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Zwei fundamentale Prinzipien

Die Welt der Elementarteilchen folgt den Regeln der

relativistischen Quantenfeldtheorie

lokalen Eichinvarianz

Robert Harlander — Elektroschwaches Standardmodell — Teil 2 – p. 2



Vakuum

t

x

Robert Harlander — Elektroschwaches Standardmodell — Teil 2 – p. 3



Vakuum

t

x

vergleiche

Harmonischer Oszillator

in QM:

En = ~!
�

n +
1

2

�

Robert Harlander — Elektroschwaches Standardmodell — Teil 2 – p. 3



Vakuum

e+

e�

t

x

vergleiche

Harmonischer Oszillator

in QM:

En = ~!
�

n +
1

2

�

Robert Harlander — Elektroschwaches Standardmodell — Teil 2 – p. 3



Vakuum

e+

e�

t

x

vergleiche

Harmonischer Oszillator

in QM:

En = ~!
�

n +
1

2

�

Robert Harlander — Elektroschwaches Standardmodell — Teil 2 – p. 3



Casimir-Effekt
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Casimir-Effekt

F Druck:

p = F=A =
~c� 2
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Vakuum-Polarisation
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Vakuum-Fluktuationen
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Parameter des Standardmodells
Massen: me, m� , m� , m� e

, m� � , m� � ,

mu , md , mc , ms, mt , mb,

MW , MZ , MH
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LEP+SLD

e+e� -Collider

SLD Detector am Stanford Linear

Collider (SLC):
p

s = MZ

(1989-1998)

Large Electron Positron Collider

(LEP) am CERN:

(1989-1995, 1996-2000)

ALEPH, DELPHI, L3, OPAL

LEP 1: 88 �
p

s � 94 GeV

LEP 2:
p

s � 209 GeV
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! Pseudo-Observablen
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Messung von MZ

ALEPH

DELPHI

L3

OPAL

LEP

91.1893A0.0031

91.1863A0.0028

91.1894A0.0030

91.1853A0.0029

91.1875A0.0021

common:  0.0017

c2/DoF = 2.2/3

mZ MGeVN
91.18 91.19 91.2

0.002%
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Messung von � Z

ALEPH

DELPHI

L3

OPAL

LEP

 2.4959A0.0043

 2.4876A0.0041

 2.5025A0.0041

 2.4947A0.0041

 2.4952A0.0023

common:  0.0012

c2/DoF = 7.3/3

GZ MGeVN
2.48 2.49 2.5 2.51

0.1%
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Anzahl der Neutrinos
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LEP – Messungen

ALEPH

DELPHI

L3

OPAL

LEP

41.559A0.057

41.578A0.069

41.536A0.055

41.502A0.055

41.540A0.037

common: 0.028

c2/DoF = 1.2/3

s0  
had  MnbN

41.4 41.5 41.6 41.7

0.1%
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Vorwärts-Rückwärts-Asymmetrie
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Effektiver Mischungswinkel
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Vorhersage für MH

10 2

10 3

0.23 0.232 0.234

sin2q
lept

eff

m
H
  M

G
eV

N

c2/d.o.f.: 11.8 / 5

A
0,l

fb 0.23099 A 0.00053

Al(Pt ) 0.23159 A 0.00041

Al(SLD) 0.23098 A 0.00026

A
0,b

fb 0.23221 A 0.00029

A
0,c

fb 0.23220 A 0.00081

Q
had

fb 0.2324 A 0.0012

Average 0.23153 A 0.00016

Dahad= 0.02758 A 0.00035Da(5)

mt= 170.9 A 1.8 GeV
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W-Masse
Myon-Zerfall
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Messung der W -Masse – Tevatron

transversale W-Masse:
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Messung der W -Masse bei LEP-II
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W -Masse

W-Boson Mass  MGeVN

mW  MGeVN
80 80.2 80.4 80.6

c2/DoF: 1.1 / 1

TEVATRON 80.430 A 0.040

LEP2 80.376 A 0.033

Average 80.398 A 0.025

NuTeV 80.136 A 0.084

LEP1/SLD 80.363 A 0.032

LEP1/SLD/mt 80.363 A 0.020

March 2008
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W -Masse – Theorie
Myon-Lebensdauer

� �

�

�� e

e

� � 1
� �

G2
F m5

�

192� 3

�
1 �

8m2
e

m2
�

�
� (1 + � QED)

