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Heavy Liquid Bubble Chamber
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Standard Model Predictions

• Feynman graphs

• Propagators

• Vertices:
coupling constant g: strength;
operator Γ: transformation properties

Was sind Kopplungen?

Quantenfeldtheorie, lokale Wechselwirkungen:

e

e

f

f̄

Propagatoren:

Vertices:
ig

Vertexfaktoren:

Kopplungskonstante g, Stärke der Wechsel-

wirkung

Operator , Transformationseigenschaften

Feynmanregeln zur Berechnung von Amplituden,
Wirkungsquerschnitten und Zerfallsraten

ETH Zürich M. Pohl
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’Small’ Unification

• Three gauge couplings, but only
two independent ones:

e = g sin θW = g′ cos θW

Partial unification of electroweak
forces.

• Higgs mechanism:

sin2 θW = ρ0

1−
M2

W

M2
Z


Relation between couplings and
gauge boson masses.

Elektroschwaches Standardmodell

Drei Kräfte, aber nur zwei Kopplungen:
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(Kleine) Vereinigung der Wechselwirkungen:

e g W g W

Higgs-Mechanismus (nur mit Dubletts):
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Beziehung zwischen Kopplungen und Massen
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• Space-time structure of vertices given by electroweak multiplets:

gfV =
√
ρ0

(
T f3 − 2Qf sin2 θW

)
; gfA =

√
ρ0T

f
3

For Higgs doublets, √ρ0 = 1. Since sin2 θW = 0.232 ' 1/4: glV � glA
for leptons, but not for quarks.
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Non-Abelian Gauge Theories

In a non-abelian gauge theory, gauge bosons couple to themselves. This fixes
the coupling constants, without involving matter particles:

Universalität

Boson Selbstwechselwirkungen fixieren alle Kop-
plungen:
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Materiekopplungen folgen:
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Kopplungsstärke gemäss Multiplett

Unabhängig von der Generation

Relationen zwischen den Kopplungen
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• This automatically fixes all cou-
plings to matter particles.

• Couplings are determined by the
position in electroweak multiplets.

• Couplings are universal, indepen-
dent of the generation.

Universalität

Boson Selbstwechselwirkungen fixieren alle Kop-
plungen:
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Materiekopplungen folgen:
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Kopplungsstärke gemäss Multiplett

Unabhängig von der Generation

Relationen zwischen den Kopplungen
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Running Couplings

Higher order corrections for gauge
boson propagators introduce a Q2-
dependence of the coupling con-
stants.

Example for QED:

α(q2) =
α(µ2)

1− α(µ2)
3π

log Q2

µ2

This can be understood in terms
of vacuum polarisation screening the
electric charge at large distance.

Université de Genève 2.5 Martin Pohl



Fine Structure Constant

Methods to measure α(µ2 ' 0):

• Josephson effect

• Rydberg constant and de Broglie
wave length of the neutron

• Quantum Hall effect

• Anomalous magnetic moment of
the electron:

Feinstrukturkonstante

Methoden zur Messung von 2 0 :

Josephson-Effekt

Rydberg-Konstante und de Broglie Wellenlänge

des Neutrons

Quanten-Hall-Effekt (ganzzahlig)

Anomales Magnetisches Moment des Elektrons:

ae
ge 2

2

0 5 0 328478965
2

1 181241456
3

1 4092 384
4

4 396 42 10 12

Kinoshita ’96(!-1-137.0360)x104

-0.40 -0.10 0.20

CODATA 1986 -.105 ! 0.061

h/M
n

0.113 ! 0.052

acJ -.230 ! 0.077

q-Hall 0.037 ! 0.027

a
e

-.001 ! 0.005

-0.40 -0.10 0.20
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ae =
ge − 2

2

= 0.5
α
π

− 0.328478965
α
π


2

+ 1.181241456
α
π


3

−1.4092(384)
α
π


4

+ 4.396(42)× 10−12 − ...
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Anomalous Magnetic Moment: Penning Trap
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Penning Trap

The electromagnetic configuration of a Penning trap consists of an axial mag-
netic field, which confines the electrons radially. A quadrupole filed creates a
dip of the potential in axial direction. A nickel ring electrode slightly deforms the
field such that a coupling between orbital energy and axial oscillation exists.
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Penning Trap

The force on an electron in such a field is:

~F = −e~∇V + e
(
~v × ~B

)
; V =

V0

2d2

z2 −
x2

2
−
y2

2

 ; ~B ' (0, 0Bz)

