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Gauge fields

Isotriplet W a
µ (a = 1,2,3) and isosinglet Bµ

W±
µ = (W 1

µ ∓ iW 2
µ )/

√
2

(

Zµ

Aµ

)

=

(

cos θW sin θW
− sin θW cos θW

) (

W 3
µ

Bµ

)

field strength tensors

W a
µν = ∂µW

a
ν − ∂νW

a
µ + g εabcW

b
µW

c
ν

Bµν = ∂µBν − ∂νBµ

Lagrangian

LG = −1

4
W a
µνW

µν,a − 1

4
BµνB

µν
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W −

, Zγ

W

W +
W + W +

W −

W +

W − , Zγ

, Zγ
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Interaction with fermions

through covariant derivative

Dµ = ∂µ − i g IaW
a
µ + i g′

Y

2
Bµ

for left and right-handed fermion fields

ψ̄LDµγ
µψL + ψ̄RDµγ

µψR =

ψ̄L∂µγ
µψL + ψ̄R∂µγ

µψR + interaction terms

23/2

g
5

(1− γ  )

W

l νl
−

2 θ θs  c
e

f f(v  − a      )γ5

Z

f f

g =
e

sθ
, sθ = sin θW , cθ = cos θW

af = If3

vf = If3 − 2Qf s
2
θ
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Interactions of the Higgs boson

with fermions:

H

f

f

fm
v

with gauge bosons: (
2MW
v = g)

2
W2 M

v

2M W

v2

Z

H

Z

H

HZ

Z

W
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W

−
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W H

2M Z
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2
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Electroweak precision tests
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Electroweak precision physics

Precision measurements ⇒ test quantum effects of the theory

Historical: QED

Lamb shift:

e−

e−

γ

nucleus

γ

e−

e+

g − 2:

e−

e−

γ

~B

γ
a = 1

2(g − 2)

aexp = 1159652188(±4)×10−12

atheo = 1159652157(±28)×10−12
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Loop contributions

quantum corrections, of O(1%)
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on-shell renormalization: δm2 = ReΣ(m2)



charge renormalization: e+ δe

δe for q2 = 0 (real photons) involves
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(g − 2)µ and α(MZ), F. Jegerlehner, DESY Zeuthen 15

γ

virtual pairs

γ

µ− µ−

µ− µ−

γ∗ → e+e−, µ+µ−, τ+τ−, uū, dd̄, · · · → γ∗

Effective finestructure “constant” α(E)

appears in many places in physics! large EWRC !

(g − 2)µ and α(MZ), F. Jegerlehner, DESY Zeuthen 15

γ

virtual pairs

γ

µ− µ−

µ− µ−

γ∗ → e+e−, µ+µ−, τ+τ−, uū, dd̄, · · · → γ∗

Effective finestructure “constant” α(E)

appears in many places in physics! large EWRC !

Πγ(M2
Z) − Πγ(0) ≡ ∆α

α(MZ) =
α

1 − ∆α
effective charge



∆α = ∆αlept + ∆αhad,

∆αlept = 0.031498 (3 − loop)

∆αhad = 0.02758 ± 0.00035

∆αhad = − α

3π
M2

Z Re

∫ ∞

4m2
π

ds′
Rhad(s

′)

s′(s′ −M2
Z − iε

)

ρ,ω,φ Ψ’s Υ’s

0

1

2

3

4

5

6

7

s in GeV

Bacci et al.
Cosme et al.
PLUTO
CESR, DORIS
MARK I
CRYSTAL BALL
MD-1 VEPP-4
VEPP-2M ND
DM2
BES 1999
BES 2001BES 2001
CMD-2 2004
KLOE 2005

Burkhardt, Pietrzyk 2005

15%  5.9%  6%  1.4% 0.9%

rel. err. cont.

