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L = iψ̄(x)γµ∂µψ(x) − mψ̄(x)ψ(x)

γµ

ψ(x) → ψ(x)eiα

ψ(x) → ψ(x)eiα(x)

Dµ = ∂µ − ieAµ

Aµ Aµ

Aµ = eAµ +
1

e
∂µα(x)

L = iψ̄(x)γµDµψ(x)−mψ̄(x)ψ(x) = ψ̄(x)(iγµ∂µ−m)ψ(x)+eψ̄(x)γµAµψ(x).

Aµ

U(1)

eψ̄γµAµψ.

e

α e2/4π

ε0

L = ψ̄(x)(γµ∂µ − m)ψ(x) + eψ̄(x)γµAµψ(x) − 1

4
FµνFµν .

µ τ



µ− → e− + ν̄e + νµ ν̄e νµ

GF

GF = 1.16637(1)×10−5 GeV−2

e ν µ τ

χL = (ν, e)L

T T = 1/2

T3

g[ūνγ
µ 1

2(cV − cAγ5)ue](W
+)µ

g[ūeγ
µ 1

2(cV − cAγ5)uν ](W
−)µ

}

= gχ̄γµτ∓χ(W±)µ cV = cA = 1.

V − A V

A

(1 − γ5) W±
µ

g

τ∓ = 1
2(τ1 ∓ τ2)

1
2τ1,2

1
2τ3

2 × 2

SU(2) SU(2)

n n SU(2)

ν̄µe− → ν̄µe−

gχ̄γµτ3χ(W 3)µ

T = 1



T3

SU(2)L

cV , cA '= 1

Y

Bµ g′

SU(2)L U(1)Y

SU(2)L × U(1)Y

Y T3 Q

Q = T3 + Y/2.

SU(2)L × U(1)Y

Z

sin θW

Aµ = Bµ cos θW + W 3
µ sin θW

Zµ = −Bµ sin θW + W 3
µ cos θW .

e

e = g sin θW = g′ cos θW

W± Z

SU(3)

αs
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Z

e+e−√
s ≈ 60 GeV √

s = 35GeV

µ τ

Z

Z

W Z

W Z MW MZ

mW = 81+5
−3 GeV mW = 80+10

−6

mZ = 95.2 ± 2.5 GeV mZ = 91.9 ± 1.3 ± 1.4

W

GF =
e2
√

2

8m2
W sin2 θW

.

W

sin θW ≈ 0.25
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W Z

mW

mZ
= cos θW .

Z 90 ! mZ ! 100 GeV
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Z

e+e−

Z

Z

Z

mZ = 91.1874 ± 0.0021 GeV.



Measurement Fit |O
meas

−O
fit
|/σ

meas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α
(5)

0.02758 ± 0.00035 0.02768

mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874

ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959

σhad [nb]σ
0

41.540 ± 0.037 41.478

RlRl 20.767 ± 0.025 20.742

AfbA
0,l

0.01714 ± 0.00095 0.01645

Al(Pτ
)Al(Pτ
) 0.1465 ± 0.0032 0.1481

RbRb 0.21629 ± 0.00066 0.21579

RcRc 0.1721 ± 0.0030 0.1723

AfbA
0,b

0.0992 ± 0.0016 0.1038

AfbA
0,c

0.0707 ± 0.0035 0.0742

AbAb 0.923 ± 0.020 0.935

AcAc 0.670 ± 0.027 0.668

Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481

sin
2
θeffsin

2
θ

lept
(Qfb) 0.2324 ± 0.0012 0.2314

mW [GeV]mW [GeV] 80.399 ± 0.023 80.379

ΓW [GeV]ΓW [GeV] 2.098 ± 0.048 2.092

mt [GeV]mt [GeV] 173.1 ± 1.3 173.2

August 2009
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L R

Pe

sin2θlept.
eff. eff.

AFB

c

b

b

sin2 θlept.
eff.

sin2 θlept.
eff. = 0.23221 ± 0.00029.

ALR

sin2 θlept.
eff.

Z

ALR = Al = 0.1513 ± 0.0021

sin2 θlept.
eff.

sin2 θlept.
eff. = 0.23098 ± 0.00026

sin2 θlept.
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AFB

sin2 θlept.
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AFB,LR sin2 θlept.
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W

WW

e+e− → W+W− WW

W W

mW = 80.376 ± 0.033 GeV.

