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Figure 1.1: The lowest-order s-channel Feynman diagrams for e+e− → ff. For e+e− final states,
the photon and the Z boson can also be exchanged via the t-channel. The contribution of Higgs
boson exchange diagrams is negligible.
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Figure 1.2: The hadronic cross-section as a function of centre-of-mass energy. The solid line is
the prediction of the SM, and the points are the experimental measurements. Also indicated
are the energy ranges of various e+e− accelerators. The cross-sections have been corrected for
the effects of photon radiation.
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Figure 1.1: The lowest-order s-channel Feynman diagrams for e+e− → ff. For e+e− final states,
the photon and the Z boson can also be exchanged via the t-channel. The contribution of Higgs
boson exchange diagrams is negligible.
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Figure 1.2: The hadronic cross-section as a function of centre-of-mass energy. The solid line is
the prediction of the SM, and the points are the experimental measurements. Also indicated
are the energy ranges of various e+e− accelerators. The cross-sections have been corrected for
the effects of photon radiation.

15

q
<latexit sha1_base64="N6fjPmGWPxpFWEnVOLUudkb4uJM="></latexit><latexit sha1_base64="N6fjPmGWPxpFWEnVOLUudkb4uJM="></latexit><latexit sha1_base64="N6fjPmGWPxpFWEnVOLUudkb4uJM="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="mTKAtBt18Z6v268JyDGlZSa7GrE="></latexit><latexit sha1_base64="N6fjPmGWPxpFWEnVOLUudkb4uJM="></latexit><latexit sha1_base64="N6fjPmGWPxpFWEnVOLUudkb4uJM="></latexit><latexit sha1_base64="N6fjPmGWPxpFWEnVOLUudkb4uJM="></latexit><latexit sha1_base64="N6fjPmGWPxpFWEnVOLUudkb4uJM="></latexit><latexit sha1_base64="N6fjPmGWPxpFWEnVOLUudkb4uJM="></latexit><latexit sha1_base64="N6fjPmGWPxpFWEnVOLUudkb4uJM="></latexit>

Electrodynamics

virtual

https://arxiv.org/abs/hep-ex/0509008v3


Electron-positron annihilation

14 

EW: M ⇠ 1

q2 �m2
Z + imZ�Z

<latexit sha1_base64="cKYwZjhQTAMlw8MVoUeoDH61Oog="></latexit><latexit sha1_base64="cKYwZjhQTAMlw8MVoUeoDH61Oog="></latexit><latexit sha1_base64="cKYwZjhQTAMlw8MVoUeoDH61Oog="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PX/FrlKcv2p+kGO3mS28ZJq3Ixc="></latexit><latexit sha1_base64="PX/FrlKcv2p+kGO3mS28ZJq3Ixc="></latexit><latexit sha1_base64="WbqvNsOkY1+RYRG+c8XMyfV3JHA="></latexit><latexit sha1_base64="cKYwZjhQTAMlw8MVoUeoDH61Oog="></latexit><latexit sha1_base64="cKYwZjhQTAMlw8MVoUeoDH61Oog="></latexit><latexit sha1_base64="cKYwZjhQTAMlw8MVoUeoDH61Oog="></latexit><latexit sha1_base64="cKYwZjhQTAMlw8MVoUeoDH61Oog="></latexit><latexit sha1_base64="cKYwZjhQTAMlw8MVoUeoDH61Oog="></latexit><latexit sha1_base64="cKYwZjhQTAMlw8MVoUeoDH61Oog="></latexit>

� 1

m2
Z

<latexit sha1_base64="UE2VHd95YS1kRxLTCKbd7IEMgBg="></latexit><latexit sha1_base64="UE2VHd95YS1kRxLTCKbd7IEMgBg="></latexit><latexit sha1_base64="UE2VHd95YS1kRxLTCKbd7IEMgBg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="xseihZ21Lt+bPftbE7gXtT4Zi5A="></latexit><latexit sha1_base64="xseihZ21Lt+bPftbE7gXtT4Zi5A="></latexit><latexit sha1_base64="kdiUz5n448kRtvH8ikDUgh5+jc4="></latexit><latexit sha1_base64="UE2VHd95YS1kRxLTCKbd7IEMgBg="></latexit><latexit sha1_base64="UE2VHd95YS1kRxLTCKbd7IEMgBg="></latexit><latexit sha1_base64="UE2VHd95YS1kRxLTCKbd7IEMgBg="></latexit><latexit sha1_base64="UE2VHd95YS1kRxLTCKbd7IEMgBg="></latexit><latexit sha1_base64="UE2VHd95YS1kRxLTCKbd7IEMgBg="></latexit><latexit sha1_base64="UE2VHd95YS1kRxLTCKbd7IEMgBg="></latexit>

