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3. The LEP / SLC legacy 
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LEP 

• Conceived 1976: Burt Richter 
suggest a 200 GeV machine for 
electroweak physics  
– until then only studied with 

neutrinos and Ecm = 10-20 GeV 
• Planned 1979: John Adams at Les 

Houches 
• Approved 1982 
• First physics 1989 
• In the meantime:  

– 1978 approve SppS 
– 1981 have it built and 

commissioned 
– 1982 discover W and Z (1983) 
– but no new quarks and leptons 
– 1987 Tevatron started, 92 HERA
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multiperipheral models, Regge theory, the Veneziano model, etc., and had no time for

QFT, which seemed utterly irrelevant to strong coupling and was supposedly withering on

the vine. Quarks were widely regarded as epiphenomena rather than as the underlying

reality. All that changed with the J/ discovery in 1974!

The first mention of LEP (but not yet by name) was in a note by Burt Richter [1].

The note investigated a LEP-like machine (circumference ⇠ 43km, energy 2 ⇥ 100 GeV,
luminosity 1032, 8 interaction points) and found it probably feasible, noted that ‘PETRA &

PEP are primarily being built for the contributions they can make to our understanding of

hadrons and QED’, that Weak Interactions had been studied until then only with neutrino

beams with Ecms of at best 10–20 GeV, and that studying Weak Interactions properly

really needed Ecms ⇠ 200 GeV or more. This was because by then the point-like “Fermi”
cross-section would start to approach the unitarity limit, so something new had to happen:

maybe Weinberg-Salam’s Z0, maybe something else, but surely SOMETHING NEW!

LEP design and physics studies began immediately after that note appeared. The

idea was endorsed by the first physics studies report [2]. Design studies soon resulted

in a machine that was considered buildable [3]. The 1979 Les Houches Summer Study [4]

considered the physics case in more detail. This was built on detailed study of Z production

and decay, detailed study of WW production (to check the gauge theory cancellations),

and the Higgs search (all unique to LEP); and on searches for new leptons and quarks

(“supercharm”) and studies of 3/4/.. jet structures, scaling violations, etc in hadronic

events, extending the expected PETRA/PEP factor ⇠ 5 in Ecm by another factor ⇠ 5.
Glashow’s talk at Les Houches [4]

Figure 2: John Adams’ first LEP construction plan

is particularly interesting. He said

that ‘Since the low energy limit is

so well confirmed, few can doubt the

truth of the (now ‘Standard’) model’

but considered 4 possible scenarios:

(1) the 17 parameters scenario, ie

the Standard Model (SM), of which

he said: “it would be both arrogant

and unhistorical to believe that our

naive extrapolation from physics at

2 GeV to physics at 200 GeV is likely

to be correct in detail”, it was “merely

the simplest of many possibilities”,

it was even “the least probable”, but its truth or not “will be answered by LEP and only

by LEP”; (2) the scenario of bigger or smaller gauge groups than SU3⇥ SU2⇥U1, e.g.
the possibility of replacing Z exchange by exchange of pairs of heavy scalars (i.e. no Z!);

(3) the ‘many families’ scenario allowing “neutrino wipeout” (i.e. no visible Z!); and (4)

complete surprise, which he considered “the most likely” outcome. The report discussed

Technicolor, but had only half a sentence on SUSY (“new R-hadrons”).

– 2 –

Gargamelle



MC

e+e- Physics Felix Sefkow    10.-14. Oktober 2016 

Discovery of W and Z

• UA1 and UA2 experiments 
• Masses of 80 and 90 GeV 

– as predicted  
• Nobel Prize 1984
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Results form the SPS

UA1 UA2

W mass

Z mass
W width < 5.4 GeV equivalent

Z width

82.7±1.0±2.7 GeV 80.2 ±0.6±0.5±1.3

93.1±1.0±3.1 GeV 91.4±1.2±1.7

2.7±1.2±1.3 GeV 2.7±2.0±1.0 GeV
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LARGE Electron Positron Ring

5



MC

e+e- Physics Felix Sefkow    10.-14. Oktober 2016 

LARGE Electron Positron Ring
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• Accelerator physics very similar to PEP / PETRA / TRISTAN 
• The challenge was in civil engineering and logistics  

– 26,7 7km, 3368 dipoles, 816 quadrupoles, 500 sextuples and 700 
correction magnets, P  =  1/4 Geneva
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Optimising the circumference

• Energy loss due to synchrotron radiation  
– U = 4πremec2γ4 / 3R , R = 3096 m 
– Per turn:  

• 140 MeV at 47 GeV 
• 2.33 GeV at 95 GeV 

• Cost:  
– Tunnel, magnets, vacuum ~ L ~ R 
– RF system ~ U ~ γ4 / R 

• C ~ a ∙ R + b ∙ γ4 / R  
• dC / dR = a - b γ4 / R2 

• ⇒ R ~ γ2 ~ E2 , U ~ E2 , Cost ~ E2 

• Magnets: B ~ 1 / E  
– at LEP: 0.05 - 0.1 T 
– widely spaced iron lamination and 

concrete 
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LEP-Tunnel

Dipol-Magnets
(circular path)

Quadrupol-Magnets
(focussing)
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Super-conducting cavities

• RF cavity has a shunt impedance 
• Power = Pbeam + Pcavity =N∙e∙U / Δt + U2/ Rshunt , eU = ΔEsync.rad  
• At high E cavity losses dominate

7Particle Physics with Cosmic and with Terrestrial Particle Accelerators       TUM SS16    S.Bethke, F. Simon     V5: Standard Model Precision Measurements

LEP - superconducting accelerating cavities

6
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LEP parameters

• Collisions every … ?

8

Circumference ~27 km
Centre-of-mass energy 92.1 GeV(LEP1) to 209 GeV(LEP 2)

Accelerating gradient Up to 7 MV/m (SC cavities) 
Number of bunches 4 x 4
Current per bunch ~ 750 µA

Luminosity (at Z0) ~                            (~1 Z0/sec)
Luminosity (at LEP2) ~                            (3 WW/hour)
Interaction regions 4 (ALEPH,DELPHI,L3,OPAL)
Energy calibration < 1 MeV (at Z0)

Circumference ~27 km
Centre-of-mass energy 92.1 GeV(LEP1) to 209 GeV(LEP 2)

Accelerating gradient Up to 7 MV/m (SC cavities) 
Number of bunches 4 x 4
Current per bunch ~ 750 µA

Luminosity (at Z0) ~                            (~1 Z0/sec)
Luminosity (at LEP2) ~                            (3 WW/hour)
Interaction regions 4 (ALEPH,DELPHI,L3,OPAL)
Energy calibration < 1 MeV (at Z0)

12301024 −−× scm
12301050 −−× scm
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LEP running
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1990- 
1995

~91 GeV 
4 Million Z0’s

1995 Test phase for 
LEP2: 130 GeV

1996 161-172 GeV: 
WW-threshold

1997 183 GeV  
1000 W-pairs

1998 189 GeV      
2500 W-pairs

1999 192-200 GeV 
3000 W-pairs

2000 200-209 GeV 
3000 W-pairs
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Stanford Linear Collider SLC
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SLAC Linear Collider (SLC)

• e- up to 50 GeV; fixed-target program (until 1980’s) 
• e- and e+  for PEP-I storage rings (Ecm = 29 GeV; early 1980’s) 
• e- and e+  for SLC collider (Ecm = MZ  ~ 91 GeV; 1989 - 1999) 
• e- and e+  for PEP-II storage rings (Ecm ~10 GeV; 1999 - 2008)

SLC: 
– substantially smaller luminosities and data statistics than LEP (e-, e+ are not 
   recycled but are dumped after each collision) 
+ polarisation of e– beam up to 80% (polarised e- -source; conservation of polarisation 
    due to ~absence of synchrotron radiation)
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SLD at SLC

• SLC physics tarted 
with MARK-II in 1988 

• Replaced by SLD in 
1991

11
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Polarimetry at SLC

• At SLC, can chose electron polarisation 
• Polarised source, spin transport and rotation  
• Polarimeter: Compton scattering of circular polarised photons on 

longitudinally polarised electrons  
– cross section dependence on scattered photon energy depends on parallel or 

anti-parallel spin alignment  
– detect momentum-analysed lector s in multi-channel Cherenkov detector

12
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SLD

Mirror
Box

Mirror Box
(preserves circular

polarisation)

Focusing
and

Steering Lens

Analysing
Bend Magnet

Laser Beam
Analyser and Dump Compton

Back Scattered e–

532 nm
Frequency Doubled

YAG Laser

Circular Polariser

“Compton IP”

e–

e+

Cherenkov
Detector

Quartz  Fiber
Calorimeter

Polarised  Gamma
        Counter

Fig. 3.1. A conceptual diagram of the SLD Compton Polarimeter. The laser beam, consisting of 532 nm wavelength 8 ns pulses produced at 17 Hz
and a peak power of typically 25 MW, were circularly polarised and transported into collision with the electron beam at a crossing angle of 10 mrad
approximately 30 m from the IP. Following the laser/electron-beam collision, the electrons and Compton-scattered photons, which are strongly
boosted along the electron beam direction, continue downstream until analysing bend magnets deflect the Compton-scattered electrons into a
transversely-segmented Cherenkov detector. The photons continue undeflected and are detected by a gamma counter (PGC) and a calorimeter (QFC)
which are used to cross-check the polarimeter calibration.

responses ⟨N⟩ioff . The measured asymmetry is

Ai =
⟨N⟩i3/2 − ⟨N⟩i1/2

⟨N⟩i3/2 + ⟨N⟩i1/2 − 2⟨N⟩ioff
. (3.5)

The set of Ai are corrected for small effects due to electronics noise and detector non-linearity, as described below, and
the result can then be related to the known analysing powers ai and laser polarisation as

Ai
C = P!Pea

i , (3.6)

which can be solved for Pe.
Fig. 3.1 illustrates the essential features of the polarimeter setup: Frequency doubled Nd:YAG laser pulses were

circularly polarised by a linear polariser and a Pockels cell pair. The laser beam was transported to the SLC beamline
by four sets of phase-compensating mirror pairs and into the vacuum chamber through a reduced-strain quartz window.
About 30 m downstream from the IP, the laser beam was brought into nearly head-on collisions with the outgoing
electron beam at the Compton interaction point (CIP), and then left the beampipe through a second window to an
analysis station. The pair of Pockels cells on the optical bench allowed for full control of elliptical polarisation and
was used to automatically scan the laser beam polarisation at regular intervals in order to monitor, and maximise, laser
polarisation at the CIP. This procedure significantly improved the magnitude of the laser circular polarisation, and the
precision of its determination [89]. In colliding a ∼ 45 GeV electron beam with visible light, the scattered photons
are very strongly boosted along the electron beam direction and are essentially collinear with the Compton-scattered
electrons.8 Downstream from the CIP, a pair of bend magnets swept out the off-energy Compton-scattered electrons,
which passed through a thin window and out of the beamline vacuum into a nine-channel transversely segmented
gas Cherenkov detector, each channel covering 1 cm. By detecting the Compton-scattered electrons with a Cherenkov

8 Compton-scattered photons with energies in the range from the kinematically allowed maximum of 28 GeV down to 1 GeV are contained
within an angle of about 100 !rad with respect to the electron beam direction.

Integrate over 1000 scatters per laser pulse
Require highly linear detector
Cross-checks with calorimeter  and gamma counter

The ALEPH, DELPHI, L3, OPAL and SLD Collaborations / Physics Reports 427 (2006) 257 –454 311

Polarisation Ratio with Electronics Corrections

Background Signal  (Pedestal Subtracted)

Ratio Ch 71.005

0.995

1.000

0 200 400 600 800

Fig. 3.3. The linearity of channel 7 is shown for a wide range of detector background levels (expressed here in pedestal subtracted ADC counts).
Plotted on the vertical axis is the fully corrected polarisation result, normalised to the “zero background” case. The result here is seen to be constant
to within 0.2% over the full range. Running conditions varied widely, but on average were a total response of 500 counts, including 300 counts of
signal.

Fig. 3.4. The polarised gamma counter (PGC) and quartz fibre calorimeter (QFC) photon detector polarisation results (vertical axis) compared to
the primary electron detector polarimeter measurements (horizontal axis).

luminosity, produced signals over a wide dynamic range in each channel, which allowed for an effective linearity
measurement, as shown in Fig. 3.3 .

The “zero-backgrounds” condition was determined from polarisation measurements taken when the positron beam
was absent, as backgrounds were dominated by beam–beam interaction effects. Secondly, the electronic pickup effects
were conveniently studied using the occasional machine cycles without either the electron or positron beams. A number
of offline electronics tests and specialised test procedures during running, for example, photomultiplier tube voltage
scans, were also useful in establishing the size of systematic uncertainties.

Starting in 1996, two additional polarimeter detectors [92,93] that were sensitive to the Compton-scattered photons
and which were operated in the absence of positron beam, were used to verify the precision polarimeter calibration.
These two devices were of different design, one was a threshold-gas Cherenkov detector and the other was a quartz-
fibre calorimeter, with different systematic errors, and had in common with the primary electron polarimeter only the
instrumental errors due to the polarised laser. The cross-check provided by these photon detectors was used to establish
a calibration uncertainty of 0.4%, as shown in Fig. 3.4. The systematic errors due to polarimetry are summarised in
Table 3.1. During the period 1992–1998, this total fractional systematic error decreased from 2.7% to its final value
of 0.50%, with the most significant reductions coming from greatly improved understanding of the laser polarisation
and Cherenkov detector non-linearities. The final systematic error is dominated by the analysing power calibration
uncertainty discussed above.

