªòPCK
��PC�Ç��§�

φ̈+
3

r
φ̇ = V ′(φ), S =

∫
drr3

(
1

2
φ̇2 − V (r)

)
�PÏ£Æ·��ê¤

Γ = m4e−S , S ≈
(
M

µ

)18/5

��³9 M '�5;.�UI µ �éõþ?§KPCÆ·
òv
�

ISS �.

3k§��þ��é¡ QCD nØ¥§Witten �I½nL²
k Nc ��é¡�Ä�¶é,
 Nf§�y3r�p�^«
��3æ­½���é¡ý�



� Nc < Nf <
3
2
Nc �§�3�"�/>I�0�³

W (el) = mδijQ̃
iQj

3 IR "�þ«�éó�/^nØ0¶�m��þ6Ä¿Ø
UCnØ�½5§�³3ù	à�éó£ã�

W (mag) =
1

Λ̂
q̃iM

ijqj +mδijM
ij

�A� Kähler ³

K =
1

β

(
q̃†q̃ + q†q

)
+

1

α|Λ|2 Tr
(
M†M

)
Landau 4:�� Λ̃§KÙ�/>0£ã¥�UI Λ 'X�

Λ3Nc−Nf Λ̃3(Nf−Nc)−Nf = (−1)Nf−Nc Λ̂Nf
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