q2 ⌧ m2
Z

<latexit sha1_base64="eoiyP+GQHcKQhiAQBPwF3qK4faA="></latexit><latexit sha1_base64="eoiyP+GQHcKQhiAQBPwF3qK4faA="></latexit><latexit sha1_base64="eoiyP+GQHcKQhiAQBPwF3qK4faA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+7fzsUSviBxN/RN6iaHLQU7JyUY="></latexit><latexit sha1_base64="+7fzsUSviBxN/RN6iaHLQU7JyUY="></latexit><latexit sha1_base64="baWJTEWq4e7+HrLoQr1naad58A8="></latexit><latexit sha1_base64="eoiyP+GQHcKQhiAQBPwF3qK4faA="></latexit><latexit sha1_base64="eoiyP+GQHcKQhiAQBPwF3qK4faA="></latexit><latexit sha1_base64="eoiyP+GQHcKQhiAQBPwF3qK4faA="></latexit><latexit sha1_base64="eoiyP+GQHcKQhiAQBPwF3qK4faA="></latexit><latexit sha1_base64="eoiyP+GQHcKQhiAQBPwF3qK4faA="></latexit><latexit sha1_base64="eoiyP+GQHcKQhiAQBPwF3qK4faA="></latexit>

e+

e−

γ

f
−

f

e+

e−

Z

f
−

f

Figure 1.1: The lowest-order s-channel Feynman diagrams for e+e− → ff. For e+e− final states,
the photon and the Z boson can also be exchanged via the t-channel. The contribution of Higgs
boson exchange diagrams is negligible.
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1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

effective weak Hamiltonian which has the following generic structure

Heff =
GF√

2

∑

i

V i
CKMCi(µ)Qi . (1.1)

Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i
CKM [1, 2] and the Wilson

Coefficients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the β-decay, Heff takes the familiar form

H(β)
eff =

GF√
2

cos θc[ūγµ(1 − γ5)d ⊗ ēγµ(1 − γ5)νe] , (1.2)

where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coefficient is equal unity and the local operator, the object between the square brackets, is

given by a product of two V −A currents. This local operator is represented by the diagram

(b) in fig. 1. Equation (1.2) represents the Fermi theory for β-decays as formulated by

W

d u

ν e

(a)

d u

ν e

(b)

Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these

lectures.
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1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

effective weak Hamiltonian which has the following generic structure

Heff =
GF√

2

∑

i

V i
CKMCi(µ)Qi . (1.1)

Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i
CKM [1, 2] and the Wilson

Coefficients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the β-decay, Heff takes the familiar form

H(β)
eff =

GF√
2

cos θc[ūγµ(1 − γ5)d ⊗ ēγµ(1 − γ5)νe] , (1.2)

where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coefficient is equal unity and the local operator, the object between the square brackets, is

given by a product of two V −A currents. This local operator is represented by the diagram

(b) in fig. 1. Equation (1.2) represents the Fermi theory for β-decays as formulated by

W

d u

ν e

(a)

d u

ν e

(b)

Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these

lectures.
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Fermi constant

1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

effective weak Hamiltonian which has the following generic structure

Heff =
GF√

2

∑

i

V i
CKMCi(µ)Qi . (1.1)

Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i
CKM [1, 2] and the Wilson

Coefficients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the β-decay, Heff takes the familiar form

H(β)
eff =

GF√
2

cos θc[ūγµ(1 − γ5)d ⊗ ēγµ(1 − γ5)νe] , (1.2)

where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coefficient is equal unity and the local operator, the object between the square brackets, is

given by a product of two V −A currents. This local operator is represented by the diagram

(b) in fig. 1. Equation (1.2) represents the Fermi theory for β-decays as formulated by

W

d u

ν e

(a)

d u

ν e

(b)

Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these

lectures.
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1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

effective weak Hamiltonian which has the following generic structure

Heff =
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Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i
CKM [1, 2] and the Wilson

Coefficients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the β-decay, Heff takes the familiar form

H(β)
eff =

GF√
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cos θc[ūγµ(1 − γ5)d ⊗ ēγµ(1 − γ5)νe] , (1.2)

where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coefficient is equal unity and the local operator, the object between the square brackets, is

given by a product of two V −A currents. This local operator is represented by the diagram