The polarimeter result was corrected for higher order QED and accelerator-related effects by a total of (−0.22 ±
0.15)% for 1997–1998 data. The higher order QED offset was small and determined to be −0.1% [94]. The primary
accelerator-related effect arose from energy-to-polarisation correlations and energy-to-luminosity correlations that,
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LEP experiments
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LEP experiments
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ALEPH
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ALEPH TPC

• TPC: time projection 
chamber  
– “no" material 
– r = 1.8m, L = 4.4 m 
– 41’000 pads 
– up to 480 dE/dx 

measurements / track

15
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Silicon vertex detector

• Then brand-new 
technology 

• Added after first years 
of running to all the LEP 
detectors  

• ALEPH:  
– 100 µm strips 
– 12 µm resolution 

• Break-through in heavy-
flavour physics 
– lifetimes, oscillations, 

inclusive secondary 
vertex tags

16
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Physics Highlights

• Electro-weak precision studies at the Z 

• W boson physics  

• QCD and heavy flavours

18
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Cross sections at LEP
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Electro-weak physics 
at the Z resonance
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Electro-weak interactions

• Weak interaction couples to LH 
doublets of weak isospin I 

• Local SU(2) gauge invariance: 3 
gauge bosons  
– charged and neutral currents 

• Add neutral spin 1 field B 
• Coupling to hypercharge Y 

• γ and Z super-positions of W3 
and B 

• Weak mixing angle θW 

• Couplings related

21

From QED to QCD
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! Suppose there is another fundamental symmetry of the universe, say
“invariance under SU(3) local phase transformations”

• i.e. require invariance under 
are the eight 3x3 Gell-Mann matrices introduced in handout 7

where

are 8 functions taking different values at each point in space-time
8 spin-1 gauge bosons

wave function is now a vector in COLOUR SPACE

QCD !
! QCD is fully specified by require invariance under SU(3) local phase

transformations

Corresponds to rotating states in colour space about an axis 
whose direction is different at every space-time point

interaction vertex:

! Predicts 8 massless gauge bosons – the gluons (one for each        ) 
! Also predicts exact form for interactions between gluons, i.e. the  3 and 4 gluon 

vertices – the details are beyond the level of this course
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SU(2)L : The Weak Interaction
! The Weak Interaction arises from SU(2) local phase transformations

where the          are the generators of the SU(2) symmetry, i.e the three Pauli
spin matrices

! The wave-functions have two components which, in analogy with isospin,
are represented by “weak isospin”

! The fermions are placed in isospin doublets and the local phase transformation
corresponds to

3 Gauge Bosons

!Weak Interaction only couples to LH particles/RH anti-particles, hence only 
place LH particles/RH anti-particles in weak isospin doublets: 
RH particles/LH anti-particles placed in weak isospin singlets: 

Weak Isospin

Note: RH/LH refer to chiral states
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! For simplicity only consider
•The gauge symmetry specifies the form of the interaction: one term for each 

of the 3 generators of SU(2) – [note: here include interaction strength in current]

!The charged current W+/W- interaction enters as a linear combinations of W1, W2

! The W± interaction terms

! Express in terms of the weak isospin ladder operators

Origin of        in Weak CC

which can be understood in terms of the weak isospin doublet
Bars indicates
adjoint spinors

corresponds toW+
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! Similarly

corresponds toW-

!However have an additional interaction due to W3

expanding this:

NEUTRAL CURRENT INTERACTIONS !
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expanding this:
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W± = 1/√2 (W1 ± W2)
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! Similarly

corresponds toW-

!However have an additional interaction due to W3

expanding this:

NEUTRAL CURRENT INTERACTIONS !

neutral current

Electroweak Unification
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!Tempting to identify the           as the
!However this is not the case, have two physical neutral spin-1 gauge bosons,

and the          is a mixture of the two,
! Equivalently write the photon and in terms of the and a new neutral

spin-1 boson the

is the weak 
mixing angle

!The physical bosons (the        and photon field,     ) are:

!The new boson is associated with a new gauge symmetry similar to that
of electromagnetism : U(1)Y

!The charge of this symmetry is called WEAK HYPERCHARGE
Q is the EM charge of a particle
IW is the third comp. of weak isospin

•By convention the coupling to the B! is

(this identification of hypercharge in terms of Q and I3 makes all of the following work out)

3
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! For this to work the coupling constants of the W3, B, and photon must be related
e.g. consider contributions involving the neutral interactions of electrons:

"
W3

B

! The relation is equivalent to requiring 

•Writing this in full:

which works if: (i.e. equate coefficients of L and R terms)

! Couplings of electromagnetism, the weak interaction and the interaction of the
U(1)Y symmetry are therefore related. 

Hypercharge Y = 2Q - 2I3 

From QED to QCD
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and the          is a mixture of the two,
! Equivalently write the photon and in terms of the and a new neutral

spin-1 boson the

is the weak 
mixing angle

!The physical bosons (the        and photon field,     ) are:

!The new boson is associated with a new gauge symmetry similar to that
of electromagnetism : U(1)Y

!The charge of this symmetry is called WEAK HYPERCHARGE
Q is the EM charge of a particle
IW is the third comp. of weak isospin

•By convention the coupling to the B! is

(this identification of hypercharge in terms of Q and I3 makes all of the following work out)

3
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! For this to work the coupling constants of the W3, B, and photon must be related
e.g. consider contributions involving the neutral interactions of electrons:

"
W3

B

! The relation is equivalent to requiring 

•Writing this in full:

which works if: (i.e. equate coefficients of L and R terms)

! Couplings of electromagnetism, the weak interaction and the interaction of the
U(1)Y symmetry are therefore related. 
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The Z Boson
!In this model we can now derive the couplings of the Z Boson 

•Writing this in terms of weak isospin and charge: 

for the electron 

For RH chiral states I3=0

•Gathering up the terms for LH and RH chiral states:

•Using:                  gives

with i.e.
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! Unlike for the Charged Current Weak interaction (W) the Z Boson couples
to both LH and RH chiral components, but not equally…

! Use projection operators to obtain vector and axial vector couplings

B! part of Z couples equally to 
LH and RH components

W" part of Z couples only to 
LH components (like W±)
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• Width 
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! Unlike for the Charged Current Weak interaction (W) the Z Boson couples
to both LH and RH chiral components, but not equally…

! Use projection operators to obtain vector and axial vector couplings

B! part of Z couples equally to 
LH and RH components

W" part of Z couples only to 
LH components (like W±)

cV = cL + cR  = I3 - 2 Q sin2 θW    

cA = cL — cR  = I3    
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! In terms of left and right-handed combinations need to calculate:

! For unpolarized Z bosons: (Question 26)

average over polarization

and! Using

Z Branching Ratios (Question 27)

Prof. M.A. Thomson Michaelmas 2009 474

! (Neglecting fermion masses) obtain the same expression for the other decays

•Using values for cV and cA on page 471 obtain:

•The Z Boson therefore predominantly decays to hadrons
Mainly due to factor 3 from colour

•Also predict total decay rate (total width)

Experiment:
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c2V + c2A 
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0.29
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and! Using
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! (Neglecting fermion masses) obtain the same expression for the other decays

•Using values for cV and cA on page 471 obtain:

•The Z Boson therefore predominantly decays to hadrons
Mainly due to factor 3 from colour

•Also predict total decay rate (total width)

Experiment:

c2V + c2A 
0.50
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0.29
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BR

6.9%
3.5%

12%
15%
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The art of precision physics at ALEPH and BABAR
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Z branching ratios 
• Classify events and count them  
• Normalise to luminosity 

– Bhabha events  
– only QED, exact 
– but experimentally non-trivial ? 

• Or to each other 
– cancel systematics

29

Cross Section Measurements
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! At Z resonance mainly observe four types of event:

! Each has a distinct topology in the detectors, e.g.

! To work out cross sections, first count events of each type
! Then need to know  “integrated luminosity” of colliding beams, i.e. the 

relation between cross-section and expected number of interactions

Prof. M.A. Thomson Michaelmas 2009 501

! To calculate the integrated luminosity need to know numbers of electrons and
positrons in the colliding beams and the exact beam profile

- very difficult  to achieve with precision of better than 10%
! Instead “normalise” using another type of event:

" Use the QED Bhabha scattering process
" QED, so cross section can be calculated very precisely
" Very large cross section – small statistical errors
" Reaction is very forward peaked – i.e. the 

electron tends not to get deflected much 

Photon propagator e.g. see handout 5

" Count events where the electron is scattered in the very forward direction
known from QED calc. 

! Hence all other cross sections can be expressed as

Cross section measurements
Involve just event counting !
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! To calculate the integrated luminosity need to know numbers of electrons and
positrons in the colliding beams and the exact beam profile

- very difficult  to achieve with precision of better than 10%
! Instead “normalise” using another type of event:

" Use the QED Bhabha scattering process
" QED, so cross section can be calculated very precisely
" Very large cross section – small statistical errors
" Reaction is very forward peaked – i.e. the 

electron tends not to get deflected much 

Photon propagator e.g. see handout 5

" Count events where the electron is scattered in the very forward direction
known from QED calc. 

! Hence all other cross sections can be expressed as

Cross section measurements
Involve just event counting !Masses of top and Higgs 

enter through radiative 
corrections, e.g. virtual loops

~ 1 / sin4 θ/2

ALEPH
SiW calo
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Counting neutrinos

• prefers N = 3, but… 
• smarter way: 

30

√s = 2 Ebeam - Eγ
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Counting neutrinos

• prefers N = 3, but… 
• smarter way: 
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√s = 2 Ebeam - Eγ

famitot ee qq liesNµµ τ νντΓ = Γ +Γ +Γ + ΓΓ +
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The Z resonance

• Z cross-section: 

• Recall:  

• Partial width: 

• Relation:  

• For any fermion pair:  

• At the peak:  

• Full width half maximum FWHM: ΓZ  = 1 / τZ 
31
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!Hence the complete expression for the unpolarized differential cross section is:

! Integrating over solid angle 

and

! Note: the total cross section is proportional to the sums of the squares of the
vector- and axial-vector couplings of the initial and final state fermions   

Connection to the Breit-Wigner Formula
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! Can write the total cross section 

in terms of the Z boson decay rates (partial widths) from page 473 (question 26)

and

!Writing the partial widths as                                  etc., the total cross section
can be written

(2)

where f is the final state fermion flavour: 

(The relation to the non-relativistic form of the part II course is given in the appendix)
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Measurements of the Z Line-shape
! Measurements of the Z resonance lineshape determine:

" : peak of the resonance
" : FWHM of resonance
" : Partial decay widths
" : Number of light neutrino generations

! Measure cross sections to different final states versus  C.o.M. energy 

! Starting from 

maximum cross section occurs at                       with peak cross section equal to 

! Cross section falls to half peak value at                     which can be seen
immediately from eqn. (3)

(3)

! Hence  
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! In practise, it is not that simple, QED corrections distort the measured line-shape
! One particularly important correction: initial state radiation (ISR) 

! Initial state radiation reduces the centre-of-mass energy of the e+e- collision

becomes

! Measured cross section can be written:

Probability of e+e- colliding with C.o.M. energy 
E when C.o.M energy before radiation is E

! Fortunately can calculate                  very
precisely, just QED, and can then obtain 
Z line-shape from measured cross section 

Physics Reports, 427 (2006) 257-454
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this gives the full perturbation expansion in  
and then square 

• For QED                           the lowest order diagram dominates and 
for most purposes it is sufficient to neglect higher order diagrams. 

! Calculate decay rate/cross section using formulae from handout 1.
•e.g. for a decay

•For scattering in the centre-of-mass frame

e– !–

e+ !"
#

e– !–

e+ !"#

(1)

•For scattering in lab. frame (neglecting mass of scattered particle)
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Electron Positron Annihilation

e– e+

!"

!–e+e–! !+!–"Consider the process:
•Work in C.o.M. frame (this is appropriate
for most e+e– colliders).

•Only consider the lowest order Feynman diagram:

e– !–

e+ !"#
# Feynman rules give:

NOTE: •Incoming anti-particle  
•Incoming particle 
•Adjoint spinor written first 

•In the C.o.M. frame have

with
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! Applying the QED results to the Z exchange with   

-1 +1cos!

e–
e+

"#

"–MRR

gives:
where

! As before, the angular dependence of the matrix elements can be understood
in terms of the spins of the incoming and outgoing particles e.g.  

The Breit-Wigner Resonance
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! Need to consider carefully the propagator term                 which 
diverges when the C.o.M. energy is equal to the rest mass of the Z boson

! To do this need to account for the fact that the Z boson is an unstable particle
•For a stable particle at rest the time development of the wave-function is:

•For an unstable particle this must be modified to

so that the particle probability decays away exponentially 
with

•Equivalent to making the replacement 

!In the Z boson propagator make the substitution:

!Which gives:

where it has been assumed that 
!Which gives 
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Total cross section
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Z line shape analysis
• In practice, radiative corrections are 

important 
– and for electrons: t channel  

• Assuming lepton universality: 
• ΓZ = 3 Γlepton + Γhadrons + Nν Γνν 

• Γlepton, Γhadrons  from σ0, Γνν calc. 

• Nν = 2.9840 ± 0.0082

33
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Fig. 1.12. Average over measurements of the hadronic cross-sections (left) and of the muon forward–backward asymmetry (right) by the four
experiments, as a function of centre-of-mass energy. The full line represents the results of model-independent fits to the measurements, as outlined
in Section 1.5. Correcting for QED photonic effects yields the dashed curves, which define the Z parameters described in the text.

corrections only affect final states containing quarks. To first order in !S for massless quarks, the QCD corrections are
flavour independent and the same for vector and axial-vector contributions:

RA,QCD = RV,QCD = RQCD = 1 + !S(m2
Z)

"
+ · · · . (1.38)

The hadronic partial width therefore depends strongly on !S. The final state QED correction is formally similar, but
much smaller due to the smaller size of the electromagnetic coupling:

RA,QED = RV,QED = RQED = 1 + 3
4
Q2

f
!(m2

Z)

"
+ · · · . (1.39)

The total cross-section arising from the cos#-symmetric Z production term can also be written in terms of the partial
decay widths of the initial and final states, $ee and $ff ,

%Z
ff

= %peak
ff

s$2
Z

(s − m2
Z)2 + s2$2

Z/m2
Z

, (1.40)

where

%peak
ff

= 1
RQED

%0
ff

(1.41)

and

%0
ff

= 12"

m2
Z

$ee$ff

$2
Z

. (1.42)

The term 1/RQED removes the final state QED correction included in the definition of $ee.
The overall hadronic cross-section is parametrised in terms of the hadronic width given by the sum over all quark

final states,

$had =
∑

q ̸=t

$qq. (1.43)

N < 5.9 
before LEP
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Fig. 1.13. Measurements of the hadron production cross-section around the Z resonance. The curves indicate the predicted cross-section for two,
three and four neutrino species with SM couplings and negligible mass.

Assuming that the only invisible Z decays are to neutrinos coupling according to SM expectations, the number of
light neutrino generations, N!, can then be determined by comparing the measured R0

inv with the SM prediction for
"!!/"ℓℓ:

R0
inv = N!

(
"!!

"ℓℓ

)

SM
. (1.50)

The strong dependence of the hadronic peak cross-section on N! is illustrated in Fig. 1.13. The precision ultimately
achieved in these measurements allows tight limits to be placed on the possible contribution of any invisible Z decays
originating from sources other than the three known light neutrino species.

1.5.3. Asymmetry and polarisation
Additional observables are introduced to describe the cos # dependent terms in Eq. (1.34) as well as effects related

to the helicities of the fermions in either the initial or final state. These observables quantify the parity violation of
the neutral current, and therefore differentiate the vector- and axial-vector couplings of the Z. Their measurement
determines sin2 #f

eff .
Since the right- and left-handed couplings of the Z to fermions are unequal, Z bosons can be expected to exhibit a net

polarisation along the beam axis even when the colliding electrons and positrons which produce them are unpolarised.
Similarly, when such a polarised Z decays, parity non-conservation implies not only that the resulting fermions will
have net helicity, but that their angular distribution will also be forward–backward asymmetric.

When measuring the properties of the Z boson, the energy-dependent interference between the Z and the purely
vector coupling of the photon must also be taken into account. This interference leads to an additional asymmetry
component which changes sign across the Z-pole.

Considering the Z exchange diagrams and real couplings only,2 to simplify the discussion, the differential cross-
sections specific to each initial- and final-state fermion helicity are:

d$Ll

dcos#
∝ g2

Leg
2
Lf(1 + cos#)2, (1.51)

d$Rr

dcos#
∝ g2

Reg
2
Rf(1 + cos#)2, (1.52)

2 As in the previous section, the effects of radiative corrections, and mass effects, including the imaginary parts of couplings, are taken into
account in the analysis. They, as well as the small differences between helicity and chirality, are neglected here to allow a clearer view of the helicity
structure. It is likewise assumed that the magnitude of the beam polarisation is equal in the two helicity states.
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Z line shape analysis
• In practice, radiative corrections are 

important 
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experiments, as a function of centre-of-mass energy. The full line represents the results of model-independent fits to the measurements, as outlined
in Section 1.5. Correcting for QED photonic effects yields the dashed curves, which define the Z parameters described in the text.

corrections only affect final states containing quarks. To first order in !S for massless quarks, the QCD corrections are
flavour independent and the same for vector and axial-vector contributions:

RA,QCD = RV,QCD = RQCD = 1 + !S(m2
Z)

"
+ · · · . (1.38)

The hadronic partial width therefore depends strongly on !S. The final state QED correction is formally similar, but
much smaller due to the smaller size of the electromagnetic coupling:

RA,QED = RV,QED = RQED = 1 + 3
4
Q2

f
!(m2

Z)

"
+ · · · . (1.39)

The total cross-section arising from the cos#-symmetric Z production term can also be written in terms of the partial
decay widths of the initial and final states, $ee and $ff ,

%Z
ff

= %peak
ff

s$2
Z

(s − m2
Z)2 + s2$2

Z/m2
Z

, (1.40)

where

%peak
ff

= 1
RQED

%0
ff

(1.41)

and

%0
ff

= 12"

m2
Z

$ee$ff

$2
Z

. (1.42)

The term 1/RQED removes the final state QED correction included in the definition of $ee.
The overall hadronic cross-section is parametrised in terms of the hadronic width given by the sum over all quark

final states,

$had =
∑

q ̸=t

$qq. (1.43)
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Fig. 1.13. Measurements of the hadron production cross-section around the Z resonance. The curves indicate the predicted cross-section for two,
three and four neutrino species with SM couplings and negligible mass.