Consequently, with the cyclotron frequency ωc = eB/m, the equations of
motion are:

ẍ =
eV0

2md2
x+ ωcẏ ; ÿ =

eV0

2md2
x− ωcẋ ; z̈ = −

eV0

md2
z

In the axial z direction, the movement is a harmonic
oscillation with frequency ωz =

√
eV0/md2. It is de-

coupled from the movement in x and y, here it can
be decomposed in a rapid cyclotron movement, with
slightly modified frequency ω′c, and a slow magnetron
drift with frequency ω′m:

ω′c =
1

2

(
ωc + (ω2

c − 2ω2
z)

1/2
)

; ω′m =
1

2

(
ωc − (ω2

c − 2ω2
z)

1/2
)

For electrons with ωc = 150GHz, typical conditions are ω′c = 30GHz and
ω′m = 3kHz. The interaction with the electron spin modifies these frequencies.
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Penning Trap

Electrical equivalent of an empty and filled penning trap.
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Multiple electron signals in a Penning Trap

Signal as a function of time, starting
with seven electrons in the trap, which
are lost one by one.

Frequency shift as a function of time.
The minimal shifts correspond to the
two orientations of the electron spin,
with respect to the magnetic axis.

Current accuracy: σα = 0.004ppm
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Running α
Fantastic accuracy is lost on the
low walk from α(q2 ' 0) '
1/137 to α(M2

Z) ' 1/128:

Elektromagnetische Kopplung

Genauigkeit geht verloren von Q2 0 zu Q2 M2
Z:

Jegerlehner, Eidelman (1996)

ETH Zürich M. Pohl

Loss is due to hadronic vac-
uum polarization, calculation must
be replaced by measurements of
e+e−→ hadrons (and a bit of cur-
rent algebra).

α−1(M2
Z) = 128.940± 0.48
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Discovery of the Z Boson
Gargamelle 1973 UA1 1973

Salvatore Mele | From LEP to LHC | Troisième cycle 7

What’s on the market ?

2. Produce LOTS of Z bosons

PDG J. Phys. G 33 (2006) 1
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CERN Large Elecron Positron Collider LEP

• e+e− collider, 27
km circumference

• 8 interaction points,
4 equipped with de-
tectors: Aleph, Del-
phi, L3, Opal

• Maximum Center-
of-mass energy√
s > 200 GeV

• Running from 1989
to 2000
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Precise Mass Measurement by Resonance

−kx− b
dx

dt
+ F0 cosωt = m

d2x

dt2

Solution:

x(t) =
F0 sin (ωt− φ)√

m2(ω2 − ω2
0)2 + b2ω2

with ω2
0 = k/m.

ω ↔ total energy E/h̄
k ↔ coupling constant
b ↔ width = τ−1

m ↔ mass

x2
max↔ cross section sinφ↔ angular asymmetry
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Z Boson Mass Measurement

x2
max↔ cross section

sinφ↔ angular asymmetry
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Electron Positron Annihilation to Fermion Pairs

Photon exchange only (k2 � m2
µ), unpolarized electrons:

Mγ = −e2(ψ̄µγ
νψµ)

1

k2
(ψ̄eγνψe) ; |Mγ|2 = 2e4t

2 + u2

s2

Mandelstam variables:

t = −2p2(1− cos θ) ; u = −2p2(1 + cos θ) ; s = −4p2

with the scattering angle θ between the incoming e− and the outgoing µ−.

Differential and total cross section:
dσQED

dΩ

∣∣∣∣∣∣∣∣cm
=

1

64π2s

pf

pi
|Mγ|2 =

α2

4s
(1 + cos2 θ)

σQED =
4πα2

3s
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Electron Positron Annihilation to Fermion Pairs

The Z exchange graph must be added at the amplitude level:

|M|2 = |Mγ +MZ|2 = |Mγ|2 + |MZ|2 + |MI|

Universality means geV = gµV and geA = gµA. Again for s� m2
µ:

MZ =
−
√

2GFM
2
Z

s−M2
Z

[
gµR(ψ̄µRγ

νψµR) + gµL(ψ̄µLγ
νψµL)

]
[
geR(ψ̄eRγνψeR) + geL(ψ̄eLγνψeL)

]

with the helicity couplings:

gR ≡ gV − gA ; gL ≡ gV + gA

such that the left- and righthanded spinor components are explicit.
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Electron Positron Annihilation to Fermion Pairs

Electrons and positrons polarized, polarization of final state measured:

dσ

dΩ
(e−Le+

R → µ−Lµ
+
R) =

α2

4s
(1 + cos θ)2|1 + rgµLg

e
L|

2

dσ

dΩ
(e−Le+

R → µ−Rµ
+
L) =

α2

4s
(1− cos θ)2|1 + rgµRg

e
L|

2

plus two more for e−Re+
L . Attention: The final state fermions are polarized even

if the incoming beams are not!