0 1 2 3 4 5 6 7 8 9 10

Rhad



MW – MZ correlation
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SM prediction:

W


e


µ


−


ν


ν


, d  
, d  




e
−


µ
−


GF√
2

=
πα

M2
W

(

1 −M2
W/M

2
Z

) (1 + ∆r)

∆r: quantum correction, ∆r = ∆r(mt,MH, . . . )

complete at 1-loop and 2-loop order

→ MW = MW (α,GF ,MZ,mt,MH)



[Awramik, Czakon, Freitas, Weiglein]
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Z resonance
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Z-boson observables can be expressed in terms of

• effective Z boson couplings:

gfV → gfV + ∆gfV , gfA → gfA + ∆gfA

with higher order contributions in ∆gfV,A

• effective ew mixing angle (for f = e):

sin2 θeff =
1

4

(

1 − Re
geV
geA

)

complete at 1-loop order, 2-loop fermionic contributions



LEP Electroweak Working Group [Summer 2005]

10 2

10 3

0.23 0.232 0.234

sin2θ
lept

eff

m
H
  [

G
eV

]

χ2/d.o.f.: 11.8 / 5

A
0,l

fb 0.23099 ± 0.00053

Al(Pτ) 0.23159 ± 0.00041

Al(SLD) 0.23098 ± 0.00026

A
0,b

fb 0.23221 ± 0.00029

A
0,c

fb 0.23220 ± 0.00081

Q
had

fb 0.2324 ± 0.0012

Average 0.23153 ± 0.00016

∆αhad= 0.02758 ± 0.00035∆α(5)

mt= 172.7 ± 2.9 GeV



LEP Electroweak Working Group
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Global fit [M. Grünewald, EPS Lisbon 2005]

Measurement Fit |Omeas−Ofit|/σmeas

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 2.4962

σhad [nb]σ0 41.540 ± 0.037 41.479

RlRl 20.767 ± 0.025 20.741

AfbA0,l 0.01714 ± 0.00095 0.01645

Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1481

RbRb 0.21629 ± 0.00066 0.21573

RcRc 0.1721 ± 0.0030 0.1723

AfbA0,b 0.0992 ± 0.0016 0.1038

AfbA0,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

sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314

mW [GeV]mW [GeV] 80.425 ± 0.034 80.383

ΓW [GeV]ΓW [GeV] 2.133 ± 0.069 2.092

mt [GeV]mt [GeV] 174.3 ± 3.4 175.1

Preliminary



Bounds on mt and MH

160

180

200

10 10
2

10
3

MH  [GeV]

m
t  

[G
eV

]

Excluded

High Q2 except mt

68% CL

mt (Tevatron)



0

1

2

3

4

5

6

10030 500

MH [GeV]

∆χ
2

Excluded

Mtop
Run-I average
Run-I/II prel.

Theory uncertainty

MH < 186 GeV (95%C.L.)

renormalized probability for MH > 114 GeV to 100%:

MH < 219 GeV (95%C.L.)
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anomalous gauge couplings

generalization of gauge boson self couplings

(Fµν = ∂µAν − ∂νAµ, Zµν, W±
µν analogously)

LWWγ/Z = e
[

(∂µW
+
ν − ∂νW

+
µ )W−µAν

+κγW
+
µ W

−
ν F

µν

+
λγ

M2
W

W+
ρµW

−µ
ν F ρν +h. c.]

+e cot θW
[

(∂µW
+
ν − ∂νW

+
µ )W−µZν

+κZW
+
µ W

−
ν Z

µν

+
λZ

M2
W

W+
ρµW

−µ
ν Zρν + h. c.

]

Standard Model:

κγ = κZ = 1, λγ = λZ = 0
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LEP Electroweak Working Group
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Anomalous g-factor of the muon

• Dirac theory: g = 2

• QED, 1-loop order: g = 2 + α
π

• Standard Model prediction

QED part: 4-loop (5-loop estimate)

Electroweak part: 2-loop

• Experiment 2004: Brookhaven E821

aµ =
g − 2

2
= 11659208(6) · 10−10

above the SM prediction



Theory versus experiment

2. The Saga of the anomalous magnetic moment of the muon

aµ ≡ (g − 2)µ/2

Overview about the current experimental and SM (theory) result:

[g-2 Collaboration, hep-ex/0401008] → T
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Experiment Theory

aexpµ − a
theo,SM
µ ≈ (25.2 ± 9.2) × 10−10 long history . . .