Assuming that the only invisible Z decays are to neutrinos coupling according to SM expectations, the number of
light neutrino generations, N!, can then be determined by comparing the measured R0

inv with the SM prediction for
"!!/"ℓℓ:

R0
inv = N!

(
"!!

"ℓℓ

)

SM
. (1.50)

The strong dependence of the hadronic peak cross-section on N! is illustrated in Fig. 1.13. The precision ultimately
achieved in these measurements allows tight limits to be placed on the possible contribution of any invisible Z decays
originating from sources other than the three known light neutrino species.

1.5.3. Asymmetry and polarisation
Additional observables are introduced to describe the cos # dependent terms in Eq. (1.34) as well as effects related

to the helicities of the fermions in either the initial or final state. These observables quantify the parity violation of
the neutral current, and therefore differentiate the vector- and axial-vector couplings of the Z. Their measurement
determines sin2 #f

eff .
Since the right- and left-handed couplings of the Z to fermions are unequal, Z bosons can be expected to exhibit a net

polarisation along the beam axis even when the colliding electrons and positrons which produce them are unpolarised.
Similarly, when such a polarised Z decays, parity non-conservation implies not only that the resulting fermions will
have net helicity, but that their angular distribution will also be forward–backward asymmetric.

When measuring the properties of the Z boson, the energy-dependent interference between the Z and the purely
vector coupling of the photon must also be taken into account. This interference leads to an additional asymmetry
component which changes sign across the Z-pole.

Considering the Z exchange diagrams and real couplings only,2 to simplify the discussion, the differential cross-
sections specific to each initial- and final-state fermion helicity are:

d$Ll

dcos#
∝ g2

Leg
2
Lf(1 + cos#)2, (1.51)

d$Rr

dcos#
∝ g2

Reg
2
Rf(1 + cos#)2, (1.52)

2 As in the previous section, the effects of radiative corrections, and mass effects, including the imaginary parts of couplings, are taken into
account in the analysis. They, as well as the small differences between helicity and chirality, are neglected here to allow a clearer view of the helicity
structure. It is likewise assumed that the magnitude of the beam polarisation is equal in the two helicity states.
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Fig. 2.4. The energy dependence and the contributions from the s- and t-channel diagrams and from the s–t interference for observables in the e+e−
channel. Shown are the total cross-section (left) and the difference between the forward and backward cross-sections after normalisation to the total
cross-section (right). The data points measured by the L3 collaboration refer to an angular acceptance of | cos !| < 0.72, an acollinearity "< 25◦
and a minimum energy of Ee± > 1 GeV. The lines represent the model-independent fit to all L3 data.

electron, AFB = (NF − NB)/(NF + NB). This definition of AFB depends implicitly on the acceptance cuts ap-
plied on the production polar angle, cos !, of the leptons. The measurements of AFB(ℓ+ℓ−) require the determi-
nation of cos ! and the separation of leptons and anti-leptons based on their electric charges, which are determined
from the curvature of the tracks in the magnetic fields of the central detectors. For #+#− and $+$− final states,
AFB is actually determined from un-binned maximum-likelihood fits to the differential cross-section distributions
of the form d%/dcos! ∝ 1 + cos2 ! + 8/3 · AFB cos !. This procedure makes better use of the available informa-
tion and hence leads to slightly smaller statistical errors. Determined this way the AFB measurements are insensitive
to any distortions of the detection efficiency as long as these are not at the same time asymmetric in charge and
asymmetric in cos !. Examples of the measured angular distributions for the e+e− and #+#− final states are shown
in Fig. 2.5.

The shape of the differential cross-section in the electron final state is more complex due to contributions from the
t-channel and the s–t-interference, which lead to a large number of events in which the electron is scattered in the
forward direction. A maximum-likelihood fit to obtain AFB(e+e−) may be performed after subtracting the t and s–t

contributions, but usually the asymmetry is determined from the efficiency-corrected numbers of events with forward
and backward-going electrons.

The energy dependence of the forward–backward asymmetry in the #+#− final state is shown in the lower plot
of Fig. 1.12 above. The forward–backward asymmetry as a function of centre-of-mass energy in the e+e− final state
including the t and the s–t contributions is illustrated in the right-hand plot of Fig. 2.4.

2.2.4. Experimental systematic errors
In general, the systematic errors arising from the selection procedures are small and so the accumulated statistics

can be fully exploited. Furthermore, the purely experimental errors arising from the limited understanding of detector
acceptances are uncorrelated among the experiments. An overview of the experimental systematic errors is given in
Table 2.2. Statistical errors per experiment on the cross-sections are only around 0.5 per-mille in the hadronic channel
and around 2.5 per-mille in each of the three-lepton channels. Statistical errors from the number of small-angle Bhabha
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Fig. 2.9. Measurements of mZ, !Z, "0
had, R0

ℓ and A
0,ℓ
FB . The averages indicated were obtained using the common errors and combination method

discussed in the text. The values of #2 per degree of freedom were calculated considering error correlations between measurements of the same
parameter, but not error correlations between different parameters.

to a shift, which is driven by the (statistical) difference between R0
e and R0

ℓ and A0,e
FB and A0,ℓ

FB . Similarly, replacing R0
e

and A0,e
FB from the values of a single experiment by the LEP average introduces a shift in mZ in the presence of these

particular correlation coefficients. Such a shift should be smaller when averaged over the four experiments, and indeed
this is observed with the average of the shifts being only −0.2 MeV.

2.4. Common uncertainties

Important common errors among the results from all LEP experiments arise from several sources. These include the
calibration of the beam energy, the theoretical error on the calculation of the small-angle Bhabha cross-section used as the
normalisation reaction, the theoretical uncertainties in the t-channel and s–t interference contribution to the differential
large-angle Bhabha cross-section, the theoretical uncertainties in the calculations of QED radiative effects and, finally,
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Fig. 1.12. Average over measurements of the hadronic cross-sections (left) and of the muon forward–backward asymmetry (right) by the four
experiments, as a function of centre-of-mass energy. The full line represents the results of model-independent fits to the measurements, as outlined
in Section 1.5. Correcting for QED photonic effects yields the dashed curves, which define the Z parameters described in the text.

corrections only affect final states containing quarks. To first order in !S for massless quarks, the QCD corrections are
flavour independent and the same for vector and axial-vector contributions:

RA,QCD = RV,QCD = RQCD = 1 + !S(m2
Z)

"
+ · · · . (1.38)

The hadronic partial width therefore depends strongly on !S. The final state QED correction is formally similar, but
much smaller due to the smaller size of the electromagnetic coupling:

RA,QED = RV,QED = RQED = 1 + 3
4
Q2

f
!(m2

Z)

"
+ · · · . (1.39)

The total cross-section arising from the cos#-symmetric Z production term can also be written in terms of the partial
decay widths of the initial and final states, $ee and $ff ,

%Z
ff

= %peak
ff

s$2
Z

(s − m2
Z)2 + s2$2

Z/m2
Z

, (1.40)

where

%peak
ff

= 1
RQED

%0
ff

(1.41)

and

%0
ff

= 12"

m2
Z

$ee$ff

$2
Z

. (1.42)

The term 1/RQED removes the final state QED correction included in the definition of $ee.
The overall hadronic cross-section is parametrised in terms of the hadronic width given by the sum over all quark

final states,

$had =
∑

q ̸=t

$qq. (1.43)
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to a shift, which is driven by the (statistical) difference between R0
e and R0

ℓ and A0,e
FB and A0,ℓ

FB . Similarly, replacing R0
e

and A0,e
FB from the values of a single experiment by the LEP average introduces a shift in mZ in the presence of these

particular correlation coefficients. Such a shift should be smaller when averaged over the four experiments, and indeed
this is observed with the average of the shifts being only −0.2 MeV.

2.4. Common uncertainties

Important common errors among the results from all LEP experiments arise from several sources. These include the
calibration of the beam energy, the theoretical error on the calculation of the small-angle Bhabha cross-section used as the
normalisation reaction, the theoretical uncertainties in the t-channel and s–t interference contribution to the differential
large-angle Bhabha cross-section, the theoretical uncertainties in the calculations of QED radiative effects and, finally,
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Fig. 1.12. Average over measurements of the hadronic cross-sections (left) and of the muon forward–backward asymmetry (right) by the four
experiments, as a function of centre-of-mass energy. The full line represents the results of model-independent fits to the measurements, as outlined
in Section 1.5. Correcting for QED photonic effects yields the dashed curves, which define the Z parameters described in the text.

corrections only affect final states containing quarks. To first order in !S for massless quarks, the QCD corrections are
flavour independent and the same for vector and axial-vector contributions:

RA,QCD = RV,QCD = RQCD = 1 + !S(m2
Z)

"
+ · · · . (1.38)

The hadronic partial width therefore depends strongly on !S. The final state QED correction is formally similar, but
much smaller due to the smaller size of the electromagnetic coupling:

RA,QED = RV,QED = RQED = 1 + 3
4
Q2

f
!(m2

Z)

"
+ · · · . (1.39)

The total cross-section arising from the cos#-symmetric Z production term can also be written in terms of the partial
decay widths of the initial and final states, $ee and $ff ,

%Z
ff

= %peak
ff

s$2
Z

(s − m2
Z)2 + s2$2

Z/m2
Z

, (1.40)

where

%peak
ff

= 1
RQED

%0
ff

(1.41)

and

%0
ff

= 12"

m2
Z

$ee$ff

$2
Z

. (1.42)

The term 1/RQED removes the final state QED correction included in the definition of $ee.
The overall hadronic cross-section is parametrised in terms of the hadronic width given by the sum over all quark

final states,

$had =
∑

q ̸=t

$qq. (1.43)
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Fig. 2.6. Measurement of the width of the artificially excited spin resonance which is used for the energy calibration of LEP (from Ref. [54]). The
drop in the observed polarisation level is shown as a function of the “fractional spin tune”, i.e. the spin tune ! minus its integer part of 101.

ultra-relativistic electrons and positrons circulate synchronously with the frequency of the accelerating radio frequency
cavities with a speed which is constant to a very high level of precision, the path length per revolution remains
constant. Movements of the LEP equipment, caused by geological deformations of the LEP tunnel, therefore brought
the beam orbit away from the central position, where the beam particles now sensed the extra magnetic fields of the
quadrupoles. As a consequence, the bending field became different, and the particle energies changed accordingly
through changes of their phases relative to the radio frequency clock. Among the identified origins of such movements
of the LEP equipment relative to the beam orbit were tidal effects from the Sun and the Moon, the water level in
Lake Geneva and rainfall in the Jura Mountains. These could all be tracked by frequent and precise measurements
of the beam orbit position inside the LEP beam pipe. An energy model was developed that was able to predict the
beam energy at any given time. The quality of this model and remaining uncertainties can be estimated by comparing
the energy predicted by the model with the precise energy determinations by resonant depolarisation, as is shown
in Fig. 2.7.

In order to obtain the energy of the particles colliding at an interaction point (“IP”), additional effects have to be
considered. Fig. 2.8 shows the variations of the beam energy of electrons and positrons as they travel round the ring
and the large energy corrections at the interaction points. Precise knowledge of all relevant parameters of the radio
frequency system at any time is mandatory for the reliable calculation of these corrections in a detailed “RF model”.
Frequent measurements of the synchrotron tune and of beam orbit positions as well as measurements of the position
of the collision vertex performed by the experiments and comparisons of these measurements with predictions from
the RF model were essential to ensure the internal consistency of all the input parameters and to keep systematic
errors small. If the bunches in a collider do not precisely collide head-on at an IP, a possible energy-dependence of the
distribution of particle positions in a bunch, so-called “dispersion effects”, may lead to shifts in the average collision
energy. Due to the operation of LEP in bunch train mode in 1995, unlike-sign dispersion of the colliding electron and
positron bunches in the vertical direction was present, which would have led to significant energy displacements of
about 2 MeV for collision offsets of one !m between the bunches. Such collision offsets therefore had to be minimised
during data-taking, which was achieved by small vertical movements of the beams and adjusting them such that the
luminosity was maximised.

For each experiment a value of the beam energy was provided every 15 min. Errors on the centre-of-mass energy
are largely dominated by the uncertainties in the energy model mentioned above. A summary of the typical size of the
main effects and of their contributions to the error is shown in Table 2.3.

The energy errors vary slightly among the interaction points, mainly due to different configurations of the radio
frequency cavities. The energy errors for different experiments and data taking periods have large common parts, and
therefore the use of a full correlation matrix is necessary.Assuming that all experiments contribute with the same weight
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•Assuming that the incoming electrons and positrons are unpolarized, all 4 
possible initial helicity states are equally likely.  

Differential Cross Section

Prof. M.A. Thomson Michaelmas 2011 136
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•The cross section is obtained by averaging over the initial spin states 
and summing over the final spin states:

Example: Mark II Expt., M.E.Levi et al., 
Phys Rev Lett 51 (1983) 1941

pure QED,  O($3)
QED  plus  Z 
contribution

Angular distribution becomes 
slightly asymmetric in higher 
order QED or when Z 
contribution is included



MC

e+e- Physics Felix Sefkow    10.-14. Oktober 2016 

Differential cross section

• Recall QED case 
• Now replace e with c and 

introduce propagator  
• Since RH and LH couplings are 

different, the cos θ term does not 
drop out anymore  

• Asymmetry 

• AFB = 3/8 B/A = 3/4 AeAµ 

• cV / cA  = 1 - 4 |Q| sin2 θW  

• Asymmetries measure weak 
couplings and Weinberg angle 

• All depend on Ae 

• Use Ae
FB  = 3/4 A2

e or ALR

38

Prof. M.A. Thomson Michaelmas 2011 135

Similarly

-1 +1cos!

e–
e+

"#

"–MRR

-1 +1cos!

e–
e+

"#

"–MLR

-1 +1cos!

e–
e+

"#

"–MRL

-1 +1cos!

e–
e+

"#

"–MLL

•Assuming that the incoming electrons and positrons are unpolarized, all 4 
possible initial helicity states are equally likely.  