The pole term r, ratio of the Z propagator to the γ propagator:

r =

√
2GFM

2
Z

s−M2
Z + iMZΓZ

 s
e2



Only the real part <(r) and |r|2 contribute to the cross section.
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Electron Positron Annihilation to Fermion Pairs

For the unpolarized case, we must average for cross sections:

dσ

dΩ
=
α2

4s

[
A0(1 + cos2 θ) +A1 cos θ

]

The coefficients are (for gµi = gei ≡ gi):

A0 = 1 + 2<(r)g2
V + |r|2(g2

V + g2
A)2

A1 = 4<(r)g2
A + 8|r|2g2

V g
2
A

The QED resultA0 = 1,A1 = 0 is recovered far below the Z resonance, since
r ' 0 at s�M2

Z.

The pole term r is almost real below the resonance (M2
Z − s � ΓZ), almost

purely imaginary near the resonance (M2
Z − s � ΓZ). Consequently, there

are only small contributions of the Z graph, ∼ <(r), far below the resonance,
while on resonance the large terms ∼ |r|2 dominate.
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Electron Positron Annihilation to Fermion Pairs

The total cross section is:

σ(e+e−→ µ+µ−) =
4πα2

3s
A0

It differs from the QED result only by the factor A0. The angular asymmetry:

AFB ≡
σF − σB
σF + σB

σF =
∫ 1
0

dσ

dΩ
d cos θ dφ ; σB =

∫ 0
−1

dσ

dΩ
d cos θ dφ

measures the relative strength of the asymmetric term ∼ cos θ relative to the
symmetric term ∼ (1 + cos θ)2:

AFB =
3A1

8A0

'


3
2
<(r)g2

A far below the resonance
3g2
V g

2
A

(g2
V +g2

A)2 on the resonance
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Useful Quantifies in Z Physics

Salvatore Mele | From LEP to LHC | Troisième cycle 9

Useful definition in Z-boson physics

As above, with
“leptonic universality”

A0
FB

l

Leptonic forward-backward
asymmetries

A0
FB

e, A0
FB
µ, A0

FB 
!

As above, with
“leptonic universality”

R0
l= "had/"ll

Leptonic widths (expressed as
fraction of hadronic)

R0
e= "had/"ee

R0
µ= "had/"µµ

R0
!= "had/" !!

ee->Z->qq cross section#0
had

Z-boson width"Z

Z-boson massmZ
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Z Boson Line Shape

Salvatore Mele | From LEP to LHC | Troisième cycle 11

How to measure mZ and !Z ?

Information on mZ and !Z contained in
"0

had, R
0
l= !had/!ll, A

0
FB

l

CERN Report 89-08

Fundamental properties of the Z boson:

• Mass and width: MZ, ΓZ, from position and width of resonance peak, i.e. r.

• Couplings: gAf , gV f , f = e, µ, τ, q, from partial widths and asymmetries,
σ0
had, R

0
l = Γhad/Γll, A

0
fb and polarization.
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Why not Invariant Mass of Decaying Z?

• Target resolution:

σM/M ' 2×10−5

• Best momentum
resolution:

σp/p ' 2× 10−2

@ 50GeV

• At a lepton collider,
initial state is bet-
ter controlled than
final state
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Measurement Strategy I

• Scan the resonance by adjusting the beam energy

• Count Z bosons ”on peak” decay-
ing into quarks:

σ0
had ∝ (Nhad −Nback)/εL

• Count Z bosons ”on peak” decay-
ing into leptons:

R0
l ∝ Nhad/Nll

Salvatore Mele | From LEP to LHC | Troisième cycle 21

Off-peak data. Lumi/precision tradeoff

20/pb off peak

20/pb off peak

} 7/pb off peak

• Analyze angular distribution of decay products :

A0l
fb ∝ (NF −NB)/(NF +NB)
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Measurements on the Z Boson Resonance
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Typical Experiment: OPAL
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Atypical Experiment: L3
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Fermion Pair Selection

qq, 70%

µµ, 3%

ee, 3%

ττ , 3%

+ 21% νν
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Event Selection
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Event Selection
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Radiative Corrections
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Radiative Corrections Modify Lineshape

Results from 15 million Z bosons!

