
1.2 Lepton couplings to the Z-boson

Z boson couples differently  to LH and RH  leptons:
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Coupling to LH leptons stronger

Z produced in e+e- collisions is polarized. 

Experimental configuration:

Lg⇒

Rg⇒

In the following we ignore the difference between chirality and helicity:                 
good approximation as leptons are produced with energies >> mass.
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Instead of measuring the spin averaged transition amplitudes try to 
decompose the different “helicity” components to the cross section: 
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Observables: σLL + σRR σRL + σLR

σL = σLL + σLR σR = σRL + σRR

σ- = σLL + σRL σ+ = σRR + σLR
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Forward-backward asymmetry AFB

• Away from the resonance large → interference term dominates 

• At the Z pole: Interference = 0  (see energy dependence of interference term)

→ very small because gV
l small in SM

[ ]θθ
θθ

θ µµµ
γ cos4)cos1(2

cossin4
)(cos 2

22 A
e
AV

e
V

WW

e
Z gggg

QQ
F ++=

[ ]θθ
θθ

θ µµµµ cos8)cos1)()((
cossin16

1)(cos 22222
44 AV

e
A

e
VAV

e
A

e
V

WW
Z ggggggggF ++++=

Angular distribution:

22223
)()()()( µµ

µµ

AV

AV
e
A

e
V

e
A

e
V

FB gg
gg

gg
ggA

+
⋅

+
⋅=

2222

2

)(
)(~

ZZZ

Zf
A

e
AFB MMs

MssggA
Γ+−

−
⋅ → large

35

(see above)

Very small: gV ≈0

Forward-backward asymmetry
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Asymmetrie at the Z pole

Cross section at the Z pole

f
V

f
A

e
V

e
AFB ggggA ~

Lepton asymmetries together with  
lepton pair cross sections allow the 
determination of the lepton couplings gA
and gV. → elliptical confidence regions Lowest order SM prediction
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Good agreement between the 3 lepton 
species confirms “lepton universality” 

Determination of the couplings gA and gV
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Different contour size: electrons are 
measured in all measurements; tau contour 
uses additional measurement (polarization) 

Deviation from lowest order SM prediction
2
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is an effect of higher-order loop-corrections
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Assuming lepton universality:
Includes LEP and SLC data
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Z boson couples stronger to LH 
leptons than to RH leptons.

From gv one can calculate sin2θw
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Left-Right Asymmetry at Stanford Linear Collider (SLC)
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Powerful determination of sin2θw. 
Requires  longitudinal  polarization of colliding beams

Polarization of electron beam Pe :               
Pe ~ 70 – 80%

Measure cross section σL (σR) for LH (RH) polarized initial electrons: 
Longitudinal polarization possible difficult at a circular collider. 
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SLAC Linear Collider

40

• Longitudinal polarized electrons from polarized laser light (photo effect)
• Spin rotation to produce transverse polarized electrons 
• Spin again rotated in the final arcs – longitudinal orientation (70-80%) 



Precise determination of beam polarization using a Compton Polarimeter
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LR asymetries for leptonic final states :
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All data:

With 0.5×106

Z-decays

SLD
Asymmetry 
clearly seen for 
LH and RH 
cross section.

SLD
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0.5M Z events

SLD versus 4×4.5 ×106 Z-decays at LEP
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(*)

(*) One can also determine the forward-backward asymmetry for  bb 
and cc-events.



e+e- →µ+µ-(γ)
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… I am still a bit proud of these plots
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Plots and results – if not mentioned differently – take from:

ALEPH, DELPHI, L3 and OPAL Collaborations,
Electroweak measurements in electron–positron collisions at 
W-boson-pair energies at LEP, 
https://doi.org/10.1016/j.physrep.2013.07.004

2. Precision test of the W sector (LEP2, Tevatron, LHC)

https://doi.org/10.1016/j.physrep.2013.07.004


Recap: W couplings
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W branching fractions 
(lowest order, no QCD corrections, NC =3)

11 1. %eν µν τνΓ = Γ = Γ ≈
66 6. %qqΓ ≈
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W-pair production at LEP2 (√s > 161 GeV)

~10K WW events / LEP-experimentAt LEP: ffffWWee →→−+

Threshold behavior of the 
cross section (kinematics, 
phase space) for ee→WW 
production:

Phase space factor = f(MW, √s):

→ Allows determination of MW

Kinematic threshold
21 4~ /W WM sσ β = −

(βW = velocity of W)
mW = 80.42 ± 0.20 ± 0.03(ELEP) GeV

47



Topology of W decays

Lepton Neutrino

Jet

Jet

dq,−

uq,


ν

W
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Jet

Signatures for a mass measurement:

W1→lν W2→JetJet or W1→JetJet  W2→JetJet Use dijet invariant mass.