Differential Cross Section

Prof. M.A. Thomson Michaelmas 2011 136

-1 +1cos!
e+e–! "+"–

•The cross section is obtained by averaging over the initial spin states 
and summing over the final spin states:

Example: Mark II Expt., M.E.Levi et al., 
Phys Rev Lett 51 (1983) 1941

pure QED,  O($3)
QED  plus  Z 
contribution

Angular distribution becomes 
slightly asymmetric in higher 
order QED or when Z 
contribution is included



MC

e+e- Physics Felix Sefkow    10.-14. Oktober 2016 

Differential cross section

• Recall QED case 
• Now replace e with c and 

introduce propagator  
• Since RH and LH couplings are 

different, the cos θ term does not 
drop out anymore  

• Asymmetry 

• AFB = 3/8 B/A = 3/4 AeAµ 

• cV / cA  = 1 - 4 |Q| sin2 θW  

• Asymmetries measure weak 
couplings and Weinberg angle 

• All depend on Ae 

• Use Ae
FB  = 3/4 A2

e or ALR

38

FB



MC

e+e- Physics Felix Sefkow    10.-14. Oktober 2016 

Differential cross section

• Recall QED case 
• Now replace e with c and 

introduce propagator  
• Since RH and LH couplings are 

different, the cos θ term does not 
drop out anymore  

• Asymmetry 

• AFB = 3/8 B/A = 3/4 AeAµ 

• cV / cA  = 1 - 4 |Q| sin2 θW  

• Asymmetries measure weak 
couplings and Weinberg angle 

• All depend on Ae 

• Use Ae
FB  = 3/4 A2

e or ALR

38

FB



MC

e+e- Physics Felix Sefkow    10.-14. Oktober 2016 

Differential cross section

• Recall QED case 
• Now replace e with c and 

introduce propagator  
• Since RH and LH couplings are 

different, the cos θ term does not 
drop out anymore  

• Asymmetry 

• AFB = 3/8 B/A = 3/4 AeAµ 

• cV / cA  = 1 - 4 |Q| sin2 θW  

• Asymmetries measure weak 
couplings and Weinberg angle 

• All depend on Ae 

• Use Ae
FB  = 3/4 A2

e or ALR

38

FB



MC

e+e- Physics Felix Sefkow    10.-14. Oktober 2016 

Differential cross section

• Recall QED case 
• Now replace e with c and 

introduce propagator  
• Since RH and LH couplings are 

different, the cos θ term does not 
drop out anymore  

• Asymmetry 

• AFB = 3/8 B/A = 3/4 AeAµ 

• cV / cA  = 1 - 4 |Q| sin2 θW  

• Asymmetries measure weak 
couplings and Weinberg angle 

• All depend on Ae 

• Use Ae
FB  = 3/4 A2

e or ALR

38

FB



MC

e+e- Physics Felix Sefkow    10.-14. Oktober 2016 

Differential cross section

• Recall QED case 
• Now replace e with c and 

introduce propagator  
• Since RH and LH couplings are 

different, the cos θ term does not 
drop out anymore  

• Asymmetry 

• AFB = 3/8 B/A = 3/4 AeAµ 

• cV / cA  = 1 - 4 |Q| sin2 θW  

• Asymmetries measure weak 
couplings and Weinberg angle 

• All depend on Ae 

• Use Ae
FB  = 3/4 A2

e or ALR

38

FB



MC

e+e- Physics Felix Sefkow    10.-14. Oktober 2016 

Forward backward asymmetries
• For data above and below Z peak 

interference with γ change enhances 
AFB 

• Need to account for QED here, too 
– and t channel interference for ee 

• Off-peak runs enhance EW sensitivity, 
but less statistics or everyone else 

• Running strategy not trivial

39

290 The ALEPH, DELPHI, L3, OPAL and SLD Collaborations / Physics Reports 427 (2006) 257 – 454

cos θ

d
σ 

/ d
 c

os
 θ

[n
b]

e+e− → e+e−(γ)

peak−2

peak

peak+2

0

0.5

1

-1 -0.5 0 0.5 1

L3

Fig. 2.5. Distribution of the production polar angle, cos !, for e+e− and "+"− events at the three principal energies during the years 1993–1995,
measured in the L3 (left) and DELPHI (right) detectors, respectively. The curves show the SM prediction from ALIBABA [52] for e+e− and a fit
to the data for "+"− assuming the parabolic form of the differential cross-section given in the text.

Table 2.2
Experimental systematic errors for the analyses at the Z peak

ALEPH DELPHI

1993 1994 1995 1993 1994 1995

Lexp 0.067% 0.073% 0.080% 0.24% 0.09% 0.09%

#had 0.069% 0.072% 0.073% 0.10% 0.11% 0.10%
#e 0.15% 0.13% 0.15% 0.46% 0.52% 0.52%
#" 0.11% 0.09% 0.11% 0.28% 0.26% 0.28%
#$ 0.26% 0.18% 0.25% 0.60% 0.60% 0.60%

Ae
FB 0.0006 0.0006 0.0006 0.0026 0.0021 0.0020

A
"
FB 0.0005 0.0005 0.0005 0.0009 0.0005 0.0010

A$
FB 0.0009 0.0007 0.0009 0.0020 0.0020 0.0020

L3 OPAL

1993 1994 1995 1993 1994 1995

Lexp 0.086% 0.064% 0.068% 0.033% 0.033% 0.034%

#had 0.042% 0.041% 0.042% 0.073% 0.073% 0.085%
#e 0.24% 0.17% 0.28% 0.17% 0.14% 0.16%
#" 0.32% 0.31% 0.40% 0.16% 0.10% 0.12%
#$ 0.68% 0.65% 0.76% 0.49% 0.42% 0.48%

Ae
FB 0.0025 0.0025 0.0025 0.001 0.001 0.001

A
"
FB 0.0008 0.0008 0.0015 0.0007 0.0004 0.0009

A$
FB 0.0032 0.0032 0.0032 0.0012 0.0012 0.0012

The errors are relative for the cross-sections and absolute for the forward–backward asymmetries. None of the common errors discussed in
Section 2.4 are included here.
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Fig. 1.12. Average over measurements of the hadronic cross-sections (left) and of the muon forward–backward asymmetry (right) by the four
experiments, as a function of centre-of-mass energy. The full line represents the results of model-independent fits to the measurements, as outlined
in Section 1.5. Correcting for QED photonic effects yields the dashed curves, which define the Z parameters described in the text.

corrections only affect final states containing quarks. To first order in !S for massless quarks, the QCD corrections are
flavour independent and the same for vector and axial-vector contributions:

RA,QCD = RV,QCD = RQCD = 1 + !S(m2
Z)

"
+ · · · . (1.38)

The hadronic partial width therefore depends strongly on !S. The final state QED correction is formally similar, but
much smaller due to the smaller size of the electromagnetic coupling:

RA,QED = RV,QED = RQED = 1 + 3
4
Q2

f
!(m2

Z)

"
+ · · · . (1.39)

The total cross-section arising from the cos#-symmetric Z production term can also be written in terms of the partial
decay widths of the initial and final states, $ee and $ff ,

%Z
ff

= %peak
ff

s$2
Z

(s − m2
Z)2 + s2$2

Z/m2
Z

, (1.40)

where

%peak
ff

= 1
RQED

%0
ff

(1.41)

and

%0
ff

= 12"

m2
Z

$ee$ff

$2
Z

. (1.42)

The term 1/RQED removes the final state QED correction included in the definition of $ee.
The overall hadronic cross-section is parametrised in terms of the hadronic width given by the sum over all quark

final states,

$had =
∑

q ̸=t

$qq. (1.43)
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to the data for "+"− assuming the parabolic form of the differential cross-section given in the text.

Table 2.2
Experimental systematic errors for the analyses at the Z peak

ALEPH DELPHI

1993 1994 1995 1993 1994 1995

Lexp 0.067% 0.073% 0.080% 0.24% 0.09% 0.09%

#had 0.069% 0.072% 0.073% 0.10% 0.11% 0.10%
#e 0.15% 0.13% 0.15% 0.46% 0.52% 0.52%
#" 0.11% 0.09% 0.11% 0.28% 0.26% 0.28%
#$ 0.26% 0.18% 0.25% 0.60% 0.60% 0.60%
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L3 OPAL

1993 1994 1995 1993 1994 1995

Lexp 0.086% 0.064% 0.068% 0.033% 0.033% 0.034%

#had 0.042% 0.041% 0.042% 0.073% 0.073% 0.085%
#e 0.24% 0.17% 0.28% 0.17% 0.14% 0.16%
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The errors are relative for the cross-sections and absolute for the forward–backward asymmetries. None of the common errors discussed in
Section 2.4 are included here.
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experiments, as a function of centre-of-mass energy. The full line represents the results of model-independent fits to the measurements, as outlined
in Section 1.5. Correcting for QED photonic effects yields the dashed curves, which define the Z parameters described in the text.

corrections only affect final states containing quarks. To first order in !S for massless quarks, the QCD corrections are
flavour independent and the same for vector and axial-vector contributions:

RA,QCD = RV,QCD = RQCD = 1 + !S(m2
Z)

"
+ · · · . (1.38)

The hadronic partial width therefore depends strongly on !S. The final state QED correction is formally similar, but
much smaller due to the smaller size of the electromagnetic coupling:

RA,QED = RV,QED = RQED = 1 + 3
4
Q2

f
!(m2

Z)

"
+ · · · . (1.39)

The total cross-section arising from the cos#-symmetric Z production term can also be written in terms of the partial
decay widths of the initial and final states, $ee and $ff ,

%Z
ff

= %peak
ff

s$2
Z

(s − m2
Z)2 + s2$2

Z/m2
Z

, (1.40)

where

%peak
ff

= 1
RQED

%0
ff

(1.41)

and

%0
ff

= 12"

m2
Z

$ee$ff

$2
Z

. (1.42)

The term 1/RQED removes the final state QED correction included in the definition of $ee.
The overall hadronic cross-section is parametrised in terms of the hadronic width given by the sum over all quark

final states,

$had =
∑

q ̸=t

$qq. (1.43)
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Fig. 2.4. The energy dependence and the contributions from the s- and t-channel diagrams and from the s–t interference for observables in the e+e−
channel. Shown are the total cross-section (left) and the difference between the forward and backward cross-sections after normalisation to the total
cross-section (right). The data points measured by the L3 collaboration refer to an angular acceptance of | cos !| < 0.72, an acollinearity "< 25◦
and a minimum energy of Ee± > 1 GeV. The lines represent the model-independent fit to all L3 data.

electron, AFB = (NF − NB)/(NF + NB). This definition of AFB depends implicitly on the acceptance cuts ap-
plied on the production polar angle, cos !, of the leptons. The measurements of AFB(ℓ+ℓ−) require the determi-
nation of cos ! and the separation of leptons and anti-leptons based on their electric charges, which are determined
from the curvature of the tracks in the magnetic fields of the central detectors. For #+#− and $+$− final states,
AFB is actually determined from un-binned maximum-likelihood fits to the differential cross-section distributions
of the form d%/dcos! ∝ 1 + cos2 ! + 8/3 · AFB cos !. This procedure makes better use of the available informa-
tion and hence leads to slightly smaller statistical errors. Determined this way the AFB measurements are insensitive
to any distortions of the detection efficiency as long as these are not at the same time asymmetric in charge and
asymmetric in cos !. Examples of the measured angular distributions for the e+e− and #+#− final states are shown
in Fig. 2.5.

The shape of the differential cross-section in the electron final state is more complex due to contributions from the
t-channel and the s–t-interference, which lead to a large number of events in which the electron is scattered in the
forward direction. A maximum-likelihood fit to obtain AFB(e+e−) may be performed after subtracting the t and s–t

contributions, but usually the asymmetry is determined from the efficiency-corrected numbers of events with forward
and backward-going electrons.

The energy dependence of the forward–backward asymmetry in the #+#− final state is shown in the lower plot
of Fig. 1.12 above. The forward–backward asymmetry as a function of centre-of-mass energy in the e+e− final state
including the t and the s–t contributions is illustrated in the right-hand plot of Fig. 2.4.

2.2.4. Experimental systematic errors
In general, the systematic errors arising from the selection procedures are small and so the accumulated statistics

can be fully exploited. Furthermore, the purely experimental errors arising from the limited understanding of detector
acceptances are uncorrelated among the experiments. An overview of the experimental systematic errors is given in
Table 2.2. Statistical errors per experiment on the cross-sections are only around 0.5 per-mille in the hadronic channel
and around 2.5 per-mille in each of the three-lepton channels. Statistical errors from the number of small-angle Bhabha
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Fig. 3.7. Polar-angle distributions for Z decays to e, ! and " pairs for the 1997–1998 SLD run. The solid line represents the fit, while the points with
error bars show the data in bins of 0.1 in cos #thrust . For | cos #thrust | > 0.7, the data are corrected for a decrease in the detection efficiency with
increasing | cos #thrust |. Note that the polarisation independence at cos # = −1 implied by Eq. (3.12), for the case of lepton universality, is apparent.

Table 3.4
Summary of event selections, efficiency, and purity for e+e− → ℓ+ℓ− for the 1997–1998 SLD data

Event sample Background fraction (%) Efficiency in Selected
| cos #| < 0.9 (%) events

e+e− → e+e− "+"−: 0.7 75 15675
e+e− → !+!− "+"−: 0.2 77 11431
e+e− → "+"− e+e−:0.9 !+!−:2.9 $$:0.9 had:0.6 70 10841

The likelihood function for muon- and tau-pair final states is defined as follows:

L(x, s,Pe;Ae,Aℓ) =
∫

ds′H(s, s′)
{

d
dx

%Z(x, s′,Pe;Ae,Aℓ)

+ d
dx

%Z$(x, s′,Pe;Ae,Aℓ) + d
dx

%$(x, s′)
}

, (3.13)

where Ae and Aℓ ( =A! or A") are free parameters and H(s, s′) is a radiator function. The integration over
s′ was done with the program MIZA [71] to take into account the initial-state radiation. The spread in the beam
energy had a negligible effect. (d%Z/dx)(. . .), (d%$/dx)(. . .), and (d%Z$/dx)(. . .) are the tree-level differential cross-
sections for Z exchange, photon exchange, and their interference. The integration was performed before the fit to obtain
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Fig. 3.6. A compilation of the published SLD A0
LR results, ordered by year. The final average is formed including correlations in systematic errors.

If lepton universality is assumed, the results for all three lepton flavours can be combined to yield a determination of
sin2 !lept

eff , which in turn can be combined with the more precise result from ALR. The event sample used for ALR is almost
purely hadronic as there is only a very small, (0.3±0.1)%, admixture of tau pair events—hence the left–right asymmetry
of the lepton events was a statistically independent measurement. While the lepton final-state analysis described in what
follows is more sophisticated than an ALR-style counting measurement, essentially all the information on sin2 !lept

eff
is obtained from the left–right asymmetry of these events. The inclusion of the distributions in polar angle that are
essential for the extraction of the final-state asymmetries improves the resulting precision on sin2 !lept

eff , but only to
±0.00076 compared to about ±0.00078 obtained from a simple left–right event count.

The differential cross-section for the pure Z amplitude e+e− → Z → ff is factorised as follows:

d
dx

"Z(x, s,Pe;Ae,Aℓ) ≡ fZ(s)#Z(x,Pe;Ae,Aℓ)

= fZ(s)[(1 − PeAe)(1 + x2) + (Ae − Pe)Aℓ2x], (3.12)

where fZ isolates dependence on s, the squared centre-of-mass energy, and #Z contains the dependence on x = cos !,
which gives the direction of the outgoing lepton ℓ− with respect to the electron-beam direction. For a complete
description of lepton pair production, photon exchange terms and, if the final-state leptons are electrons, t-channel
contributions have to be taken into account, as we describe below.

