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Von der Fermitheorie 
zu den W und Z-Bosonen

3

Schwache Prozesse
■ historisch:   Fermi – 4-Fermion – Wechselwirkung 

n
p
e
ν

punktförmiger Vertex, an dem ein Neutron vernichtet und ein 
Proton, ein Elektron und ein Antineutrino erzeugt werden.
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Proton, ein Elektron und ein Antineutrino erzeugt werden.

Kopplungskonstante:    GF =  1.2·10-5 GeV-2·(ћc)3

Fermi – Kopplungskonstante, klein!

Fermi: 
punktförmige 4-
Fermion-
Wechselwirkung 

Universalitä
t der 

schwachen Ladung?
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Schwache Prozesse

4

W-  
µ-  νe  

e-  

νµ  

νµ  

µ-  

u 

d  
π-  

W-  
n νe  

e-  

p 
W+  

n p u d 

νµ  
µ-  

W-  s  u 
u 

u 
u 
d K-  

s  
u u 

u 
d  
u 

K-  
W-  

π0  

π-  

Geladener Strom

semileptonische 
Prozesse

nichtleptonische 
Prozesse

Neutrino – Reaktionen 

■ ν erzeugen immer negative Leptonen
■ ν aus π* – Zerfall erzeugen immer µ-Leptonen
■ ν aus n – Zerfall erzeugen immer Elektronen (bzw. Positronen)

■ geladene Ströme:

ν + N  → ℓ + X

W±
ν

ℓ-
ν

W±

ℓ+
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■ neutrale Ströme:
es wurden auch Reaktionen 
ohne geladenes Lepton beobachtet:

auch elastische Neutrino – Streuung 
an Elektronen:

Neutrale Ströme werden durch Z0 – Austausch hervorgerufen.

Michael Feindt, Moderne Experimentalphysik III, Vorlesung 10

W W

Z0
ν

ν

Z0
νµ

νµ

e e

(plötzlich anfangende 
Spur, Hüllenelektron 
vorher in Ruhe)

Neutraler Strom
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weitere nichtleptonische Prozesse
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Basisdiagramme
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Basisdiagramme mit W± – Vertices

ohne
Quarkmischung gud

u d

W±

gud
u d

W±

gcs
c sgcs

c s
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können Pion – Zerfall beschreiben aber Kaon – Zerfall nicht
(beobachtet, lange Lebensdauer)

gus ≠ 0 !

W±W±

d

µ-

νµ

u
W-

π- s

µ-

νµ

u
W-

K-
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‘gedrehte Quarkzustände
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"Gedrehte" Quarkzustände:  ud' -W-Vertex 

= +

d' = d cosθC + s sinθC gud = gW cosθC gus = gW sinθC

universell

gw
u d'

W±

gud
u d

W±

gus
u s

W±
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Damit sind auch 
diese Diagramme 
möglich
(aber Kopplung 
mit sinθC
unterdrückt!)

z.B. 
Kaon – Zerfall 

gusu s

W±

gusu s

W±

gcdc d

W±

gcdc d

W±
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Bestimmung des Cabibbo-Winkels
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Experimentelle Bestimmung von θC
aus Lebensdauern und Verzweigungsverhältnissen

u d d
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νe e-
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■ Beispiele:   
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■ Beispiele:   
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FCNC sind verboten
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Kopplung neutraler Ströme
Neutrale Ströme koppeln nur flavour – diagonal,
d.h. es gibt keine F C N C (flavour changing neutral currents)

■ diese Zerfälle gibt es

Z
e+

e-

µ+

µ-

τ+

τ-
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■ ABER: diese Zerfälle gibt es nicht!