(b) in fig. 1. Equation (1.2) represents the Fermi theory for β-decays as formulated by
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Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these

lectures.
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<latexit sha1_base64="3oLaWYRCeQLQM34ORMFWZonc+xo="></latexit><latexit sha1_base64="3oLaWYRCeQLQM34ORMFWZonc+xo="></latexit><latexit sha1_base64="3oLaWYRCeQLQM34ORMFWZonc+xo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="gMQrf+TEpnRDcQno11AgEZn2N7w="></latexit><latexit sha1_base64="gMQrf+TEpnRDcQno11AgEZn2N7w="></latexit><latexit sha1_base64="ymsMO7z0egcY4pu50GVJHN36wLY="></latexit><latexit sha1_base64="3oLaWYRCeQLQM34ORMFWZonc+xo="></latexit><latexit sha1_base64="3oLaWYRCeQLQM34ORMFWZonc+xo="></latexit><latexit sha1_base64="3oLaWYRCeQLQM34ORMFWZonc+xo="></latexit><latexit sha1_base64="3oLaWYRCeQLQM34ORMFWZonc+xo="></latexit><latexit sha1_base64="3oLaWYRCeQLQM34ORMFWZonc+xo="></latexit><latexit sha1_base64="3oLaWYRCeQLQM34ORMFWZonc+xo="></latexit>

⌫e
<latexit sha1_base64="kyGXCjjDyUNOGht0UanqeQ+tuCU="></latexit><latexit sha1_base64="kyGXCjjDyUNOGht0UanqeQ+tuCU="></latexit><latexit sha1_base64="kyGXCjjDyUNOGht0UanqeQ+tuCU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7bCpb2qwMkgrbWZSZ5QUWIqvUGk="></latexit><latexit sha1_base64="7bCpb2qwMkgrbWZSZ5QUWIqvUGk="></latexit><latexit sha1_base64="dDQfM56wX36M6PkV3r0eNuotuo8="></latexit><latexit sha1_base64="kyGXCjjDyUNOGht0UanqeQ+tuCU="></latexit><latexit sha1_base64="kyGXCjjDyUNOGht0UanqeQ+tuCU="></latexit><latexit sha1_base64="kyGXCjjDyUNOGht0UanqeQ+tuCU="></latexit><latexit sha1_base64="kyGXCjjDyUNOGht0UanqeQ+tuCU="></latexit><latexit sha1_base64="kyGXCjjDyUNOGht0UanqeQ+tuCU="></latexit><latexit sha1_base64="kyGXCjjDyUNOGht0UanqeQ+tuCU="></latexit>

e
<latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="DJYUlnVK6qfAoUkIaEYjVjEUpsg="></latexit><latexit sha1_base64="DJYUlnVK6qfAoUkIaEYjVjEUpsg="></latexit><latexit sha1_base64="BY7oT4u/ANkmobfDKtDNDyWeqqM="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit>

q
<latexit sha1_base64="N6fjPmGWPxpFWEnVOLUudkb4uJM="></latexit><latexit sha1_base64="N6fjPmGWPxpFWEnVOLUudkb4uJM="></latexit><latexit sha1_base64="N6fjPmGWPxpFWEnVOLUudkb4uJM="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="mTKAtBt18Z6v268JyDGlZSa7GrE="></latexit><latexit sha1_base64="N6fjPmGWPxpFWEnVOLUudkb4uJM="></latexit><latexit sha1_base64="N6fjPmGWPxpFWEnVOLUudkb4uJM="></latexit><latexit sha1_base64="N6fjPmGWPxpFWEnVOLUudkb4uJM="></latexit><latexit sha1_base64="N6fjPmGWPxpFWEnVOLUudkb4uJM="></latexit><latexit sha1_base64="N6fjPmGWPxpFWEnVOLUudkb4uJM="></latexit><latexit sha1_base64="N6fjPmGWPxpFWEnVOLUudkb4uJM="></latexit>

Me↵ = �i
4GFp

2
(ēL�

⇢⌫L) (⌫̄L�⇢µL)
<latexit sha1_base64="tXNiIYw4oTHI6Sxf3ZV8amKekPQ="></latexit><latexit sha1_base64="tXNiIYw4oTHI6Sxf3ZV8amKekPQ="></latexit><latexit sha1_base64="tXNiIYw4oTHI6Sxf3ZV8amKekPQ="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="IBd+kUk8xxCdcy8QOfLz1a/IL18="></latexit><latexit sha1_base64="IBd+kUk8xxCdcy8QOfLz1a/IL18="></latexit><latexit sha1_base64="nwVgVCc6DEazmZYfft1s4ywu4c8="></latexit><latexit sha1_base64="tXNiIYw4oTHI6Sxf3ZV8amKekPQ="></latexit><latexit sha1_base64="tXNiIYw4oTHI6Sxf3ZV8amKekPQ="></latexit><latexit sha1_base64="tXNiIYw4oTHI6Sxf3ZV8amKekPQ="></latexit><latexit sha1_base64="tXNiIYw4oTHI6Sxf3ZV8amKekPQ="></latexit><latexit sha1_base64="tXNiIYw4oTHI6Sxf3ZV8amKekPQ="></latexit><latexit sha1_base64="tXNiIYw4oTHI6Sxf3ZV8amKekPQ="></latexit>