3.2.1. Analysis method
Fig. 3.7 shows the cos ! distributions for e+e−, $+$−, and %+%− candidates for the 1997–1998 data. Leptonic final-

state events are identified, and Table 3.4 summarises the selection efficiencies, backgrounds and numbers of selected
candidates for e+e−, $+$−, and %+%− final states. The pre-1997 results are similar but have smaller acceptance
| cos !|!0.8, reflecting the improved acceptance of an upgraded vertex detector used for the newer data, which allowed
for efficient track finding up to | cos !| = 0.9. The SLD event totals, including all data, are 22 254, 16 844 and 16 084
for the electron-, muon- and tau-pair final states, respectively.

An event-by-event maximum likelihood fit is used to incorporate the contributions of all the terms in the cross-
section and to include the effect of initial-state radiation. There are three likelihood functions for individual lepton final
states. All three lepton final states contribute to the measurement of Ae, while $+$− and %+%− final states are used to
determine A$ and A%, respectively.
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Fig. 1.15. The neutrino scattering and e+e− annihilation data available in 1987 constrained the values of gVℓ and gAℓ to lie within broad bands,
whose intersections helped establish the validity of the SM and were consistent with the hypothesis of lepton universality. The inset shows the results
of the LEP/SLD measurements at a scale expanded by a factor of 65 (see Fig. 7.3). The flavour-specific measurements demonstrate the universal
nature of the lepton couplings unambiguously on a scale of approximately 0.001.

effects distinct from the deeper electroweak corrections which modify the relations between the pseudo-parameters in
the context of any particular model, such as the SM. Further details are discussed in Section 8.4.2.

After these QED effects which depend in a model-independent manner on the resonance properties of the Z have
been accounted for, the remaining differences between the pseudo-observables and the QED deconvoluted observables
at

√
s = mZ are attributable to non-factorisable complex components, termed “remnants”, of the couplings GAf and

GVf and of !(m2
Z) in Eq. (1.34). These effects are found to be small in the SM. For example, the calculated value of

"0
ff

, given in terms of the partial decay widths, agrees to better than 0.05% for both hadrons and leptons with the QED
deconvoluted cross-sections without the photon exchange contribution at

√
s = mZ. This is only a fraction of the LEP

combined experimental error. The difference between A0,ℓ
FB and the QED deconvoluted forward–backward asymmetry

at the peak is dominated by a contribution of 0.0015 from the imaginary part of !(m2
Z), which accounts, via the optical

theorem, for the decay of a massive photon to fermion pairs. The remaining electroweak contribution in the SM is
−0.0005, again smaller than the LEP combined error on A0,ℓ

FB .
It is therefore important to treat these complex parts correctly, but the measurements have no sensitivity to SM

parameters entering through these components: the effects on the remnants are much smaller than the experimental
uncertainties.

Since one of the main goals of the Z-pole analysis is to test theory with experimental results, considerable effort has
been expended to make the extraction of the pseudo-observables describing the Z resonance as model-independent as
possible, so that the meanings of “theory” and “experiment” remain distinct. Since the pseudo-observables do depend
slightly on SM assumptions, as explained above, a more precise definition of what we mean by “model-independence”
is that our analysis is valid in any scenario in which the predicted remnants remain small. The very small uncertainties
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Fig. 7.3. Comparison of the effective vector and axial-vector coupling constants for leptons (Tables 7.7 and 7.8). The shaded region in the lepton
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Table 7.8
Results on the effective coupling constants for leptons, using the 14 electroweak measurements of Tables 2.13 and 3.6, and Eqs. (4.9) and (4.10)

Parameter Average Correlations

g" gAℓ gVℓ

gA" ≡ gV" +0.50076 ± 0.00076 1.00
gAℓ −0.50123 ± 0.00026 −0.48 1.00
gVℓ −0.03783 ± 0.00041 −0.03 −0.06 1.00

gL" gLℓ gRℓ

gL" +0.50076 ± 0.00076 1.00
gLℓ −0.26953 ± 0.00024 −0.29 1.00
gRℓ +0.23170 ± 0.00025 0.22 0.43 1.00

Lepton universality is imposed. The combination has a #2/dof of 7.8/9, corresponding to a probability of 56%.

b-quark coupling constants from the SM expectation is a direct consequence of the combined result on Ab being lower
than the SM expectation as discussed in the previous section.

7.3.3. The $f parameters and the effective electroweak mixing angles
The effective vector and axial-vector coupling constants obey simple relations with the $ parameter and the effective

electroweak mixing angle, given by Eqs. (1.16) and (1.17). For the following analyses, the electric charge Qf and the
third component of the weak isospin T f

3 are assumed to be given by the SM assignments as listed in Table 1.3. Tests of
fermion universality, i.e, a comparison between leptons and quarks in terms of $f and sin2 %f

eff , now become possible.
Considering the leptonic measurements alone and assuming lepton universality, the combined results on $f and

sin2 %lept
eff are reported in Table 7.10. As noted earlier, the neutrino coupling is smaller by about 1.8 standard deviations

than the SM expectation listed in Appendix G, while for charged leptons the results are in good agreement with the
SM prediction.

The results on $f and the effective electroweak mixing angle for leptons and quarks are reported in Table 7.11. As
before, neutral-current lepton universality is assumed. The measurement of sin2 %lept

eff based on the hadronic charge
asymmetry, Eq. (6.3), is not included here as that result is derived under the assumption of quark universality. The value
of $ℓ is different from the corresponding Born-level value of unity by 5.0 standard deviations, again indicating the
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Table 7.9
Results on the effective coupling constants for leptons and quark assuming neutral-current lepton universality, using the 13 electroweak measurements
of Tables 2.13, 5.10 and 5.11, and Eqs. (3.15) and (4.11)

Parameter Average Correlations

gA! gAℓ gAb gAc gVℓ gVb gVc

gA! ≡ gV! +0.50075 ± 0.00077 1.00
gAℓ −0.50125 ± 0.00026 −0.49 1.00
gAb −0.5144 ± 0.0051 0.01 −0.02 1.00
gAc +0.5034 ± 0.0053 −0.02 −0.02 0.00 1.00
gVℓ −0.03753 ± 0.00037 −0.04 −0.04 0.41 −0.05 1.00
gVb −0.3220 ± 0.0077 0.01 0.05 −0.97 0.04 −0.42 1.00
gVc +0.1873 ± 0.0070 −0.01 −0.02 0.15 −0.35 0.10 −0.17 1.00

gL! gLℓ gLb gLc gRℓ gRb gRc

gL! +0.50075 ± 0.00077 1.00
gLℓ −0.26939 ± 0.00022 −0.32 1.00
gLb −0.4182 ± 0.0015 0.05 −0.27 1.00
gLc +0.3453 ± 0.0036 −0.02 0.04 −0.09 1.00
gRℓ +0.23186 ± 0.00023 0.25 0.34 −0.37 0.07 1.00
gRb +0.0962 ± 0.0063 0.00 −0.33 0.88 −0.14 −0.35 1.00
gRc −0.1580 ± 0.0051 0.00 0.08 −0.17 0.30 0.08 −0.13 1.00

The combination has a "2/dof of 4.5/4, corresponding to a probability of 34%.
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Fig. 7.4. Comparison of the effective vector and axial-vector coupling constants for heavy quarks, using results on leptons and assuming lepton
universality (Table 7.9). Top: b-quarks; bottom: c-quarks. Compared to the experimental uncertainties, the SM predictions for the heavy quarks b
and c have negligible dependence on the SM input parameters.
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Fig. 5.5. Muon momentum and transverse momentum spectra obtained by L3, together with expectations from simulation for the contributions from
the various sources.

the cascade decay b → c → ℓ+. The transverse momentum, pt , of the decay lepton with respect to the decaying hadron
direction is limited to half the hadron mass. The direction of the jet containing the lepton, which experimentally serves
as the reference for measuring pt provides a good approximation of the hadron direction. Since b-quarks have a harder
fragmentation spectrum than c-quarks, additional separation power is given by the lepton momentum. Fig. 5.5 shows
the muon p and pt spectrum from L3 compared to the simulation of the different sources. b → ℓ can be separated
cleanly with a simple cut on pt . However the other sources overlap strongly and can only be separated from each other
on a statistical basis. At SLD the good resolution of their vertex detector can also be used to separate b → ℓ− and
b → c → ℓ+.

The charge of the lepton from a b- or c-decay is correlated to the charge of the decaying quark. Therefore in the
asymmetry measurements the lepton tag can be used simultaneously to tag the quark flavour and to distinguish between
the quark and the antiquark. b- and c-quarks decay semileptonically into either electrons or muons with approximately
equal branching fractions of about 10%. While the lepton always carries the sign of the parent quark charge, the
possibility exists to confuse c → ℓ+ and b → ℓ+. Due to the fermion/anti-fermion flip in the case of c- but not b-
quarks, and because the sign of the two quark asymmetries is the same, this leads to a large sensitivity of the asymmetry
measurements with leptons to the sample composition. Apart from these three main sources, there are also some other
sources with different charge correlations, mainly b → c → ℓ−, b → !− → ℓ− and b → (J/", "′) → ℓℓ. In addition
there are misidentified hadrons and electrons from photon conversion.

As a b flavour tag the lepton tag is not competitive with the lifetime tag. As one can see from Fig. 5.5 only the
b → ℓ− decay allows a tag with sufficient purity and efficiency about 20%. Even from this efficiency roughly half is
lost due to the lepton tag efficiency and a necessary pt cut. However due to the simultaneous b-charge tag the lepton
tag provides precise asymmetry measurements.

5.2.4. D-meson tags
Since charmed hadrons are only rarely produced during light quark fragmentation, their presence tags c-quarks

coming either from the primary Z-decay or from decay products of a b-quark. Charmed hadrons from a primary c-
quark have on average a higher momentum than those from a b-decay (see Fig. 5.6). In addition, the decay length of
the reconstructed hadron or lifetime tagging on the whole event can be used to separate the two sources.

At LEP and SLD the weakly-decaying charmed hadrons D0, D+, Ds and #+
c can be reconstructed in particular

exclusive final states (see Fig. 5.7). The charm tagging efficiency is limited by the low branching fractions for these
decay modes, which are typically only a few percent. The decay D∗+ → $+D0 can be reconstructed particularly
cleanly, due to the small mass difference !m = mD∗+ − mD0 , which leads to a characteristic narrow peak with little
background, as shown in Fig. 5.8. Because of the good resolution, even D0 decays which are not fully reconstructed,
such as D0 → ℓ%X or D0 → K−$+$0, where the $0 is not seen, can be used.
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Fig. 5.6. D∗± momentum spectrum for all events and for bb and cc events from OPAL normalised to the beam energy after subtraction of combinatorial
background [130].

The decay D∗+ → !+D0 can also be tagged inclusively without specifically recognising any of the decay products
of the D0. The small mass difference between the D∗+ and D0 and the low mass of the pion result in a very low pion
momentum in the D∗+ rest-frame. Therefore in the laboratory frame the pion closely follows the D∗+ direction and has
a very low transverse momentum, pt , with respect to the jet direction. As shown in Fig. 5.9, the number of D∗+ in a
sample can thus be measured from the excess in the p2

t spectrum at very low values. Because of the large background,
this tag is typically used to count c-quarks on a statistical basis in conjunction with other tags.

The flavour of D-mesons also measures the flavour of the original quark. In cc-events the primary quark is directly
contained in the D-meson, while in bb-events the c-quark comes from the decay chain b → c. The decay b → c̄
(via b → cW−, W− → c̄s) is suppressed, so that the quark flavour tag using D-mesons is almost always correct, in
contrast to the lepton tag, where the b → ℓ− and b → c → ℓ+ decays have to be separated. Another advantage of a
D-meson tag is that it separates directly the quark from the antiquark and not positively from negatively charged quarks
as in the lepton case, so that the sensitivity of the asymmetry measurements to the sample composition is significantly
reduced. Since the absolute efficiency cancels in the asymmetries many different states can be used. Because of the
low background, however, the most sensitive decay is D∗+ → !+D0 with D0 → K−!+. Asymmetry measurements
with D-mesons contribute with a significant weight to Acc

FB while they contribute only little to Abb
FB.

5.3. Partial width measurements

In principle, the partial width measurements only require counting the fraction of hadronic events tagged as a
particular flavour, and knowing the efficiency and purity of the tag to a high precision. This “single-tag” approach has
been adopted in some of the Rc measurements.

The single-tag approach is highly sensitive to knowledge of the tagging efficiency, which in any case is best extracted
from the data itself. So-called double-tag methods have been developed which provide a simultaneous determination
of the tagging efficiency and quark rate through comparison of the probabilities that one or both of the two hemispheres
in each event is tagged. Since the statistical precision of these methods varies as the tagging efficiency squared, they
are most useful when this efficiency is high.

A summary of all individual measurements of Rb and Rc, used in the combination is given in Tables C.1 and C.2 of
Appendix C.

5.3.1. Rb Measurements
5.3.1.1. The double-tag method. All precise measurements of Rb are primarily based on counting events with either
one or both hemispheres tagged. The fraction of hemispheres which are b-tagged, fs , and the fraction of events where
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Fig. 5.4. Reconstructed vertex mass from SLD for data and simulation.

Table 5.2
b-Tagging performance of the different experiments at the cut where the Rb analyses are performed

ALEPH DELPHI L3 OPAL SLD

b Purity (%) 97.8 98.6 84.3 96.7 98.3
b Efficiency (%) 22.7 29.6 23.7 25.5 61.8

The lifetime tagging is combined with other information (see text). The OPAL tag is an OR of a secondary vertex and a lepton tag.

improvement is obtained if the direction defined by the primary and secondary vertex is used as the b-hadron direction,
instead of the jet axis.

ALEPH uses a linear combination of two lifetime-related variables [129]. The first is the probability that the tracks
from each hemisphere come from the primary vertex (as defined in Section 5.2.1). The second variable is correlated
with the mass of the hadron produced. In each jet the tracks are combined in order of decreasing inconsistency with
the primary vertex until their mass exceeds 1.8 GeV. The mass-sensitive variable is defined as the impact parameter
probability of the last track added.

L3 identifies b-hemispheres using the impact parameter tag only [124].
OPAL uses a vertex tag based on a neural network combining five variables [125]. The first four are derived from the

reconstructed secondary vertex: the decay length significance L/!L, the decay length L, the number of tracks in the
secondary vertex and a variable that measures the stability of the vertex against mismeasured tracks. The fifth variable
exploits the high mass of b-hadrons. For each track in the jet, the relative probabilities that it came from the primary
and secondary vertex are calculated, using impact parameter and kinematic information. As in the ALEPH tag, these
tracks are then combined in decreasing order of secondary vertex probability until the charm-hadron mass is exceeded,
and the secondary vertex probability of the last track added is used as input to the main neural network. The neural
network output is signed according to the sign of L, preserving the ‘folding’ symmetry of the simple L/!L tag and
allowing the light quark background to be subtracted (see Fig. 5.3).

The b-tag performance of SLD and the LEP experiments at the purity/efficiency working point used for the Rb
analysis are shown in Table 5.2.

5.2.3. Lepton tagging
The semileptonic decays of heavy quarks provide a clean signature that was the basis of the first methods used to

identify the flavour composition of jets. Due to the hard fragmentation and the large mass of b hadrons leptons from
b-decays are characterised by large total and transverse momenta. Leptons from c-decays also have high momentum,
but a significantly smaller transverse momentum. The dominant semileptonic decay modes are b → ℓ−, c → ℓ+ and
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Table 5.1
Vertex detector characteristics and experimental resolutions

ALEPH DELPHI L3 OPAL SLD

Number of layers 2 3 2 2 3
Radius of layers (cm) 6.5/11.3 6.3/9/11 6.2/7.7 6.1/7.5 2.7–4.8
R! imp. par. res. (!m) 25a 20 30 16 8
z imp. par. res. (!m) 30 100 35 10
Primary vertex res. 58 × 10 60 × 10 77 × 10 80 × 12 4 × 4
x × y × z (!m) ×60 ×70 ×100 ×85 ×17

The impact parameter resolution is given for 45 GeV muons and the vertex resolution is given for bb-events when including the beam spot information.
aFor ALEPH the 3D impact parameter resolution is given.
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Fig. 5.1. Impact parameter significance from DELPHI for data and simulation. The contributions of the different quark flavours are shown separately.
The normalisation is arbitrary.