Michael Feindt, Moderne Experimentalphysik III, Vorlesung 10

Z → νeνe Z → νµνµ Z → ντντ
Z → uu Z → dd Z → ss

Z → bb Z → ttZ → cc

Z → e+µ-

Z → νeνµ

Z → e+τ-

Z → db
Z → uc
Z → tu
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CKM-Matrix
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Erweiterung auf 3 Familien

2x2 Cabibbo – Matrix     3x3 Cabibbo – Kobayashi – Maskawa – Matrix  

■ Diagonalelemente ≈ 1
■ |Vcb| und |Vts| fast 10 mal kleiner als |Vus| und |Vcd|       10-2 in Zerfallsbreiten 
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CKM – Matrix   1973
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■ Elemente von Vcb komplex      CP – Verletzung möglich     

Michael Feindt, Moderne Experimentalphysik III, Vorlesung 10

(siehe später)
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CKM-Matrix
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11. CKM quark-mixing matrix 1

11. THE CKM QUARK-MIXING MATRIX
Revised February 2010 by A. Ceccucci (CERN), Z. Ligeti (LBNL), and Y. Sakai (KEK).

11.1. Introduction
The masses and mixings of quarks have a common origin in the Standard Model (SM).

They arise from the Yukawa interactions with the Higgs condensate,

LY = −Y d
ij QI

Li φ dI
Rj − Y u

ij QI
Li ε φ∗uI

Rj + h.c., (11.1)

where Y u,d are 3× 3 complex matrices, φ is the Higgs field, i, j are generation labels, and
ε is the 2 × 2 antisymmetric tensor. QI

L are left-handed quark doublets, and dI
R and uI

R
are right-handed down- and up-type quark singlets, respectively, in the weak-eigenstate
basis. When φ acquires a vacuum expectation value, 〈φ〉 = (0, v/

√
2), Eq. (11.1) yields

mass terms for the quarks. The physical states are obtained by diagonalizing Y u,d

by four unitary matrices, V u,d
L,R, as Mf

diag = V f
L Y f V f†

R (v/
√

2), f = u, d. As a result,
the charged-current W± interactions couple to the physical uLj and dLk quarks with
couplings given by

VCKM ≡ V u
L V d†

L =




Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb



 . (11.2)

This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1,2] is a 3 × 3 unitary matrix. It
can be parameterized by three mixing angles and the CP -violating KM phase [2]. Of
the many possible conventions, a standard choice has become [3]

V =




c12c13 s12c13 s13e−iδ

−s12c23−c12s23s13eiδ c12c23−s12s23s13eiδ s23c13

s12s23−c12c23s13eiδ −c12s23−s12c23s13eiδ c23c13



 , (11.3)

where sij = sin θij , cij = cos θij , and δ is the phase responsible for all CP -violating
phenomena in flavor-changing processes in the SM. The angles θij can be chosen to lie in
the first quadrant, so sij , cij ≥ 0.

It is known experimentally that s13 ( s23 ( s12 ( 1, and it is convenient to exhibit
this hierarchy using the Wolfenstein parameterization. We define [4–6]

s12 = λ =
|Vus|√

|Vud|2 + |Vus|2
, s23 = Aλ2 = λ

∣∣∣∣
Vcb

Vus

∣∣∣∣ ,

s13e
iδ = V ∗

ub = Aλ3(ρ + iη) =
Aλ3(ρ̄ + iη̄)

√
1 − A2λ4

√
1 − λ2[1 − A2λ4(ρ̄ + iη̄)]

. (11.4)

These relations ensure that ρ̄+ iη̄ = −(VudV ∗
ub)/(VcdV

∗
cb) is phase-convention-independent,

and the CKM matrix written in terms of λ, A, ρ̄, and η̄ is unitary to all orders in λ.
The definitions of ρ̄, η̄ reproduce all approximate results in the literature. For example,
ρ̄ = ρ(1 − λ2/2 + . . .) and we can write VCKM to O(λ4) either in terms of ρ̄, η̄ or,
traditionally,

V =




1 − λ2/2 λ Aλ3(ρ − iη)

−λ 1 − λ2/2 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1



 + O(λ4) . (11.5)

K. Nakamura et al., JPG 37, 075021 (2010) (http://pdg.lbl.gov)
July 30, 2010 14:36

Erweiterung auf 3 Familien
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Michael Feindt, Moderne Experimentalphysik III, Vorlesung 10