M = i
g2

2
(ēL�

⇢⌫L)
g⇢�

q2 �m2
W

(⌫̄L�
�µL)

<latexit sha1_base64="E7zBhfgfEkVa6vIsZxbX+rZJZxk="></latexit><latexit sha1_base64="E7zBhfgfEkVa6vIsZxbX+rZJZxk="></latexit><latexit sha1_base64="E7zBhfgfEkVa6vIsZxbX+rZJZxk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="jGCmA5UPscsC+bOnumSRJF9oZqc="></latexit><latexit sha1_base64="jGCmA5UPscsC+bOnumSRJF9oZqc="></latexit><latexit sha1_base64="SizkmQ5fdpPMcviLtpVkobM9278="></latexit><latexit sha1_base64="E7zBhfgfEkVa6vIsZxbX+rZJZxk="></latexit><latexit sha1_base64="E7zBhfgfEkVa6vIsZxbX+rZJZxk="></latexit><latexit sha1_base64="E7zBhfgfEkVa6vIsZxbX+rZJZxk="></latexit><latexit sha1_base64="E7zBhfgfEkVa6vIsZxbX+rZJZxk="></latexit><latexit sha1_base64="E7zBhfgfEkVa6vIsZxbX+rZJZxk="></latexit><latexit sha1_base64="E7zBhfgfEkVa6vIsZxbX+rZJZxk="></latexit>

1

q2 �m2
W

⇡ � 1

m2
W


1 +

q2

m2
W

+ . . .

�

<latexit sha1_base64="ap92K1/Ux4CzXBrTMX5bGW9Ckns="></latexit><latexit sha1_base64="ap92K1/Ux4CzXBrTMX5bGW9Ckns="></latexit><latexit sha1_base64="ap92K1/Ux4CzXBrTMX5bGW9Ckns="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="3p1r698qn8E/AyRMplcKHBBju/w="></latexit><latexit sha1_base64="3p1r698qn8E/AyRMplcKHBBju/w="></latexit><latexit sha1_base64="6he9bnj+FGWvm6yI3Oj9QbpKrlM="></latexit><latexit sha1_base64="ap92K1/Ux4CzXBrTMX5bGW9Ckns="></latexit><latexit sha1_base64="ap92K1/Ux4CzXBrTMX5bGW9Ckns="></latexit><latexit sha1_base64="ap92K1/Ux4CzXBrTMX5bGW9Ckns="></latexit><latexit sha1_base64="ap92K1/Ux4CzXBrTMX5bGW9Ckns="></latexit><latexit sha1_base64="ap92K1/Ux4CzXBrTMX5bGW9Ckns="></latexit><latexit sha1_base64="ap92K1/Ux4CzXBrTMX5bGW9Ckns="></latexit>

q2 ⌧ m2
W :

<latexit sha1_base64="gg3FLOeRG/mJbZKiR5VULJx/2ko="></latexit><latexit sha1_base64="gg3FLOeRG/mJbZKiR5VULJx/2ko="></latexit><latexit sha1_base64="gg3FLOeRG/mJbZKiR5VULJx/2ko="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="wmeQLZ6CveG1R3nS60oobk6rvpg="></latexit><latexit sha1_base64="wmeQLZ6CveG1R3nS60oobk6rvpg="></latexit><latexit sha1_base64="5euwhw8g/9/PfAxrJGbT0+JvtWk="></latexit><latexit sha1_base64="gg3FLOeRG/mJbZKiR5VULJx/2ko="></latexit><latexit sha1_base64="gg3FLOeRG/mJbZKiR5VULJx/2ko="></latexit><latexit sha1_base64="gg3FLOeRG/mJbZKiR5VULJx/2ko="></latexit><latexit sha1_base64="gg3FLOeRG/mJbZKiR5VULJx/2ko="></latexit><latexit sha1_base64="gg3FLOeRG/mJbZKiR5VULJx/2ko="></latexit><latexit sha1_base64="gg3FLOeRG/mJbZKiR5VULJx/2ko="></latexit>
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valid up to cutoff scale µ < ⇤
<latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="vzPHXoDejbqNYw6j+ppOLpk/akg="></latexit><latexit sha1_base64="vzPHXoDejbqNYw6j+ppOLpk/akg="></latexit><latexit sha1_base64="7bMjRsKodqeh5kYdc7pmiuuj7LM="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit>