A lifetime sign is assigned to each track impact parameter. This is positive if the extrapolated track is consistent with
a secondary vertex which lies on the same side of the primary vertex as the track itself, otherwise it is negative. Due to
the finite resolution of the detector, the relevant quantity for the identification of the b-quark is the impact parameter
significance S, defined as the lifetime-signed impact parameter divided by its error. In Fig. 5.1 the projection in the R!
plane of the lifetime-signed impact parameter significance distribution is shown for tracks coming from the different
quark flavours. Decay tracks of a K0

s and " are removed, so that the distribution of the light quark reflects the resolution
of the apparatus (DELPHI in this case).

A good description of S in the simulation is crucial for a reliable estimate of the tagging efficiencies. Negative
significance values arise mainly from primary-vertex-tracks, which have no lifetime information and show the effects
of finite resolution. This allows a calibration of the tag from the negative side of the significance distribution. Even for
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As a first step of both asymmetry analyses, the thrust axis of the event is used to define the quark direction !,
signed by the charge tagging methods described in the following. The thrust axis is stable against infrared and collinear
divergences, so that it can be calculated in perturbative QCD and it is relatively insensitive to fragmentation effects.

In order to measure a quark asymmetry two ingredients are needed. The quark flavour needs to be tagged and the
quark has to be distinguished from the antiquark. For the flavour tagging the methods described in Sections 5.2.1
to 5.2.4 can be used. For the charge tagging essentially five methods have been used, relying on leptons, D-mesons,
jet-charge, vertex-charge and kaons. Some analyses also combine the information from the different methods.

In every A
qq
FB analysis the measured asymmetry is given by

Ameas
FB =

∑

q

(2"q − 1)#qA
qq
FB, (5.13)

where #q is the fraction of qq events in the sample, "q is the probability to tag the quark charge correctly and the sum
is taken over all quark flavours. It should be noted that the tagging methods often tag the quark charge and not the
flavour, so that in these cases (2"q − 1) is close to −1 for charm if it is constructed to be positive for b-quarks. Similar
flavour composition and quark charge tag factors also apply to corresponding equation for A

qq
LRFB analyses.

As an example, Fig. 5.10 shows the reconstructed cos ! distribution from theALEPH Abb
FB and Acc

FB measurement with
leptons. The asymmetry of about 10% for Abb

FB and 6% for Acc
FB can clearly be seen. An example of the event angular

distributions for the SLD vertex charge A
qq
LRFB analysis is shown in Fig. 5.11. The much larger forward–backward

asymmetry is a result of the highly polarised electron beam. The slightly larger number of events in the left-handed
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diluted by the non-perfect charge tagging.

For both charge tagging methods, it is difficult to estimate the charge tagging efficiency from simulation due to
uncertainties from fragmentation and B-decays. However, the efficiency can be obtained reliably from data using
double tags. In a cut based analysis, defining !q as the efficiency to tag the quark charge correctly in a pure sample of
q-quarks, the fraction of same sign double tags in the sample of all double tags is given by

fSS = 2!q(1 − !q), (5.15)

apart from small corrections due to hemisphere correlations. Eq. (5.15) can then be used to obtain !q . Corrections for
background and hemisphere correlations are obtained from simulation.

Since the charge tagging efficiency for the jet charge is rather modest, a statistical method to extract the asymmetry
is usually used. With QF/B being the jet charge of the forward/backward hemisphere and Qq/q the jet charge of the
quark/antiquark hemisphere, one has

⟨QFB⟩ = ⟨QF − QB⟩ = "qA
qq
FB,

"q = ⟨Qq − Qq̄⟩, (5.16)

for a pure sample of qq-events. The “charge separation” "q can be measured from data using:19

(
"q

2

)2

=
⟨QF · QB⟩ + #qq$(Q)2 + %(Q)2

1 + #qq
, (5.17)

where %(Q) is the mean value of Q for all hemispheres and $(Q) is its variance. %(Q) is slightly positive due to an
excess of positive particles in secondary hadronic interactions. The hemisphere correlations, #qq, arise from charge
conservation, hard gluon radiation and some other small effects and have to be taken from simulation.

The analyses select a relatively pure sample of bb events using lifetime tagging techniques. Light quark background
is always subtracted using Monte Carlo simulation. The charge separation for charm is either taken from Monte Carlo
or determined by performing the analysis in bins of different b-purities and fitting "b and "c from the data. It should be
noted that dilution due to B0B0-mixing is completely absorbed into the measured "b. Effects from gluon radiation are
also included to a large extent, so that only small QCD corrections have to be applied.

The above formalism can be generalised to any variable sensitive to the quark charge, including the combination of
several different charge tagging techniques. As an example Fig. 5.12 shows the charge tagging from ALEPH, which

19 The exact formulae used by the experiments vary slightly, however the general formalism is identical.
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and 1991, and the collaborations did not update the measurements with more data due to the implicit SM dependence
of the technique. The details of the methods vary, but all use some variant of the jet charge, as defined in Eq. (5.14). The
event is divided into two hemispheres by the plane perpendicular to the thrust axis. The electron beam points into the
forward hemisphere, and the jet charges are evaluated in the forward and backward hemispheres, giving QF and QB.
ALEPH and DELPHI then consider the observable ⟨QFB⟩ ≡ ⟨QF − QB⟩, the average value of the difference between
the hemisphere charges. This quantity is referred to as the forward–backward charge flow. The observable ⟨QFB⟩ is
given by

⟨QFB⟩ =
∑

q

RqA
qq
FB!qCq, (6.1)

where the sum runs over the five primary quark flavours, and the coefficients Cq account for the acceptance of each
flavour subsample. The charge separation, !q = ⟨Qq −Qq⟩, is the mean jet charge difference between the hemispheres
containing quark and the anti-quark, which can equivalently be expressed in terms of the jet charges in the hemispheres
containing the negatively charged parton, Q−, and the positively charged parton, Q+:

!q = sq⟨Q− − Q+⟩, (6.2)

where sq = +1 for down-type quarks and −1 for up-type quarks. This choice of notation makes explicit the fact that
the contributions to ⟨QFB⟩ from the different quark types are of opposite sign. The main benefit of the method is that
the charge separation can be evaluated from the data, as shown by Eq. (5.17). The evaluation of the charge separation
is discussed further below. The parameters Rq and A

qq
FB can be expressed in the SM as a function of the effective weak

mixing angle, sin2 "lept
eff . Once the charge separations !q are known, the measurement of ⟨QFB⟩ can then be interpreted

as a measurement of sin2 "lept
eff .

L3 use a very closely related approach, calling an event forward if QF is larger than QB. The probability that an
event is forward simply depends on the charge separation and the width of the distributions of Q− and Q+, with a
correction for hemisphere correlations, and can be derived from data in a very similar manner to ⟨QFB⟩. The degree of
charge separation between Q+ and Q− is illustrated in Fig. 6.1. The width of the distribution of QF +QB ≡ Q+ +Q−
agrees well between data and the Monte Carlo simulation.

The OPAL analysis calculates overall event weights using the three highest weight tracks per hemisphere. The overall
event weight is the probability that the event is forwards. An observable average forward–backward charge asymmetry
is derived in an iterative procedure, adjusting the value of sin2 "lept

eff in the Monte Carlo simulation. The Monte Carlo
modelling of the weights is controlled by comparisons with data. DELPHI also present an alternative measurement,
where the value of QF − QB is used event-by-event to decide if it is forward or backward, and an effective observable
average charge asymmetry is derived.

Experimentally, the crux of the measurement is to determine the mean charge separations for each flavour. As
described in Section 5 when discussing measurements of the forward–backward asymmetry in Z → bb events using
jet charges, the mean charge separation for Z → bb events can be determined directly from the data, in a sample of
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Fig. 4.1. Decay configurations for two ! helicity states for the decay !− → "−#!. The positive helicity configuration is on the left and the negative
configuration is on the right. For each particle, the long arrow depicts the momentum direction while the short double arrow that of the spin. The
lower pair of figures is depicted in the helicity rest frame of the parent !.
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Fig. 4.2. Monte Carlo simulated distributions of polarisation sensitive kinematic variables defined in the text for (a) ! → "#, (b) ! → $#, (c) ! → a1#
and (d) ! → %## decays for positive and negative helicity ! leptons excluding the effects of selection and detector response.

where &" is the polar angle of " momentum in the ! helicity rest frame and P! is the net polarisation for an ensemble
of ! leptons. This expression, when boosted into the lab frame, gives a differential decay width of

1
'

d'
dx"

= 1 + P!(2x" − 1), (4.4)

where x" = E"/E! is the pion energy in the lab frame scaled by the maximum energy available and terms of order
(m"/m!)

2 have been neglected. This is depicted in Fig. 4.2a for both helicity states.
More complex is the ! → $# decay. The charged $ is a vector meson with a 770 MeV mass which decays promptly via

$ → ""0. Having spin-1, the $ itself is polarised with either helicity ($ = 0 or ($ = ±1 for each ! helicity configuration.

The ALEPH, DELPHI, L3, OPAL and SLD Collaborations / Physics Reports 427 (2006) 257 –454 321

For pure Z exchange in the interaction of the unpolarised e+e− beams at LEP, the dependence of P! on "!− , the
angle between the !− momentum and e− beam, can be described by a simple relation expressed in terms of the two
neutral current asymmetry parameters, A! and Ae, and the forward–backward asymmetry of the !, A!

FB:

P!(cos "!−) = −A!(1 + cos2 "!−) + 2Ae cos "!−

(1 + cos2 "!−) + 8
3A!

FB cos "!−
. (4.2)

The ! polarisation measurements allow for the determination of A! and Ae and are largely insensitive to A!
FB.

The four LEP experiments use kinematic distributions of the observable ! decay products, and the V–A nature of the
charged weak current decays, to measure the polarisation as a function of cos "!− in data collected during the 1990–1995
Z running period. Because the actual reaction does not only contain the pure Z propagator but also includes contributions
from the photon propagator, #.Z interference, and other photonic radiative corrections, the parameters obtained using
Eq. (4.2) are approximations to A! and Ae. In order to distinguish between these pure Z parameters and those which
include the small non-Z effects, the measured parameters are denoted as ⟨P!⟩ and A

pol
FB in the literature. ⟨P!⟩ is the

average ! polarisation over all production angles and A
pol
FB is the forward–backward polarisation asymmetry. If one had

only pure Z exchange, these would be trivially related to the neutral current asymmetry parameters: ⟨P!⟩ = −A! and
A

pol
FB = − 3

4Ae. ZFITTER [31] is used to convert from ⟨P!⟩ and A
pol
FB to A! and Ae, respectively, by correcting for

the contributions of the photon propagator, #.Z interference and electromagnetic radiative corrections for initial state
and final state radiation. These corrections have a

√
s dependence which arises from the non-Zcontributions to ⟨P!⟩

and A
pol
FB. This latter feature is important since the off-peak data are included in the event samples for all experiments.

Ultimately, all LEP collaborations express their ! polarisation measurements in terms of A! and Ae.
It is important to remark that this method of measuring P!(cos "!−) yields nearly independent determinations of A!

and Ae. Consequently, the ! polarisation measurements provide not only a determination of sin2 "lept
eff but also test the

hypothesis of the universality of the couplings of the Z to the electron and ! lepton.
A general overview describing the experimental methods for measuring the ! polarisation at LEP is contained in

Section 4.2. This is followed in Section 4.3 by a discussion of the dominant systematic uncertainties relevant to these
measurements. The results for A! and Ae from each of the four LEP experiments are presented in Section 4.4 as well
as the combined results with and without the assumption of lepton universality. The treatment of correlations between
the measurements in the combined results is also discussed in that section.

4.2. Experimental methods

The polarisation measurements rely on the dependence of kinematic distributions of the observed ! decay products
on the helicity of the parent ! lepton. Because the helicity of the parent cannot be determined on an event-by-event
basis, the polarisation measurement is performed by fitting the observed kinematic spectrum of a particular decay mode
to a linear combination of the positive and negative helicity spectra associated with that mode.

For the simplest case, that of the two-body decay of a ! lepton to a spin-zero $ meson and %!, ! → $%!, the maximum
sensitivity is provided by the energy spectrum of the $ in the laboratory frame. The pure V−A charged weak current
decay of the ! together with angular momentum conservation produces a $ with momentum preferentially aligned with
the helicity of the ! as depicted in Fig. 4.1. In the laboratory frame this means that a $− produced from the decay of
a positive-helicity !− will, on average, be more energetic than a $− produced from the decay of a negative-helicity
!−.12 In the helicity rest frame of the !,13 the differential decay width is

1
&

d&
dcos"$

= 1
2
(1 + P! cos"$), (4.3)

12 For !+ decays the current is V+A and the opposite kinematic relations hold. However, because the !− and !+ are produced with opposite
helicities, for a given P! the decay distributions are the same.

13 The ! rest frame whose z-axis is aligned with the ! momentum as measured in the laboratory frame.
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Fig. 4.3. The measured distributions in the polarisation-sensitive variable for the ! → "# decays in the OPAL experiment. The variable is the ratio of
the measured charged hadron momentum to the beam energy, which is an approximation of x" = E"/E!. The data, shown by points with error bars,
are integrated over the whole cos $!− range. Overlaying this distribution are Monte Carlo distributions for the positive (dotted line) and negative
(dashed line) helicity ! leptons and for their sum including background, assuming a value for ⟨P!⟩ equal to the fitted polarisation. The hatched
histogram represents the Monte Carlo expectations of contributions from cross-contamination from other ! decays and the dark shaded histogram
the background from non-! sources. The level of agreement between the data and Monte Carlo distributions is quantified by quoting the %2 and the
number of degrees of freedom.
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Weak mixing angle

• 0.7 per-mil accuracy 

• The Al  Ab tension is 
still there…
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A
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fb 0.23099 ± 0.00053

Al(Pτ ) 0.23159 ± 0.00041

Al(SLD) 0.23098 ± 0.00026

A0,b
fb 0.23221 ± 0.00029

A0,c
fb 0.23220 ± 0.00081
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fb 0.2324 ± 0.0012

Average 0.23153 ± 0.00016

∆α = 0.02758 ± 0.00035∆α
m = 178.0 ± 4.3 GeV

Fig. 7.6. Comparison of the effective electroweak mixing angle sin2 !lept
eff derived from measurements depending on lepton couplings only (top) and

also quark couplings (bottom). Also shown is the SM prediction for sin2 !lept
eff as a function of mH. The additional uncertainty of the SM prediction

is parametric and dominated by the uncertainties in !"(5)
had(m2

Z) and mt , shown as the bands. The total width of the band is the linear sum of these
effects.

7.3.5. Discussion
The unexpectedly large shifts and differences observed in the various analyses for asymmetry parameters, effective

coupling constants, #f and sin2 !lept
eff all show the consequences of the same effect. It is most clearly visible in the

effective couplings and sin2 !lept
eff averages and stems from the measurements of A0

LR and A0,b
FB .