ΓW = 2.196 ± 0.083 GeV.
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Q2

x

F̃i(x,Q2)

σ±
r,NC =

d2σe±p
NC

dxdQ2 · Q4x

2πα2(y + 1)
= F̃2 ∓

y − 1

y + 1
˜xF3 −

y2

y + 1
F̃L .

Q2

x

x ≈ 1

xg

x
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αs(mZ)

150 < Q2 < 15000

αs(mZ) = 0.1168 ± 0.0007(exp.)+0.0046
−0.0030(th.) ± 0.0016
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 from Jet Cross Sections in DISsα    
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gµν
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L = [∂µφ⋆(x)][∂µφ(x)] − µ2|φ(x)|2 − λ|φ(x)|4



φ(x)

φ(x) =
1√
2
[φ1(x) + iφ2(x)]

U(1)

φ(x) → φ′(x) = φ(x)eiα(x), φ⋆(x) → φ′⋆(x) = φ⋆(x)e−iα(x).

∂µ Dµ =

∂µ − ieAµ

L = [∂µ + ieAµ]φ⋆(x)[∂µ − ieAµ]φ(x) − µ2|φ(x)|2 − λ|φ(x)|4 − 1

4
FµνFµν ,

FµνFµν

V(φ) = µ2|φ(x)|2 + λ|φ(x)|4

λ > 0

µ2 µ2 > 0
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φ
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φ

)φV(<02µ

v

V(φ) = µ2|φ(x)|2 + λ|φ(x)|4 λ > 0

µ2 µ2 < 0

V(φ) = v

V(φ) = 0

< 0|φ(x)|0 >



µ2 < 0

V(φ) = 0

V(φ) = φ0 =

(−µ2

2λ

)1/2

eiγ(x) = veiγ(x).

V(φ) = 0

< 0|φ(x)|0 >= v

φ(x) =
1√
2
[v + σ(x) + iη(x)]

L =

[
1

2
(∂µσ)2 − 1

2
(2λv2σ2)

]

+

[
1

2
(∂µη)2

]

− 1

4
FµνFµν +

1

2
e2v2AµAµ

+ ev(∂µη)Aµ

+

{

e[σ(∂µη) − η(∂µσ)]Aµ + ve2σAµAµ +
e2

2
(σ2 + η2)(AµAµ)

− vλ(σ3 + ση2) − 1

4
λ(σ4 + 2σ2η2 + η4)

}

+

(
v2
√

λ

2

)

•

σ(x)
√

2λv

η(x)



η(x)

• Aµ

mA = ev.

σ(x)

•

•
η Aµ

•

2 (complex scalar field)

+2 (transverse polarisation of the massless photon)

=4.

1 (σ field)

1 (η field)

+3 (massive vector field)

=5.

ei η

v

(v + σ(x))ei
η(x)

v ≈ (v + σ(x))(1 + i
η(x)

v
)

= v + σ(x) + iη(x)
︸ ︷︷ ︸

φ(x)

+i
σ(x)η(x)

v
︸ ︷︷ ︸

≈0



η(x)

v+σ(x)

φ(x) =
1√
2
(v + σ(x))eiη(x)/v and thus

Aµ → Aµ +
1

ev
∂µη,

L =

[
1

2
(∂µσ)2 − 1

2
(2λv2σ2)

]

− 1

4
FµνFµν +

1

2
e2v2AµAµ

+

{

ve2σ(AµAµ) +
1

2
e2σ2(AµAµ) − λvσ3 − 1

4
λσ4

}

+

(
v2
√

λ

2

)

U(1) Aµ

• µ2 < 0

•

σ(x)



•
U(1)

σAA σσAA

σ

gσAA = e2v =
m2

A

v
gσσAA = e2 =

m2
A

v2
.