⇤
<latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="uirqkvsMDIE05YXtheL+cnqKXds="></latexit><latexit sha1_base64="uirqkvsMDIE05YXtheL+cnqKXds="></latexit><latexit sha1_base64="hxXBOGMm3W/WJ2xMoklEtFR9pZs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit>

E
<latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="oqER7lMzTuBPNJ/5y1hkmlGzVCA="></latexit><latexit sha1_base64="oqER7lMzTuBPNJ/5y1hkmlGzVCA="></latexit><latexit sha1_base64="yKOySaXE3MPndSuvrJY9J/ITxoc="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit>

µ
<latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mNf5zo99zQoe+8esR0IYAdCAoG4="></latexit><latexit sha1_base64="mNf5zo99zQoe+8esR0IYAdCAoG4="></latexit><latexit sha1_base64="IFxsBHIFv8nvMZi6HsKqJxBWdmE="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit>

action in full theory: S(�) = S(�E<µ,�E>µ)
<latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="NThoxiXheUAurpL7xWMcNaRCOCg="></latexit><latexit sha1_base64="NThoxiXheUAurpL7xWMcNaRCOCg="></latexit><latexit sha1_base64="EtqYb8LXNLKB3fzxgTVdpJY/GI4="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit>

approximation of full theory at experimentally relevant scales

intro: Neubert 2005

https://arxiv.org/abs/hep-ph/0512222
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approximation of full theory at experimentally relevant scales

valid up to cutoff scale µ < ⇤
<latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="vzPHXoDejbqNYw6j+ppOLpk/akg="></latexit><latexit sha1_base64="vzPHXoDejbqNYw6j+ppOLpk/akg="></latexit><latexit sha1_base64="7bMjRsKodqeh5kYdc7pmiuuj7LM="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit>

⇤
<latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="uirqkvsMDIE05YXtheL+cnqKXds="></latexit><latexit sha1_base64="uirqkvsMDIE05YXtheL+cnqKXds="></latexit><latexit sha1_base64="hxXBOGMm3W/WJ2xMoklEtFR9pZs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit>

E
<latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="oqER7lMzTuBPNJ/5y1hkmlGzVCA="></latexit><latexit sha1_base64="oqER7lMzTuBPNJ/5y1hkmlGzVCA="></latexit><latexit sha1_base64="yKOySaXE3MPndSuvrJY9J/ITxoc="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit>

µ
<latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mNf5zo99zQoe+8esR0IYAdCAoG4="></latexit><latexit sha1_base64="mNf5zo99zQoe+8esR0IYAdCAoG4="></latexit><latexit sha1_base64="IFxsBHIFv8nvMZi6HsKqJxBWdmE="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit>

action in full theory:

remove high ‚frequencies‘: Sµ(�E<µ) =

Z
d4xLe↵(x)

<latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="vEC00b8IybX5Z+PO9kLalZrax0E="></latexit><latexit sha1_base64="vEC00b8IybX5Z+PO9kLalZrax0E="></latexit><latexit sha1_base64="fA//GCzglzhD3m51dC1+tCSb/is="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit>

S(�) = S(�E<µ,�E>µ)
<latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="NThoxiXheUAurpL7xWMcNaRCOCg="></latexit><latexit sha1_base64="NThoxiXheUAurpL7xWMcNaRCOCg="></latexit><latexit sha1_base64="EtqYb8LXNLKB3fzxgTVdpJY/GI4="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit>

effective Lagrangian Le↵(x) =
X

i

Ci

⇤�i
Oi(�E<µ(x))

<latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PrqaFZ8fYj66NvyS6Bwo3ZeKfPc="></latexit><latexit sha1_base64="PrqaFZ8fYj66NvyS6Bwo3ZeKfPc="></latexit><latexit sha1_base64="LV8YZhRaM4h95oo0E4U07rbbP5o="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit>

intro: Neubert 2005

https://arxiv.org/abs/hep-ph/0512222
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Le↵(x) =
X

i

Ci

⇤�i
Oi(�E<µ(x))

<latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PrqaFZ8fYj66NvyS6Bwo3ZeKfPc="></latexit><latexit sha1_base64="PrqaFZ8fYj66NvyS6Bwo3ZeKfPc="></latexit><latexit sha1_base64="LV8YZhRaM4h95oo0E4U07rbbP5o="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit>

Ci :
<latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="crFqDlymnxbstbwB6gQfJpC5Kqg="></latexit><latexit sha1_base64="crFqDlymnxbstbwB6gQfJpC5Kqg="></latexit><latexit sha1_base64="QOmIGVt9vZZYw3wsBuKVezUlBfU="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit>

Wilson coefficients

local operators with mass dimensionOi :
<latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="cS51yMGJvEquAqaz5Z2NDVhGhJ4="></latexit><latexit sha1_base64="cS51yMGJvEquAqaz5Z2NDVhGhJ4="></latexit><latexit sha1_base64="GkiesLyAvRt1VmdGYWffWU9gN84="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit>

�i + 4
<latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="n9tWdyXczJwWW5dpTuHImV11ejY="></latexit><latexit sha1_base64="n9tWdyXczJwWW5dpTuHImV11ejY="></latexit><latexit sha1_base64="iwf0XAhbjImzY1hb4e9X47AO3Pw="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit>
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Le↵(x) =
X

i

Ci

⇤�i
Oi(�E<µ(x))

<latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PrqaFZ8fYj66NvyS6Bwo3ZeKfPc="></latexit><latexit sha1_base64="PrqaFZ8fYj66NvyS6Bwo3ZeKfPc="></latexit><latexit sha1_base64="LV8YZhRaM4h95oo0E4U07rbbP5o="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit>

Ci :
<latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="crFqDlymnxbstbwB6gQfJpC5Kqg="></latexit><latexit sha1_base64="crFqDlymnxbstbwB6gQfJpC5Kqg="></latexit><latexit sha1_base64="QOmIGVt9vZZYw3wsBuKVezUlBfU="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit>

Wilson coefficients

local operators with mass dimensionOi :
<latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="cS51yMGJvEquAqaz5Z2NDVhGhJ4="></latexit><latexit sha1_base64="cS51yMGJvEquAqaz5Z2NDVhGhJ4="></latexit><latexit sha1_base64="GkiesLyAvRt1VmdGYWffWU9gN84="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit>

�i + 4
<latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="n9tWdyXczJwWW5dpTuHImV11ejY="></latexit><latexit sha1_base64="n9tWdyXczJwWW5dpTuHImV11ejY="></latexit><latexit sha1_base64="iwf0XAhbjImzY1hb4e9X47AO3Pw="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit>

�i > 0 : [Oi] > 4
<latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="cvMggMSUKFlRYEvsLyz7yKDlDzQ="></latexit><latexit sha1_base64="cvMggMSUKFlRYEvsLyz7yKDlDzQ="></latexit><latexit sha1_base64="ODxLVGuSdpVwGZ0hxAHauhHF0/k="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="cvMggMSUKFlRYEvsLyz7yKDlDzQ="></latexit><latexit sha1_base64="cvMggMSUKFlRYEvsLyz7yKDlDzQ="></latexit><latexit sha1_base64="ODxLVGuSdpVwGZ0hxAHauhHF0/k="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit>

Le↵ =
X

i

Ci

⇤
O

(5)
i +

X

j

Cj

⇤2
O

(6)
j + . . .

<latexit sha1_base64="wKayQavMbMXRKqkMPUZaseJdXDk="></latexit><latexit sha1_base64="wKayQavMbMXRKqkMPUZaseJdXDk="></latexit><latexit sha1_base64="wKayQavMbMXRKqkMPUZaseJdXDk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="/mzLbauCXpJuySE/YR3CD56/zzo="></latexit><latexit sha1_base64="/mzLbauCXpJuySE/YR3CD56/zzo="></latexit><latexit sha1_base64="UHhQiKH+9jkU59p5/3yf0Cyn3Dc="></latexit><latexit sha1_base64="wKayQavMbMXRKqkMPUZaseJdXDk="></latexit><latexit sha1_base64="wKayQavMbMXRKqkMPUZaseJdXDk="></latexit><latexit sha1_base64="wKayQavMbMXRKqkMPUZaseJdXDk="></latexit><latexit sha1_base64="wKayQavMbMXRKqkMPUZaseJdXDk="></latexit><latexit sha1_base64="wKayQavMbMXRKqkMPUZaseJdXDk="></latexit><latexit sha1_base64="wKayQavMbMXRKqkMPUZaseJdXDk="></latexit>

power counting:

[L] !
= 4

<latexit sha1_base64="lHsB6zkjSItIdfJMwqSIfcN30Ec="></latexit><latexit sha1_base64="lHsB6zkjSItIdfJMwqSIfcN30Ec="></latexit><latexit sha1_base64="lHsB6zkjSItIdfJMwqSIfcN30Ec="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="DvsBRNWTJstfkwnAYRcyU9yRK0Q="></latexit><latexit sha1_base64="DvsBRNWTJstfkwnAYRcyU9yRK0Q="></latexit><latexit sha1_base64="8E8f+CUAxUJW80mqfuS+645mTDE="></latexit><latexit sha1_base64="lHsB6zkjSItIdfJMwqSIfcN30Ec="></latexit><latexit sha1_base64="lHsB6zkjSItIdfJMwqSIfcN30Ec="></latexit><latexit sha1_base64="lHsB6zkjSItIdfJMwqSIfcN30Ec="></latexit><latexit sha1_base64="lHsB6zkjSItIdfJMwqSIfcN30Ec="></latexit><latexit sha1_base64="lHsB6zkjSItIdfJMwqSIfcN30Ec="></latexit><latexit sha1_base64="lHsB6zkjSItIdfJMwqSIfcN30Ec="></latexit>

[F ] =
3

2
, [B] = 1, [Vµ⌫ ] = 2, [@µ] = 1

<latexit sha1_base64="R9bnUa2zEp2b4xuG1yH1Ci0ij2A="></latexit><latexit sha1_base64="R9bnUa2zEp2b4xuG1yH1Ci0ij2A="></latexit><latexit sha1_base64="R9bnUa2zEp2b4xuG1yH1Ci0ij2A="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="H/V9KhGQF41+BzwmTiyxfBPjbjw="></latexit><latexit sha1_base64="H/V9KhGQF41+BzwmTiyxfBPjbjw="></latexit><latexit sha1_base64="HSFQm2BqMuzgEMIO1ZDwmwGB8Hc="></latexit><latexit sha1_base64="R9bnUa2zEp2b4xuG1yH1Ci0ij2A="></latexit><latexit sha1_base64="R9bnUa2zEp2b4xuG1yH1Ci0ij2A="></latexit><latexit sha1_base64="R9bnUa2zEp2b4xuG1yH1Ci0ij2A="></latexit><latexit sha1_base64="R9bnUa2zEp2b4xuG1yH1Ci0ij2A="></latexit><latexit sha1_base64="R9bnUa2zEp2b4xuG1yH1Ci0ij2A="></latexit><latexit sha1_base64="R9bnUa2zEp2b4xuG1yH1Ci0ij2A="></latexit>

examples: [(q̄�µq)(¯̀�
µ`)] = 6

<latexit sha1_base64="BLYPURIFDyY7R01JzE9fStbEaNc="></latexit><latexit sha1_base64="BLYPURIFDyY7R01JzE9fStbEaNc="></latexit><latexit sha1_base64="BLYPURIFDyY7R01JzE9fStbEaNc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="bO4FNFXyJ3RIAuyebkkYf9funiE="></latexit><latexit sha1_base64="bO4FNFXyJ3RIAuyebkkYf9funiE="></latexit><latexit sha1_base64="IRb3lvgKySMXwclpIiCF8zrSVqo="></latexit><latexit sha1_base64="BLYPURIFDyY7R01JzE9fStbEaNc="></latexit><latexit sha1_base64="BLYPURIFDyY7R01JzE9fStbEaNc="></latexit><latexit sha1_base64="BLYPURIFDyY7R01JzE9fStbEaNc="></latexit><latexit sha1_base64="BLYPURIFDyY7R01JzE9fStbEaNc="></latexit><latexit sha1_base64="BLYPURIFDyY7R01JzE9fStbEaNc="></latexit><latexit sha1_base64="BLYPURIFDyY7R01JzE9fStbEaNc="></latexit>