The results as shown in Fig. 7.4 suggest that the effective couplings for b-quarks cause the main effect; both gVb
and gAb deviate from the SM expectation at the level of two standard deviations. In terms of the left- and right-handed
couplings gLb and gRb, which are much better aligned with the axes of the error ellipse, only gRb shows a noticeable
deviation from the expectation. The value of gLb, which is essentially equivalent to R0

b ∝ g2
Rb +g2

Lb due to the smallness
of gRb, shows no discrepancy. The data therefore invite an economical explanation in terms of a possible deviation of
the right-handed b-quark coupling alone, even at Born level (see Eq. (1.7)), from the SM prediction. This would affect
Ab and A0,b

FB , which both depend only on the ratio gRb/gLb, more strongly than R0
b .

From the experimental point of view, no systematic effect potentially explaining such shifts in the measurement
of A0,b

FB has been identified. While the QCD corrections are significant, their uncertainties are small compared to
the total errors and are taken into account, see Section 5.7.2. Within the SM, flavour specific electroweak radiative
corrections as listed above and their uncertainties are much too small to explain the difference in the extracted sin2 !lept

eff
values. All known uncertainties are investigated and are taken into account in the analyses. The same holds for the
A0

LR measurement, where the most important source of systematic uncertainty, namely the determination of the beam
polarisation, is small and well-controlled.

Thus the shift is either a sign for new physics which invalidates the simple relations between the effective parameters
assumed in this chapter, or a fluctuation in one or more of the input measurements. In the following we assume
that measurement fluctuations are responsible. Furthermore, we largely continue to assume a Gaussian model for
the experimental errors, despite the fact that this results in a value for sin2 !lept

eff , with small errors, which is in poor
agreement with both A0

LR and A0,b
FB . As a direct consequence, the $2/dof in all analyses including these measurements
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LEP2: W boson pair production

• No resonance: much smaller cross 
section than at LEP1 
– only few 1000 events / year 

• Precise standard model predictions 
– mass 
– fermion couplings  
– gauge (self) couplings 
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• eν, µν, τν: 1/9 each 
• u d-bar, c s-bar: 3/9 each

53



MC

e+e- Physics Felix Sefkow    10.-14. Oktober 2016 

W decay modes

• eν, µν, τν: 1/9 each 
• u d-bar, c s-bar: 3/9 each

53

• hadron hadron: 45% 
• lepton-hadron: 44% 
• lepton lepton: 11% 
• e, µ only: 5%
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Fig. 5.3. Leptonic and hadronic W branching fractions, as measured by the experiments, and the LEP combined values according to the procedures
described in the text.

test of lepton universality in the decay of on-shellW bosons:

B(W ! µ⌫µ)/B(W ! e⌫e) = 0.993 ± 0.019, (5.2)

B(W ! ⌧⌫⌧ )/B(W ! e⌫e) = 1.063 ± 0.027, (5.3)
B(W ! ⌧⌫⌧ )/B(W ! µ⌫µ) = 1.070 ± 0.026. (5.4)

The branching fraction of W into taus with respect to that into electrons and muons differs by more than two standard
deviations, where the correlations have been taken into account. The branching fractions ofW into electrons and intomuons
agree well. Assuming only partial lepton universality the ratio between the tau fractions and the average of electrons and
muons can also be computed:

2B(W ! ⌧⌫⌧ )/(B(W ! e⌫e) + B(W ! µ⌫µ)) = 1.066 ± 0.025 (5.5)

resulting in an agreement at the level of 2.6 standard deviations only, with all correlations included.
If overall lepton universality is assumed (in the massless assumption), the hadronic branching fraction is determined to

be 67.41 ± 0.18(stat.) ± 0.20(syst.)%, while the leptonic branching fraction is 10.86 ± 0.06(stat.) ± 0.07(syst.)%. These
results are consistent with the SM expectations of 67.51% and 10.83% [23], respectively. The systematic error receives equal
contributions from the correlated and uncorrelated sources.

Within the SM, the branching fractions of the W boson depend on the six matrix elements |Vqq0 | of the Cabibbo–
Kobayashi–Maskawa (CKM) quarkmixingmatrix not involving the top quark. In terms of thesematrix elements, the leptonic
branching fraction of the W boson B(W ! `⌫`) is given by

1
B(W ! `⌫`)

= 3

(

1 +


1 + ↵s(M2
W )

⇡

�

X

i = (u, c),
j = (d, s, b)

|Vij|2
)

, (5.6)

where↵s(M2
W ) is the strong coupling constant and fermionmass effects are negligible. Taking↵s(M2

W ) = 0.119±0.002 [102],
and using the experimental knowledge of the sum |Vud|2 + |Vus|2 + |Vub|2 + |Vcd|2 + |Vcb|2 = 1.0544 ± 0.0051 [102], the
above result can be interpreted as a measurement of |Vcs| which is the least well determined of these matrix elements:

|Vcs| = 0.969 ± 0.013.

The error includes a contribution of 0.0006 from the uncertainty on ↵s and a 0.003 contribution from the uncertainties
on the other CKM matrix elements, the largest of which is that on |Vcd|. These uncertainties are negligible in the error of
this determination of |Vcs|, which is dominated by the experimental error of 0.013 arising from the measurement of the W
branching fractions.

τ agreement with e, μ average only 2.6 σ

Vcs ?
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Fig. 5.3. Leptonic and hadronic W branching fractions, as measured by the experiments, and the LEP combined values according to the procedures
described in the text.
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B(W ! ⌧⌫⌧ )/B(W ! e⌫e) = 1.063 ± 0.027, (5.3)
B(W ! ⌧⌫⌧ )/B(W ! µ⌫µ) = 1.070 ± 0.026. (5.4)

The branching fraction of W into taus with respect to that into electrons and muons differs by more than two standard
deviations, where the correlations have been taken into account. The branching fractions ofW into electrons and intomuons
agree well. Assuming only partial lepton universality the ratio between the tau fractions and the average of electrons and
muons can also be computed:

2B(W ! ⌧⌫⌧ )/(B(W ! e⌫e) + B(W ! µ⌫µ)) = 1.066 ± 0.025 (5.5)

resulting in an agreement at the level of 2.6 standard deviations only, with all correlations included.
If overall lepton universality is assumed (in the massless assumption), the hadronic branching fraction is determined to

be 67.41 ± 0.18(stat.) ± 0.20(syst.)%, while the leptonic branching fraction is 10.86 ± 0.06(stat.) ± 0.07(syst.)%. These
results are consistent with the SM expectations of 67.51% and 10.83% [23], respectively. The systematic error receives equal
contributions from the correlated and uncorrelated sources.

Within the SM, the branching fractions of the W boson depend on the six matrix elements |Vqq0 | of the Cabibbo–
Kobayashi–Maskawa (CKM) quarkmixingmatrix not involving the top quark. In terms of thesematrix elements, the leptonic
branching fraction of the W boson B(W ! `⌫`) is given by
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where↵s(M2
W ) is the strong coupling constant and fermionmass effects are negligible. Taking↵s(M2

W ) = 0.119±0.002 [102],
and using the experimental knowledge of the sum |Vud|2 + |Vus|2 + |Vub|2 + |Vcd|2 + |Vcb|2 = 1.0544 ± 0.0051 [102], the
above result can be interpreted as a measurement of |Vcs| which is the least well determined of these matrix elements:

|Vcs| = 0.969 ± 0.013.

The error includes a contribution of 0.0006 from the uncertainty on ↵s and a 0.003 contribution from the uncertainties
on the other CKM matrix elements, the largest of which is that on |Vcd|. These uncertainties are negligible in the error of
this determination of |Vcs|, which is dominated by the experimental error of 0.013 arising from the measurement of the W
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Fig. 5.3. Leptonic and hadronic W branching fractions, as measured by the experiments, and the LEP combined values according to the procedures
described in the text.

test of lepton universality in the decay of on-shellW bosons:

B(W ! µ⌫µ)/B(W ! e⌫e) = 0.993 ± 0.019, (5.2)

B(W ! ⌧⌫⌧ )/B(W ! e⌫e) = 1.063 ± 0.027, (5.3)
B(W ! ⌧⌫⌧ )/B(W ! µ⌫µ) = 1.070 ± 0.026. (5.4)

The branching fraction of W into taus with respect to that into electrons and muons differs by more than two standard
deviations, where the correlations have been taken into account. The branching fractions ofW into electrons and intomuons
agree well. Assuming only partial lepton universality the ratio between the tau fractions and the average of electrons and
muons can also be computed:

2B(W ! ⌧⌫⌧ )/(B(W ! e⌫e) + B(W ! µ⌫µ)) = 1.066 ± 0.025 (5.5)

resulting in an agreement at the level of 2.6 standard deviations only, with all correlations included.
If overall lepton universality is assumed (in the massless assumption), the hadronic branching fraction is determined to

be 67.41 ± 0.18(stat.) ± 0.20(syst.)%, while the leptonic branching fraction is 10.86 ± 0.06(stat.) ± 0.07(syst.)%. These
results are consistent with the SM expectations of 67.51% and 10.83% [23], respectively. The systematic error receives equal
contributions from the correlated and uncorrelated sources.

Within the SM, the branching fractions of the W boson depend on the six matrix elements |Vqq0 | of the Cabibbo–
Kobayashi–Maskawa (CKM) quarkmixingmatrix not involving the top quark. In terms of thesematrix elements, the leptonic
branching fraction of the W boson B(W ! `⌫`) is given by
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where↵s(M2
W ) is the strong coupling constant and fermionmass effects are negligible. Taking↵s(M2

W ) = 0.119±0.002 [102],
and using the experimental knowledge of the sum |Vud|2 + |Vus|2 + |Vub|2 + |Vcd|2 + |Vcb|2 = 1.0544 ± 0.0051 [102], the
above result can be interpreted as a measurement of |Vcs| which is the least well determined of these matrix elements:

|Vcs| = 0.969 ± 0.013.

The error includes a contribution of 0.0006 from the uncertainty on ↵s and a 0.003 contribution from the uncertainties
on the other CKM matrix elements, the largest of which is that on |Vcd|. These uncertainties are negligible in the error of
this determination of |Vcs|, which is dominated by the experimental error of 0.013 arising from the measurement of the W
branching fractions.

Vcs ?
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Fig. 5.1. Measurements of the W -pair production cross-section, compared to the predictions of RACOONWW [99] and YFSWW [97,98]. The shaded area
represents the uncertainty on the theoretical predictions, estimated as ±2% for

p
s < 170 GeV and ranging from 0.7% to 0.4% above 170 GeV. TheW mass

is fixed at 80.35 GeV; its uncertainty is expected to give a significant contribution only at threshold energies.

the figure. The main differences between the predictions of YFSWW/RACOONWW and GENTLE/KORALW arise from non-
leading O(↵) electroweak radiative corrections to the W -pair production process and non-factorisable corrections, which
are included (in the LPA/DPA leading-pole/double-pole approximation [92]) in both YFSWW and RACOONWW, but not in
GENTLE and KORALW. The data clearly prefer the computations which more precisely include O(↵) radiative corrections.

5.2.2. Derived quantities
From the cross-sections of the individual WW decay channels, each experiment determined the values of the W

branching fractions, with and without the assumption of lepton universality.5 In the fit with lepton universality, the
branching fraction to hadrons is determined from that to leptons by constraining the sum to unity. In building the full
12 ⇥ 12 covariance matrix, the same correlations of the systematic errors as used for the cross-section measurements are
assumed. The detailed inputs to LEP and the correlation matrices are reported in Table E.6.

The results from each experiment are reported in Table 5.5 together with the LEP combination and shown in Fig. 5.3.
The results of the fit which does not assume lepton universality show a negative correlation of 20.1% (12.2%) between the

5 In what follows any effects from lepton masses onW partial widths are neglected given their small size.
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Fig. 5.1. Measurements of the W -pair production cross-section, compared to the predictions of RACOONWW [99] and YFSWW [97,98]. The shaded area
represents the uncertainty on the theoretical predictions, estimated as ±2% for

p
s < 170 GeV and ranging from 0.7% to 0.4% above 170 GeV. TheW mass

is fixed at 80.35 GeV; its uncertainty is expected to give a significant contribution only at threshold energies.

the figure. The main differences between the predictions of YFSWW/RACOONWW and GENTLE/KORALW arise from non-
leading O(↵) electroweak radiative corrections to the W -pair production process and non-factorisable corrections, which
are included (in the LPA/DPA leading-pole/double-pole approximation [92]) in both YFSWW and RACOONWW, but not in
GENTLE and KORALW. The data clearly prefer the computations which more precisely include O(↵) radiative corrections.

5.2.2. Derived quantities
From the cross-sections of the individual WW decay channels, each experiment determined the values of the W

branching fractions, with and without the assumption of lepton universality.5 In the fit with lepton universality, the
branching fraction to hadrons is determined from that to leptons by constraining the sum to unity. In building the full
12 ⇥ 12 covariance matrix, the same correlations of the systematic errors as used for the cross-section measurements are
assumed. The detailed inputs to LEP and the correlation matrices are reported in Table E.6.

The results from each experiment are reported in Table 5.5 together with the LEP combination and shown in Fig. 5.3.
The results of the fit which does not assume lepton universality show a negative correlation of 20.1% (12.2%) between the

5 In what follows any effects from lepton masses onW partial widths are neglected given their small size.
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Fig. 5.5. Measurements of the Z-pair production cross-section, compared to the predictions of YFSZZ [107] and ZZTO [108]. The shaded area represents
the ±2% uncertainty on the predictions.

Table 5.8
Ratios of LEP combined Z-pair cross-sectionmeasurements to
the expectations according to ZZTO [108] and YFSZZ [107].
The results of the combined fits are given together with the
resulting �2/dof. Both fits take into account inter-experiment
as well as inter-energy correlations of systematic errors.

p
s(GeV) RZZTO

ZZ RYFSZZ
ZZ

182.7 0.857 ± 0.320 0.857± 0.320
188.6 1.017 ± 0.113 1.007± 0.111
191.6 0.865 ± 0.226 0.859± 0.224
195.5 1.118 ± 0.134 1.118± 0.134
199.5 0.974 ± 0.126 0.970± 0.126
201.6 0.805 ± 0.174 0.800± 0.174
204.9 0.934 ± 0.122 0.928± 0.121
206.6 0.948 ± 0.092 0.938± 0.091

�2/dof 14.5/24 14.5/24

Average 0.966 ± 0.052 0.960± 0.052

�2/dof 17.4/31 17.4/31

5.5. Single-boson production

The study of singly resonant final states finds its motivations in the comparison with SM calculations in a delicate region
of the 4-f phase space, where the treatment of ISR or fermion loop corrections can induce large corrections, up to several
percent, to the total cross-section. These processes are also very sensitive to the value of↵QED. Moreover, singleW production
also brings information on possible anomalousWW� couplings.

Single boson production at LEP is mostly realised via t-channel processes, where either the incident electron or positron
maintains its direction, escaping undetected along the beam and thus generating missing momentum along the z axis.
Single W and single Z production then proceed dominantly via the vector boson fusion process illustrated in Fig. 1.7 or
via Bremsstrahlung processes. In the case of single W production in the W ! e⌫e final state, the W is detected either by
its hadronic decay producing two jets, or by its leptonic decay producing a single charged lepton; single Z production in the
Z ! e+e� final state is identified from an electron recoiling against two fermions (quarks or leptons) coming from the Z
decay.