Université de Genève 2.33 Martin Pohl



Details of the Total Cross Section Measurements

peak-2

9.9

10

10.1

10.2

89.44 89.46 89.4
Ecm [GeV]

!
ha

d [
nb
]

ALEPH

DELPHI

L3

OPAL

1990-1992 data

1993-1995 data
typical syst. exp.
luminosity error

theoretical errors:
QED
luminosity

peak

30

30.2

30.4

30.6

30.8

91.2 91.25 91.3
Ecm [GeV]

peak+2

14

14.25

14.5

14.75

92.95 92.975 93 93.025
Ecm [GeV]

Good agreement among experiments, and with electroweak theory
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Angular Distribution at Low Energies

Far below the resonance:
dσ

dΩ
=
α2

4s

[
A0(1 + cos2 θ)+

+A1 cos θ]

AFB =
3A1

8A0

'
3

2
<(r)g2

A

r =

√
2GFM

2
Z

s−M2
Z + iMZΓZ

 s
e2


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Angular Distribution Close to the Resonance

@@R
)
(

���

��� @@R

@@R _̂
��	 @@R

��� @@R _̂
��	 @@R

���
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Measurement Strategy II

• Count Z bosons ”on peak” decaying into quarks:

σhad ∝ (Nhad −Nback)/εL

• Correct σhad to σ0
had

• Count Z bosons ”on peak” decaying into leptons (for each flavor):

Rl ∝ Nhad/Nll

• Correct Rl to R0
l

• Analyze angular distribution of decay products :

Al
fb ∝ (NF −NB)/(NF +NB)

• Correct Al
fb to A0l

fb

• Fit σ0
had, R

0
l and A0l

fb to get MZ and ΓZ

• Combine results from the experiments, taking into account correlations
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Result Without Lepton Universality
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Result With Lepton Universality
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Result From Combined Experiments

Measurement of MZ to 23 ppm!
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Uncertainties

Unusual level of accuracy,
need to control systematics:

• Higher order corrections
deform resonance curve:
theory

• Luminosity shifts curve up
and down: experiments

• Energy calibration shifts
curve left and right: accel-
erator

Université de Genève 2.41 Martin Pohl



Luminosity

Instantaneous luminosity from collider properties:

L =
N+N−νHd

4πσxσy
' 2× 1031cm−2s−1

• Bunch population N+ ' N− ' 3× 1012

• Crossing frequency ν = 11kHz

• Beam-beam enhancement factor: Hd ' 2

• Horizontal and vertical beam sizes: σx ' 100µm, σy ' 10µm

Instantaneous luminosity not required (and not accurately known) for a count-
ing experiment, what we need is integrated luminosity ∫ L dt. Inferred from
counting reactions of a reference process: ∫ L dt = (N −Nb)/(σε)

• Large cross section→ high N , small statistical error σL/L ∝ 1/
√
N

• Calculable to high accuracy→ accurate σ

• Low background Nb, well known efficiency ε→ small systematic error

• Choice at LEP: small angle Bhabha scattering
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Small Angle Bhabha Scattering

• Dominated by t-channel photon exchange at small angles: QED

• Theoretical uncertainty from uncalculated higher orders O(0.1%)

• Experimental uncertainty (acceptance, efficiency) O(0.1%), mostly uncor-
related among experiments
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Luminosity Measurement at LEP

Salvatore Mele | From LEP to LHC | Troisième cycle 42

L3Luminosity monitors

•Small-angle calorimeters,
possibly with tracker in front
•1.4-1.8°<!<3.1-3.3°
•Mechanical precision/position
measurement crucial
•Select events, count events,
control efficiency and
background

~2.5m

Luminosity measurement at LEP

Université de Genève 2.44 Martin Pohl



Measurement of Beam Energy

• Inferred from magnetic field measurement:

< Eb >=
e

2π

∮
orbitB dl

• Flux loop (Ampere’s law) and NMR probes: relative precision 3× 10−4

• On order of magnitude more accurate by resonant depolarization:

Resonant depolarization
CERN Report 89-08

Solokov-Ternov
effect

S S S S

~10%

BY

BX

•In electron storage rings, the bending in the XZ plane and the associate
radiation give vertical polarisation in the transverse (Y) direction

•Electron spins precess with

•Vertical bending field does not induce polarisation. An additional
horizontal field does

•The precession carries information on Ebeam:

  

! 

d
r 
S 

dt
=

r 
" #

r 
S 

  

! 

r 
" = #

e

a
e
$
(1+ a

e
$)

r 
B 

! 

a
e
" =

a
e

m
e
c
2
E
beam

• Final precision ∆Eb/Eb = 2× 10−5
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Attention: Energy Varies Around the Ring
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Attention: Energy Varies with Phase of the Moon

Like the Sea, the Earth crust has
”tides” about 20cm high. These de-
form the accelerator by a few mm,
compared to the 27km circinference.
At constant frequency, this changes
the energy. Strong focussing amplifies
the effect. Effect of 10 MeV, corrected
daily.
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Attention: Energy Varies with Water Level in Lake Geneva

Water pressure from neigh-
boring Lake Geneva also de-
form the accelerator by a few
mm, compared to the 27km
circinference. At constant fre-
quency, this changes the en-
ergy. Strong focussing ampli-
fies the effect. Effect of 10
MeV, corrected weekly.
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Attention: Energy varies with TGV schedule

TGV induces parasitic currents in LEP
magnets. Because of their hysteresis,
they remember the train passage.
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Immediate Result: Number of Light Neutrino Species

Salvatore Mele | From LEP to LHC | Troisième cycle 52

Number of “light” neutrino species

! mass correction -0.23%
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Immediate Result: Leptonic Universality
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Asymmetry Parameters and Couplings

Salvatore Mele | From LEP to LHC | Troisième cycle 6

Z boson couplings through the
asymmetry parameters Af

!
!

!
!

,

• All fermions for which charge can be measured: Afb

• Beam polarization: ALR, electrons only

• Final state polarization: P(θ), τ leptons only
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Tau Polarization Through Weak Decay

• V-A charged weak current violates parity maximally

• Left-handiness of neutrino implies a boost for the pion in the tau direction
for positive helicity and a depletion othewise

• Decay spectrum fitted by combination of both helicities, amplitude ratio
gives degree of polarizazion

%
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Tau Polarization Results

Salvatore Mele | From LEP to LHC | Troisième cycle 12

Combination

Measure the polarisation (through the two helicity
components) as a function of the tau angle and
then fit Ar and A

!

Pτ(cos θτ−) = −
Aτ(1 + cos2 θτ−) + 2Ae cos θτ−

(1 + cos2 θτ−) + 8
3
AτFB cos θτ−
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Initial State Polarization

ALR =
σL − σR
σL + σR

1

< Pe >

=
NL −NR

NL +NR

1

< Pe >
for LL = LR.
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Beam Polarimeter
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Initial State Polarization Results

Salvatore Mele | From LEP to LHC | Troisième cycle 34

Measurement of ALR
Count Z decays (into quark, muons, tau) for L and R
polarised electron beams
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Polarized Forward-Backward Asymmetry

Forward-backward asymmetry for polarized
beams:

ALRFB =
(σF − σB)L − (σF − σB)R

(σF + σB)L + (σF + σB)R

1

< Pe >

measured with 22254 electron pairs, 16844 muon
pairs and 16084 tau pairs.
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Leptonic Asymmetry Results

Salvatore Mele | From LEP to LHC | Troisième cycle 38

The Af parameters

l
l

b
b

,

Measurements

Combinations (!2 = 3.6/5)

Leptonic universality
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Leptonic Couplings from Asymmetries

Universal weak neutral current couplings confirmed in the leptonic sector, at
the permille level.
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Heavy Quark Couplings from Asymmetries

• Heavy quark analysis not covered here, rather complex

• Signatures: displaced vertices, energetic leptons from decay, fat jets

• Charge sign inferred from lepton or jet charge

• Results:

Université de Genève 2.61 Martin Pohl



Leptonic Couplings from Asymmetries

Before LEP
1987

-1.0 -0.5 0.0 0.5
-1.0

-0.5

0.0

0.5

1.0

!µe

–

-
e+e-" µ µ+ -

!µe-

–! e-e

! e-e

g A

gV

–! e-e

After LEP

Progress from qualitative to quantitative physics...
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