(siehe später)














⋅













=














b
s
d

VVV
VVV
VVV

b
s
d

tbtstd

cbcscd

ubusud

'
'
'

( )













=

9994.09991.0042.0035.0013.0004.0
042.0036.09753.09737.0224.0217.0
0045.00018.0224.0217.09760.09745.0

||
LLL
LLL
LLL

ijV

1.-3. Familie
sehr kleine 
Mischung



KT2012 Johannes Blümer IKP in KCETA

CKM-Matrix in Wolfenstein-Form
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where sij = sin θij , cij = cos θij , and δ is the phase responsible for all CP -violating
phenomena in flavor-changing processes in the SM. The angles θij can be chosen to lie in
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K. Nakamura et al., JPG 37, 075021 (2010) (http://pdg.lbl.gov)
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Unitaritätsdreieck
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2 11. CKM quark-mixing matrix

Figure 11.1: Sketch of the unitarity triangle.

The CKM matrix elements are fundamental parameters of the SM, so their precise
determination is important. The unitarity of the CKM matrix imposes

∑
i VijV

∗
ik = δjk

and
∑

j VijV
∗
kj = δik. The six vanishing combinations can be represented as triangles in

a complex plane, of which the ones obtained by taking scalar products of neighboring
rows or columns are nearly degenerate. The areas of all triangles are the same, half of
the Jarlskog invariant, J [7], which is a phase-convention-independent measure of CP
violation, defined by Im

[
VijVklV

∗
il V

∗
kj

]
= J

∑
m,n εikmεjln.

The most commonly used unitarity triangle arises from

Vud V ∗
ub + Vcd V ∗

cb + Vtd V ∗
tb = 0 , (11.6)

by dividing each side by the best-known one, VcdV
∗
cb (see Fig. 1). Its vertices are exactly

(0, 0), (1, 0), and, due to the definition in Eq. (11.4), (ρ̄, η̄). An important goal of
flavor physics is to overconstrain the CKM elements, and many measurements can be
conveniently displayed and compared in the ρ̄, η̄ plane.

Processes dominated by loop contributions in the SM are sensitive to new physics, and
can be used to extract CKM elements only if the SM is assumed. In Sec. 11.2 and 11.3,
we describe such measurements assuming the SM, we give the global fit results for the
CKM elements in Sec. 11.4, and discuss implications for new physics in Sec. 11.5.

11.2. Magnitudes of CKM elements

11.2.1. |Vud| :
The most precise determination of |Vud| comes from the study of superallowed 0+ → 0+

nuclear beta decays, which are pure vector transitions. Taking the average of the twenty
most precise determinations [8] yields

|Vud| = 0.97425± 0.00022. (11.7)

July 30, 2010 14:36
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Figure 11.2: Constraints on the ρ̄, η̄ plane. The shaded areas have 95% CL. Color
version at end of book.

These values are obtained using the method of Refs. [6,95]. Using the prescription
of Refs. [102,118] gives λ = 0.2246 ± 0.0011, A = 0.832 ± 0.017, ρ̄ = 0.130 ± 0.018,
η̄ = 0.350± 0.013 [119]. The fit results for the magnitudes of all nine CKM elements are.

VCKM =




0.97428± 0.00015 0.2253 ± 0.0007 0.00347+0.00016

−0.00012

0.2252 ± 0.0007 0.97345+0.00015
−0.00016 0.0410+0.0011

−0.0007

0.00862+0.00026
−0.00020 0.0403+0.0011

−0.0007 0.999152+0.000030
−0.000045



 , (11.27)

and the Jarlskog invariant is J = (2.91+0.19
−0.11) × 10−5.

Fig. 11.2 illustrates the constraints on the ρ̄, η̄ plane from various measurements and
the global fit result. The shaded 95% CL regions all overlap consistently around the
global fit region, though the consistency of |Vub/Vcb| and sin 2β is not very good.
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CKM-Matrix aktuelle Werte
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