[(QH�µ⌫q)F
µ⌫ ] = 6

<latexit sha1_base64="LTtIGe/gwBilNxFMnNPsWfzOIYY="></latexit><latexit sha1_base64="LTtIGe/gwBilNxFMnNPsWfzOIYY="></latexit><latexit sha1_base64="LTtIGe/gwBilNxFMnNPsWfzOIYY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="yqkEFBULGMn9ofZGln2E7Lk7CoQ="></latexit><latexit sha1_base64="yqkEFBULGMn9ofZGln2E7Lk7CoQ="></latexit><latexit sha1_base64="kyAJU3yQjZ8tsCwxg+Iy28gH70k="></latexit><latexit sha1_base64="LTtIGe/gwBilNxFMnNPsWfzOIYY="></latexit><latexit sha1_base64="LTtIGe/gwBilNxFMnNPsWfzOIYY="></latexit><latexit sha1_base64="LTtIGe/gwBilNxFMnNPsWfzOIYY="></latexit><latexit sha1_base64="LTtIGe/gwBilNxFMnNPsWfzOIYY="></latexit><latexit sha1_base64="LTtIGe/gwBilNxFMnNPsWfzOIYY="></latexit><latexit sha1_base64="LTtIGe/gwBilNxFMnNPsWfzOIYY="></latexit>
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Le↵(x) =
X

i

Ci

⇤�i
Oi(�E<µ(x))
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1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

effective weak Hamiltonian which has the following generic structure

Heff =
GF√

2

∑

i

V i
CKMCi(µ)Qi . (1.1)

Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i
CKM [1, 2] and the Wilson

Coefficients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the β-decay, Heff takes the familiar form

H(β)
eff =

GF√
2

cos θc[ūγµ(1 − γ5)d ⊗ ēγµ(1 − γ5)νe] , (1.2)

where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coefficient is equal unity and the local operator, the object between the square brackets, is

given by a product of two V −A currents. This local operator is represented by the diagram

(b) in fig. 1. Equation (1.2) represents the Fermi theory for β-decays as formulated by

W

d u

ν e

(a)

d u

ν e

(b)

Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these

lectures.
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Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded
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1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

effective weak Hamiltonian which has the following generic structure

Heff =
GF√

2

∑

i

V i
CKMCi(µ)Qi . (1.1)

Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i
CKM [1, 2] and the Wilson

Coefficients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the β-decay, Heff takes the familiar form

H(β)
eff =

GF√
2

cos θc[ūγµ(1 − γ5)d ⊗ ēγµ(1 − γ5)νe] , (1.2)

where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coefficient is equal unity and the local operator, the object between the square brackets, is

given by a product of two V −A currents. This local operator is represented by the diagram

(b) in fig. 1. Equation (1.2) represents the Fermi theory for β-decays as formulated by

W

d u

ν e

(a)

d u

ν e

(b)

Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these

lectures.
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Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.
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in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these
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weak effective interactions at low energies             :

GF ·GeV2 ⌧ 1
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E = mµ
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Any effective theory is only valid up to cut-off.

Main features of an effective theory:

effective Lagrangian describes particle interactions

series of local operators      with expansion parameterOi
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E/⇤
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⇤�i
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good approximation of full theory at energies E ⌧ ⇤
<latexit sha1_base64="bgmLiUo/F5OedS3zVXv+5tJ1bUo="></latexit><latexit sha1_base64="bgmLiUo/F5OedS3zVXv+5tJ1bUo="></latexit><latexit sha1_base64="bgmLiUo/F5OedS3zVXv+5tJ1bUo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="zcWXUkcWv64nkaZNr1ORyfS93xo="></latexit><latexit sha1_base64="zcWXUkcWv64nkaZNr1ORyfS93xo="></latexit><latexit sha1_base64="ZaO5f0q+fCcainw1ueddCx57HdA="></latexit><latexit sha1_base64="bgmLiUo/F5OedS3zVXv+5tJ1bUo="></latexit><latexit sha1_base64="bgmLiUo/F5OedS3zVXv+5tJ1bUo="></latexit><latexit sha1_base64="bgmLiUo/F5OedS3zVXv+5tJ1bUo="></latexit><latexit sha1_base64="bgmLiUo/F5OedS3zVXv+5tJ1bUo="></latexit><latexit sha1_base64="bgmLiUo/F5OedS3zVXv+5tJ1bUo="></latexit><latexit sha1_base64="bgmLiUo/F5OedS3zVXv+5tJ1bUo="></latexit>

operators respect symmetries of the full theory.
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Figure 1.1: The lowest-order s-channel Feynman diagrams for e+e− → ff. For e+e− final states,
the photon and the Z boson can also be exchanged via the t-channel. The contribution of Higgs
boson exchange diagrams is negligible.
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Figure 1.2: The hadronic cross-section as a function of centre-of-mass energy. The solid line is
the prediction of the SM, and the points are the experimental measurements. Also indicated
are the energy ranges of various e+e− accelerators. The cross-sections have been corrected for
the effects of photon radiation.
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Your turn

What is the effective theory for                           ? e+e� ! Z⇤ ! qq̄
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At what energies is it valid?

https://arxiv.org/abs/hep-ex/0509008v3