σ(x)

λv
1
4λ

SU(2)L × U(1)Y

SU(2)L Y = 1

Φ =

(
φ+

φ0

)
φ+ = (φ1 + iφ2)/

√
2

φ0 = (φ3 + iφ4)/
√

2

φ0 =
1√
2

(
0

v

)

σ(x) ηi(x)

Φ =
1√
2

(
0

v + σ(x)

)

e
ηηηt

v



ti = 1
2τi SU(2)L T

φ0 → φ′
0 = φ0e

iαQ =
1√
2

(
0

v

)

eiα
τ3−Y ·1

2 φ0 ≈
(

1 + iα

(
1 0

0 0

))

φ0 = φ0.

SU(2)L × U(1)Y

U(1)Q

SU(2)L × U(1)Y

W±

Z

σ(x) H

mγ = 0, mW± =
gv

2
, mZ =

v
√

g2 + g′2

2
.

gHV V = e2v =
m2

V

v
gHHV V = e2 =

m2
V

v2
V = W, Z.

Lmass,f = λe

[

(ν̄e, ē)L

(
φ+

φ0

)

eR + ēR(φ+,φ0)

(
νe

e

)]

,

λe

Lmass,f = −me(ēLeR + ēReL) − me

v
(ēLeR + ēReL)h,



me =
λev√

2
.

Φ1 =

(
φ+

1

φ0
1

)

Φ2 =

(
φ+

2

φ0
2

)

φ0,1 =
1√
2

(
0

v1

)

, φ0,2 =
1√
2

(
0

v2

)

.

tanβ =
v1

v2
.

W± Z

• A0

• H±

• h0 H0



m2
A0 =

m2
12

sinβ cos β
− 1

2
(v1 + v2)

2(2λ5 + λ6 tan−1 β + λ7)

m2
H± = m2

A0 +
1

2
(v1 + v2)

2(λ5 − λ4),

m12

λi

M2 = m2
A0 +

(

s2
β −sβcβ

−sβcβ c2
β

)

+ (v1 + v2)
2

(

λ1c
2
β + 2λ6sβcβ + λ5s

2
β (λ3 + λ4)sβcβ + λ6c

2
β + λ7s

2
β

−(λ3 + λ4)sβcβ + λ6c
2
β + λ7s

2
β λ2s

2
β + 2λ7sβcβ + λ5c

2
β

)

sβ = sinβ cβ = cos β

m2
h0,H0 =

1

2

(

M2
11 + M2

22 ±
√

(M2
11 −M2

22)
2 + 4(M2

12)
2
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α

sin 2α =
2M2

12
√

(M2
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2 + 4(M2
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2

cos 2α =
M2

11 −M2
12

√

(M2
11 −M2

22)
2 + 4(M2
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• α

• tanβ

• mA0 mh0 mH0 mH±

mW = g

√

v2
1 + v2

2

2
, mZ =

√

(v2
1 + v2

2)(g
2 + g′2)

2
, Mγ = 0



α β

W± sin(β − α) cos(β − α)

Z sin(β − α) cos(β − α)

cos α/sinβ sinα/ sin β cot β

sinα/cosβ cos α/ cos β tanβ

sinα/ cos β cos α/ cos β tanβ

α β

Λ

ΛP

ΛGUT ∼ 1014 − 1016 GeV

m0
H =

√
2λv

Λ



m2
H = (m0

H)2 +
3Λ2

8π2v2
[m2

H + 2m2
W + m2

Z − 4m2
t ]

ΛGUT ΛP

Λ



|B >

|fα >

Qα|fα >= |B > Qα|B >= |fα >

ΛGUT ≈ 1016 GeV
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R = (−1)3(B−L)+s
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12(tanβ + cot β)

m2
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A0 + m2
W.

m2
h0,H0 =

1

2

(

m2
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Z ±
√

(m2
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Z)2 + (2mZmA0 cos 2β)2
)

,

cos 2α = − cos 2β
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Z

m2
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sin 2α = − sin 2β
m2

H0 + m2
h0

m2
H0 − m2

h0

mA tanβ

mh0 ≤ mZ|cos2β| ≤ mZ
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H Z
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e+e− mH ≈ √
s

Z

σHZ(e+e− → ZH) =
G2

F m4
Z

96πs
(g2

V ee + g2
Ae)λ

1/2
2b

λ2b + 12m2
Z/s
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.

√
s gV e gAe
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√
s ≈ mZ +
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mH ! 1000 GeV WW √
s > 500 GeV
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d cos θ
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2b sin2 θ + 8m2
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