Agreement between leptons tests 
lepton universality
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W mass and ΓW reconstruction from dijet mass distr.

More difficult: 
pairing ambiguities 
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Width of 
distribution



ATLAS-PHOTO-2023-022-2

Dijet mass reconstruction also possible at  Tevatron
(pp @ 2 TeV) and LHC (pp @ 13 TeV)

Recent CDF result –
discussed a lot.

(~11 years after data-
taking)
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Triple Gauge Boson Coupling

e e WW+ − →

+γ
+Z

Cross section data 
confirms the existence of 
the γ/ZWW triple gauge 
boson vertex.

Can one test the coupling 
strength?

CERN-PH-EP/2013-022
arXiv:1302.3415 
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Test of trilinear gauge boson coupling in WW production 

eg WW =γ

SM

w

w

sin
cos

θ
θegZWW =

Triple gauge coupling an important result of the non-abelian gauge structure: 
we are interested in the strength and in the Lorentz structure of coupling. 

Most general Lorentz invariant Lagrangian which describes the triple gauge
boson interaction has fourteen independent complex couplings, seven describing 
the WWγ vertex and seven describing the WWZ vertex.

Electromagnetic gauge invariance and C and P conservation reduced the 
number of independent TGCs to five. Common choice {gZ

1, κγ, κZ, λγ, λZ}.

Standard Model: gZ
1 = κγ = κZ = 1

λγ = λZ = 0
Interpretation of γWW couplings:

magnetic           
dipole moment
quadrupole momAdditional 

constraints 53



Measurements requires an angular analysis of the W bosons as well as of the final 
state particles: 5 angles (vector Ω) = W− production polar angle, the polar and 
azimuthal angles, of the decay fermions from the W− and the W+ in the W rest frame 
(sound complicated but this type of analysis is very common…).

See e.g. OPAL, CERN-EP/2000-114

Fit angular distribution to the differential cross section:

Average of 4 LEP experiments

CERN-PH-EP/2013-022
arXiv:1302.3415 
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3. Higher order loop corrections 
Recap:  “Tree-level” Standard Model relations

Fermi constant:

Mixing angle and masses: 1=

ρ-parameter is determined by the Higgs sector:
For a single Higgs-doublet (SM) ρ0 = 1

ρ-parameter is also a  measure of the strength 
of CC and NC interactions.  

Underlines 
tree-level

Z-couplings:

=1  (SM, single H-doublet) 
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Higher order corrections to boson propagators:

When these corrections are renormalized in the “on-shell” scheme the form of the 
equation for masses and mixing angle is maintained, and taken to define the on-
shell electroweak mixing angle, θW, to all orders, in terms of the vector boson
pole masses: 

“on-shell” scheme:  renormalized masses = pole masses (observed). 

= 1

However, the relations between couplings and mixing angle change.  This 
leads to the introduction of an effective mixing angle θw,eff . 56

In QED:
Running α



Ratio of NC / CC interaction:

sin2θw in expression for couplings

Relation between MW and GF

Running of αQED

Considering high-orders one finds:

57

because if vertex corrections
ρ becomes dependent of fermion.



Explicit dependence of the radiative corrections on the top mass and Higgs 
mass allowed a determination of mtop and MH before their discovery:
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Determination of sin2θw,eff and the ρ-parameter

Tree-level
Standard Model 

prediction
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arXiv:hep-ex/0509008



With the discovery of the top-quark and the direct measurement of the top 
mass this parameter can be constraint to its experimental value and the 
radiative corrections allow to constrain the Higgs mass:

The electroweak precision data 
predicted a very light Higgs mass: 
Confirmed by ATLAS and CMS:
PDG 2022:  m = 125.25 ± 0.17 GeV 
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Test of the Predictions of Standard Model
https://project-gfitter.web.cern.ch/project-gfitter/

Inputs

Description by the fit 

Triumph of the Standard Model & success of experimental and particle physics.
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Running of couplings
• Running of strong coupling αs  is well known already form PEP4

• At the Z pole we see the effect of running of αQED

1 1
137 129

α α= → =

• Q2–dependence of sin2θw

Different renormalization 
scheme (MS scheme).

Moller experiment at JLAB       
(e-e- → e-e- ) and P2 experiment 
at Mainz (MESA,  e-p→ e-p): 
parity violating γZ interference 
produces LH/RH asymmetries 
also at very low Q2 → gA, gV,           
→ sin2θW

Theory

Atomic parity 
violation
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