GF = 1.16637(1) � 10� 5 GeV � 2

Robert Harlander — Elektroschwaches Standardmodell — Teil 2 – p. 26



W -Masse – Theorie
Myon-Lebensdauer

� �

�

�� e

e

� � 1
� �

G2
F m5

�

192� 3

�
1 �

8m2
e

m2
�

�
� (1 + � QED)

GF = 1.16637(1) � 10� 5 GeV � 2

Korrekturen zu GF:
e

�� e

� �

�

W

+ � �� e

e

� �

W

Z !
� �

�

�� e

e

GF =
�

p
2

�

M2
W

�
1 � M2

W

M2
Z

� � (1 + � r )

Robert Harlander — Elektroschwaches Standardmodell — Teil 2 – p. 26



W -Masse

GF =
�

p
2

�

M2
W

�
1 � M2

W

M2
Z

� � (1 + � r )

) MW = MZ

vu
u
t 1

2
+

s
1

4
�

��
p

2GFM2
Z

(1 + � r )

� r1� loop = � � �
c2

W

s2
W

� � + � rrem(MH ) � m2
t , ln M2

H

Robert Harlander — Elektroschwaches Standardmodell — Teil 2 – p. 27



mt vs. MW
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Globaler Fit

Measurement Fit |Omeas- Ofit|/smeas

0 1 2 3

0 1 2 3

Dahad(mZ)Da(5) 0.02758 A 0.00035 0.02767

mZ MGeVNmZ MGeVN 91.1875 A 0.0021 91.1874

GZ MGeVNGZ MGeVN 2.4952 A 0.0023 2.4959

shad MnbNs0 41.540 A 0.037 41.478

RlRl 20.767 A 0.025 20.743

AfbA0,l 0.01714 A 0.00095 0.01643

Al(Pt )Al(Pt ) 0.1465 A 0.0032 0.1480

RbRb 0.21629 A 0.00066 0.21581

RcRc 0.1721 A 0.0030 0.1722

AfbA0,b 0.0992 A 0.0016 0.1038

AfbA0,c 0.0707 A 0.0035 0.0742

AbAb 0.923 A 0.020 0.935

AcAc 0.670 A 0.027 0.668

Al(SLD)Al(SLD) 0.1513 A 0.0021 0.1480

sin2qeffsin2qlept(Qfb) 0.2324 A 0.0012 0.2314

mW MGeVNmW MGeVN 80.398 A 0.025 80.377

GW MGeVNGW MGeVN 2.097 A 0.048 2.092

mt MGeVNmt MGeVN 172.6 A 1.4 172.8

March 2008
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Globaler Fit
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Excluded Preliminary

Dahad =Da(5)

0.02758A0.00035

0.02749A0.00012

incl. low Q2 data

Theory uncertainty
March 2008 mLimit = 160 GeV

MH = 84+34
� 26 GeV

MH < 154 GeV
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Grenzen an die Higgs-Masse

L Higgs = (D� � )y(D� � ) + � 2� y� �
�
4

(� y� )2
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Grenzen an die Higgs-Masse
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Grenzen an die Higgs-Masse

L Higgs = (D� � )y(D� � ) + � 2� y� �
�
4

(� y� )2

� (x) = exp(� i
~�
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� ~� (x))

0

@ 0

1p
2
(v + H(x))
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) M2
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v2�
4

Strahlungskorrekturen: � = � (E) , M2
H =

v2� (v)

4
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Grenzen an die Higgs-Masse

� (E)
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Grenzen an die Higgs-Masse

� (E)

2 4 6 8 10

0

1

2

3

4

Log@ED

Bedingungen:

(a) � (E) < 1 8 E < � : Trivialität

) obere Schranke Mmax
H (� )

(b) � (E) > 0 8 E < � : Stabilität

) untere Schranke Mmin
H (� )
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Higgs-Massen-Limits
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Grenzen an die Higgs-Masse

zur Trivialität:

betrachte Gitter-Eichtheorie mit Cut-Off � = 1=a

renormierte Kopplung: � (E0, � ) � � R < 1

Beobachtung: � (E, � ) ! 0 für � ! 1 !

d.h., renormierte Kopplung ist � 0!
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Hausaufgabe

Thema Eichinvarianz

angenommen, SU(2)� U(1) im Standardmodell ungebrochen

könnte man elektrische Ladung de�nieren?

könnte man das Photon vom Z-Boson unterscheiden?

könnte man das Neutrino vom Elektron unterscheiden?
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