S. Heinemeyer, Theory seminar, university of Edinburgh, 01.10.2004 8

e+e− data based prediction:

2.7 σ below exp. value

τ data based prediction:

0.7 σ below exp. value

uncertainty mainly from hadronic vacuum polarization



Summary of precision tests
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(expected) experimental precision

error for LEP/Tev Tev/LHC LC GigaZ

MW [MeV] 33 15 15 7

sin2 θeff 0.00017 0.00021 0.000013

mtop [GeV] 4.3 2 0.2 0.13

MHiggs [GeV] – 0.1 0.05 0.05

together with

δMZ = 2.1 MeV (LEP)

δGF/GF = 1 · 10−5 (µ lifetime)



[Erler, Heinemeyer, Hollik, Weiglein, Zerwas]
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Higgs bosons

Higgs boson is the only missing ingredient of the SM
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exclusion limit (95% C.L.):

MH > 114.4 GeV



Theoretical bounds on Higgs boson mass from

• perturbativity

→ upper bound

• unitarity

→ upper bound

• triviality (Landau pole)

→ upper bound

• vacuum stability

→ lower bound



perturbativity

Higgs decay widths into fermions:

Γ(H → ff̄) = Γtree ·Kf

Kf = 1 + (1 − loop) + (2 − loop) + · · ·

Higgs decay widths into vector bosons:

Γ(H → V V̄ ) = Γtree ·KV

KV = 1 + (1 − loop) + (2 − loop) + · · ·

[Ghinculov; Frinck, Kniehl, Riesselmann]

(1-loop) = (2-loop) for MH = 930 GeV



unitarity

���������	��

����� ��������������������������� �"! #��$�%��

�'&��(� ) *����+���(�-,
) ./) . 0 ) ./) .

1 2 3
)

)

)

)
46587

9 46587

9

3 :<;�= > =
? =@

9 A BDC-E �F�/
 > 0 G

H I��J�$�%���K�L��� ���M#N
O��*���*P�Q�R���S! ���$�(����
TI����K�J�$�



��������� 	�
�������
�������
�
�� ����
�� ��	��������! "���#�$
%	&�('�)

* + ,

-

-

-

-
.

/ .

, 0213 3 4
5 1
6 78

/ 9 :�;�< �=
>�?5 @ A

* , * B / * +

C �D'E�F� � G 
H�JI �"�LK IM
%NOIQPR'&�L'E�SNET �M'&I���UM
�
V�W	2���X	�'E���Y
V�

0 3 3 4 , 0 6 8

for s >> M2
W , with t = − s

2
(1 − cos θ),

M ≈ M2
H

v2

(

2 +
M2

H

s−M2
H

+
M2

H

t−M2
H

)



partial wave expansion:

M(s, t) = 8π

∞
∑

l=0

(2l+ 1)Pl(cos θ) al

unitarity condition:

|al| < 1

project on l = 0 partial wave:

a0 =
1

16π

∫ 1

−1

d cos θ M(s, t)

=
M2

H

8πv2

[

2 +
M2

H

s−M2
H

− M2
H

s
log

(

1 +
s

M2
H

) ]

≈ M2
H

4πv2
for s >> M2

H

a0 < 1 → MH < 872GeV



triviality (Landau pole)

Higgs self coupling is scale dependent, λ(Q)

�
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variation with scale Q described by RGE

dλ

dt
=

3

4π2
λ2, t = log

Q2

v2

solution:

λ(Q) =
λ(v)

1 − 3
4π2λ(v) log Q2

v2

with λ(v) =
M2

H

2v2

diverges at scale Q = ΛC (Landau pole)

ΛC = v exp

(

4π2v2

3M2
H

)

maximum Higgs mass by condition ΛC > MH

→ MH < 800GeV



vacuum stability

top-quark Yukawa coupling

gt =

√
2mt

v

contributes to the running Higgs self coupling λ(Q) through

top loop ∼ g4t �

� �

�
�

� �

�
�

variation with scale Q described by RGE

dλ

dt
=

3

4π2

(

λ2 − m4
t

v4

)

approximate solution:

λ(Q) = λ(v) − 3m4
t

2π2v4
log

Q

v

λ(Q) < 0 for Q > ΛC → vacuum not stable

high value of ΛC needs MH large enough

ΛC ∼ 1016 : MH > 130GeV

ΛC ∼ 103 : MH > 70GeV



combined effects, RGE in two-loop order:

dλ

dt
=

1

16π2

(

12λ2 − 3 g2t + 6λ g2t + · · ·
)

[Hambye, Riesselmann]
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total width and branching ratios
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Higgs production at the LHC
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The Profile of the Higgs Boson

Production Processes

500 fb �
�

500 fb �
�

1000 fb �
�

350 GeV 500 GeV 800 GeV

��� = 120 74000 35000 27000

��� = 160 52000 29000 24000

� � = 250 5500 16500 19000

500 fb �
�

500 fb �
�

1000 fb �
�

350 GeV 500 GeV 800 GeV

��� = 120 15500 37500 158000

� � = 160 7500 25000 126000

��� = 250 6500 8000 71000

500 fb �
�

500 fb �
�

1000 fb �
�

350 GeV 500 GeV 800 GeV

��� = 120 – 90 2600

��� = 160 – – 1500

� � = 250 – – 390

500 fb �
�

500 fb �
�

1000 fb �
�

350 GeV 500 GeV 800 GeV

��� = 120 – 80 160

��� = 160 – 20 120

��� = 250 – – 30

K. Desch Higgs Boson Precision Studies at a Linear Electron Positron Collider , Fermilab, 03/05/2001 Page 10



Higgs production at a Linear Collider
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Open questions of the Standard Model
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SUSY Higgs sector

SM Higgs:

• λΦ4 term ad hoc

• Higgs boson mass: free parameter

• no a-priori reason for a light Higgs boson

• SM (perturbatively) unstable at some high energy

SUSY Standard Model avoids these questions

minimal model: MSSM

H2 =

(

H+
2

v2 +H0
2

)

, H1 =

(

v1 +H0
1

H−
1

)

couples to u couples to d

• SUSY gauge interaction → H4 terms

• self coupling remains weak

physical Higgs bosons: h0, H0, A0, H±

2 vacuum expectation values: v2

v1
= tan β



Spectrum of Higgs bosons in the MSSM

(example)
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FeynHiggs2.0

large MA: h0 like SM Higgs boson

m0
h strongly influenced by quantum effects
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LEP:

SLC:

MZ

ΓZ

σhad

Rl

A
FB

l

Rb

Rc

A
FB

b

A
FB

c

Mt

sin2θ
eff

lept

MW(LEP)

sin2θ
eff

lept(ALR)

b → Xsγ

aµ
SUSY

pulls=(data-theo)/error

SM: χ2/d.o.f = 27.2/16

MSSM: χ2/d.o.f = 16.4/12

CMSSM: χ2/d.o.f = 23.2/16

special: MW and aµ = (g − 2)/2 for muon



[Chankowski, Dabelstein, WH, Mösle, Pokorski, Rosiek]

[update: Heinemeyer, Weiglein]
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 = 113 GeV
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 = 400 GeV

light SUSY

heavy SUSY

SM
MSSM

both models

Heinemeyer, Weiglein ’05

experimental errors 68% CL:

LEP2/Tevatron (today)

Tevatron/LHC

ILC/GigaZ



g − 2

Feynman diagrams for MSSM 1L corrections:

µ

γ

µ
χ̃i

ν̃µ

χ̃i

µ

γ

µ
µ̃a

χ̃0
j

µ̃b

− Diagrams with chargino/sneutrino exchange

− Diagrams with neutralino/smuon exchange

Enhancement factor as compared to SM:

µ− χ̃±i − ν̃µ : ∼ mµ tanβ

µ− χ̃0
j − µ̃a : ∼ mµ tanβ

SM, EW 1L: α
π

m2
µ

M2
W

MSSM, 1L: α
π

m2
µ

M2
SUSY

× tanβ

S. Heinemeyer, Theory seminar, university of Edinburgh, 01.10.2004 17
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