The selection of these events is particularly difficult because of the relatively low cross-section of the signal and because
of the presence of large backgrounds in these phase space regions. Particularly large backgrounds arise from radiative qq̄
production or � � scattering. The analyses, mostly based on sequential cuts on kinematic variables, have an efficiency which
depends on the considered final state and ranges typically from 35% to 60% [112–116]. These references describe results on
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Fig. 1.2. Feynman diagrams for the process e+e� ! � � at the Born level.

Fig. 1.3. Feynman diagrams for the process e+e� ! f f at the Born level. For e+e� final states additional t-channel diagrams contribute.

Fig. 1.4. Feynman diagrams (CC03) for the process e+e� ! W+W� at the Born level.

Fig. 1.5. Feynman diagrams (NC02) for the process e+e� ! ZZ at the Born level.

Fermion-pair production
Pair-production of fermions proceeds mainly via s-channel exchange of a photon or a Z boson as shown in Fig. 1.3. For

energies above the Z resonance, QED radiative corrections are very large, up to several 100% of the Born cross-section. This
is caused by hard initial-state radiation of photons, which lowers the centre-of-mass energy,

p
s, of the hard interaction

down to values
p
s0 close to the Z mass, called radiative return to the Z . In order to probe the hard interaction at the nominal

energy scale
p
s, cuts are applied to remove the radiative return to the Z and only keep the high-Q 2 events. Further cuts

remove non-resonant pair corrections arising from four-fermion production not included in the signal definition.

WW and ZZ production
One of the most important processes at LEP-II consists of pair production of on-shell W bosons as shown in Fig. 1.4.

These events allow a determination of the mass and total decay width of the W boson. The non-Abelian nature of the
electroweak gauge theory, leading to triple and quartic gauge-boson vertices such as those appearing in the two s-channel
WW production diagrams, is studied and the gauge couplings aremeasured. EachW boson decays to a quark–antiquark pair,
hadronising into jets, or to a lepton–neutrino pair, resulting in a four-fermion final state. TheWW events are thus classified
into fully hadronic, semileptonic and purely leptonic events. At higher centre-of-mass energies, four-fermion final states are
also produced via Z-pair production, as shown in Fig. 1.5.

Final-state corrections arising from the interaction between the two W decay systems, such as colour reconnection and
Bose–Einstein correlations, may lead to a cross-talk effect. Such an effect potentially spoils the assignment of decay products
to decaying weak bosons in terms of four-momentum, with consequences in the measurement of the W -boson mass and
width in the all-hadronic channel.

Radiative corrections to W -pair production are particularly interesting as they allow the study of quartic-gauge-boson
vertices as shown in Fig. 1.6.
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Fig. 1.6. Feynman diagrams for the process e+e� ! WW� andWWZ at the Born level involving quartic electroweak-gauge-boson vertices.

Fig. 1.7. Vector-boson fusion diagrams for the single W/Z/� process at the Born level.

Table 2.1
Simplified phase-space definition for the selection of e+e� ! � � (� ) events.
DELPHI does not select clusters in the range [35°, 42°], [88°, 92°] and [138°, 145°].
OPAL is sensitive to additional clusters up to |cos ✓ i| < 0.97 (i � 3).

Experiment Polar angles Energies Acollinearity

ALEPH |cos ✓ i| < 0.95 E1, E2 > 0.5 · Ebeam ⇠acol < 20°
DELPHI 25° < ✓i < 155° E1, E2 > 0.3 · Ebeam ⇠acol < 50°
L3 16° < ✓i < 164° E1 + E2 > Ebeam ⇠acol < 165°
OPAL |cos ✓ i| < 0.93 E1, E2 > pz –

Four-fermion production
Besides the double-resonant WW and ZZ processes, single-resonant boson production channels such as those shown in

Fig. 1.7, as well as non-resonant diagrams also contribute to four-fermion production. Selections are devised to separate the
various four-fermion processes, in particular WW , ZZ , single-W and single-Z production. Single-W production is sensitive
to the electromagnetic gauge couplings of the W boson, as the t-channel photon exchange diagram dominates over the t-
channel Z exchange diagram at LEP-II energies. Bremsstrahlung diagramswith radiation of an on-shell Z boson off an initial-
or final-state fermion leg in Bhabha scattering contribute to single-Z production in the form of Zee final states.

2. Photon-pair production

2.1. Introduction

The differential cross-section for the photon-pair production process e+e� ! � � (� ) is presented here for centre-of-
mass energies above 183 GeV. This process is one of the few channels at LEP energies with negligible contribution from the
weak interaction. Therefore it provides a clean test of quantum electrodynamics, QED, at high energies. The combination is
based on the publications [3–6].

Section 2.2 gives a short overview on the event selections of the four experiments as far as they are relevant for the
determination of the theory uncertainty, which is described in Section 2.3. Also the expected cross-sections from QED and
other models are given. In Section 2.4 the combination of the differential cross-section is presented. The total cross-section
given in Section 2.5 is derived from the differential cross-section. The results are summarised in Section 2.6.

2.2. Event selection

The topology of this channel is very clean and the event selection, which is similar for all experiments, is based on the
presence of at least two energetic clusters in the electromagnetic calorimeters (ECAL). Aminimumenergy of the twohighest-
energy ECAL clusters is required. Restrictions are made either on the acollinearity, ⇠acol, or on the missing longitudinal
momentum, pz . The cuts and the allowed range in polar angle, ✓i, of the observed clusters are listed in Table 2.1. The clusters
are ordered by decreasing energy. In order to remove background, especially from Bhabha events, charged tracks are in
general not allowed except when they can be associated to a photon conversion in one hemisphere.

Besides limited coverage of the ECAL, selection cuts to reject events with charged tracks are the main reason for a
reduced signal efficiency. The effect of the different cuts depends strongly on the detector geometry. Therefore experimental
systematic errors are considered uncorrelated between the experiments.
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Fig. 5.8. Measurements of the single-W total production cross-section, compared to the predictions of WPHACT [117] and grc4f [111]. The shaded area
represents the ±5% uncertainty on the predictions.

Table 5.12
Ratios of LEP combined total single-W cross-section measurements to the
expectations according to grc4f [111] and WPHACT [117]. The resulting
averages over energies are also given. The averages take into account inter-
experiment as well as inter-energy correlations of systematic errors.

p
s(GeV) R

grc4f

We⌫ RWPHACT
We⌫

182.7 1.122 ± 0.272 1.157± 0.281
188.6 0.936 ± 0.149 0.965± 0.154
191.6 1.094 ± 0.373 1.128± 0.385
195.5 1.081 ± 0.203 1.115± 0.210
199.5 1.242 ± 0.187 1.280± 0.193
201.6 1.340 ± 0.261 1.380± 0.269
204.9 0.873 ± 0.189 0.899± 0.195
206.6 1.058 ± 0.143 1.089± 0.148

�2/dof 8.1/16 8.1/16

Average 1.058 ± 0.078 1.090± 0.080

�2/dof 12.1/23 12.1/23

The agreement can also be appreciated in Table 5.12, where the values of the ratio between measured and expected
cross-section values according to the computations of grc4f and WPHACT are reported, with additional details listed in
Table E.18. The combination is performed accounting for the energy and experiment correlations of the systematic sources.
The results are also presented in Fig. 5.9.

5.5.2. Zee cross-section measurement
The signal definition has been given in Section 5.1. The combination of results is performedwith the same technique used

for the other channels. The results include the hadronic and the leptonic channels and all the centre-of-mass energies from
183 to 209 GeV from the ALEPH [112], DELPHI [113] and L3 [120] Collaborations. The OPAL results [121] are not included in
the combination as they were not provided according to the common signal definition.

Tables 5.13 and 5.14, with details summarised in Table E.19, present the inputs from the experiments and the
corresponding LEP combinations in the muon and hadronic channel, respectively. The eeµµ cross-section is already
combined in energy by the individual experiments to increase the statistics of the data. The combination takes into account
the correlation of the energy and experimental systematic errors. The results in the hadronic channel are compared with
the predictions of WPHACT and grc4f, listed in Table E.20, in Fig. 5.10 as a function of the centre-of-mass energy.

The same data are expressed as ratios of the measured to the predicted cross-section, listed in Table 5.15, with details
on the decomposition of the systematic error reported in Table E.21, and shown in Fig. 5.11. The accuracy of the combined
ratio is about 7% with three experiments contributing to the average.
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Fig. 5.10. Measurements of the single-Z hadronic production cross-section, compared to the predictions of WPHACT [117] and grc4f [111]. The shaded
area represents the ±5% uncertainty on the predictions.

Table 5.15
Ratios of LEP combined single-Z hadronic cross-section measurements to the
expectations according to grc4f [111] and WPHACT [117]. The resulting
averages over energies are also given. The averages take into account inter-
experiment as well as inter-energy correlations of systematic errors.

p
s(GeV) R

grc4f

Zee RWPHACT
Zee

182.7 0.871 ± 0.219 0.876± 0.220
188.6 0.982 ± 0.126 0.990± 0.127
191.6 1.104 ± 0.275 1.112± 0.277
195.5 0.964 ± 0.167 0.972± 0.168
199.5 0.809 ± 0.165 0.816± 0.167
201.6 1.126 ± 0.222 1.135± 0.224
204.9 0.769 ± 0.160 0.776± 0.162
206.6 1.062 ± 0.124 1.067± 0.125

�2/dof 13.0/16 13.0/16

Average 0.955 ± 0.065 0.962± 0.065

�2/dof 17.1/23 17.0/23

Table 5.16
WW� production cross-section from the LEP experiments and com-
bined values for the four energy bins.

p
s WW� cross-section (pb)

(GeV) DELPHI L3 OPAL LEP

188.6 0.05± 0.08 0.20± 0.09 0.16± 0.04 0.15± 0.03
194.4 0.17± 0.12 0.17± 0.10 0.17± 0.06 0.17± 0.05
200.2 0.34± 0.12 0.43± 0.13 0.21± 0.06 0.27± 0.05
206.1 0.18± 0.08 0.13± 0.08 0.30± 0.05 0.24± 0.04

5.7. Summary

This chapter has summarised the final LEP results in terms of four-fermion cross-sections and derived quantities. TheWW
cross-section has beenmeasured precisely at LEP-II energies. Themeasurements clearly favour those theoretical predictions
which properly include O(↵) electroweak corrections, thus showing that the SM can be tested at the loop level at LEP-II.

In general the results are in good agreement with the SM predictions, both in the charged current and in the neutral
current sector. A small anomaly in the W decay branching fractions, favouring W decays into ⌧⌫⌧ compared to the other
lepton families, is observed in the data. This excess is above two standard deviations in the measured branching fractions
into both e⌫e and µ⌫µ.
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Table 6.2
The measured central values and one standard deviation errors obtained by the four LEP experiments for the charged TGC parameters. In each case the
parameter listed is varied while the remaining two are fixed to their SM values (also shown). Both statistical and systematic errors are included. The values
given here differ slightly from the ones quoted in the individual contributions from the four LEP experiments, as a different combination method is used.
See text in Section 6.2 for details.
Parameter ALEPH DELPHI L3 OPAL SM

gZ
1 0.996+0.030

�0.028 0.975+0.035
�0.032 0.965+0.038

�0.037 0.985+0.035
�0.034 1

� 0.983+0.060
�0.060 1.022+0.082

�0.084 1.020+0.075
�0.069 0.899+0.090

�0.084 1

�� �0.014+0.029
�0.029 0.001+0.036

�0.035 �0.023+0.042
�0.039 �0.061+0.037

�0.036 0

Table 6.3
The combined results for the 68% C.L. errors and 95% C.L. intervals obtained for the charged TGC parameters from the four
LEP experiments. In each case the parameter listed is varied while the other two are fixed to their SM values (also shown).
Both statistical and systematic errors are included.

Parameter 68% C.L. 95% C.L. SM

gZ
1 +0.984+0.018

�0.020 [0.946, 1.021] 1

� +0.982+0.042
�0.042 [0.901, 1.066] 1

�� �0.022+0.019
�0.019 [�0.059, 0.017] 0

Fig. 6.1. The logL curves of the four experiments (thin lines) and the LEP combined curve (black line) for the three charged TGCs gZ
1 , � and �� . In each

case, the minimal logL value is subtracted.

6.4.1. Charged triple gauge boson couplings
The individual analyses and results of the experiments for the charged couplings are described in [127,128,138–140,130].

The results of single-parameter fits from each experiment are shown in Table 6.2, where the errors include both statistical
and systematic effects. The individual logL curves and their sum are shown in Fig. 6.1. The results of the combination are
given in Table 6.3. A list of the systematic errors treated as fully correlated between the LEP experiments, and their shift on
the combined fit result were given in Table 6.1. The combined results agree well with the SM expectation.
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(el. dipole, magn. quadrupole
moments)
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The branching fractions of W bosons are derived from the number of events measured in the different
channels [4,5]. First, the branching fractions into the three different lepton families are determined,
without the assumption of lepton universality, as

Br(W → e!̄e) = 10.59± 0.17% ,

Br(W → "!̄") = 10.55± 0.16% ,

Br(W → #!̄#) = 11.20± 0.22% .

The three values are compatible, and assuming lepton universality the branching fraction into hadrons is
derived as

Br(W → qq̄′) = 67.77± 0.28% .

These results are in agreement with the Standard Model predictions. The branching fraction ofW bosons
into hadrons depends on the six elements |Vqq′ | of theCabibbo–Kobayashi–Maskawamatrix not involving
top quarks. LEP measurements provide an estimate of the less-known |Vcs| element as [4]

|Vcs| = 0.989± 0.014 .

3. Single W-boson production

The gradual increase of the LEP centre-of-mass energy from 130 up to 209GeV provided unique
conditions to search for manifestations of New Physics beyond the Standard Model. The production of
particles predicted by supersymmetry, for example, would result in striking signatures, such as events
with two hadronic jets and large missing energy, due to the production of weakly interacting, and hence
undetected, neutralinos. Surprisingly, such events were found in the LEP data. However, with an invariant
mass of the hadronic system close to mW they were ascribed to hadronic decays of W bosons single-
produced through the process e+e− → W+e−!̄e, rather than to a discovery of Supersymmetry. This
process is described by Feynman diagrams like those presented in Fig. 2, where the electrons escape
detection as they are scattered inside, or close to, the beam pipe. The other signature of single W-boson
production is a single charged lepton in an otherwise empty event. After the first observation of this
process [8], around 700 events were selected by the four LEP collaborations [9,10]. Fig. 4 presents the
results of a combination of the measured cross-sections [4]. A good agreement with the Standard Model
predictions [11] is observed, as quantified by the ratio

RWe! = !measWe"
!theoWe"

= 0.978± 0.080 ,

where the uncertainty is mainly statistical. The calculation of !theoWe" is made difficult by the low-angle
scattering of the final-state electron and is assigned an uncertainty of 5% [2].
As shown in Fig. 2, singleW-boson production is sensitive to the $WWcoupling and hence to the elec-

tromagnetic properties ofW bosons. TheW-boson magnetic dipole moment, #W, and electric quadrupole
moment, qW, are written as [12]

#W = e

2mW
(1+ $$ + %$), qW = − e

m2
W

($$ − %$) , (1)
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The selection efficiency is found to be independent of
the W mass. The variation of the total signal cross section
with mW affects the purity of the selected events and is
taken into account, whereas its dependence on ΓW is as-
sumed to be negligible.

The reweighting procedure was tested at 189 and
207 GeV by comparing the fitted with the input mass in
each channel individually for four independent 4f Monte
Carlo samples generated with mW values of 79.850, 80.100,
80.600 and 80.850 GeV/c2. The relationship between the
fitted and true masses was found to be linear for all chan-
nels over this range. The best straight line fits through the
points are consistent with calibration curves of unit slope
and zero bias, within the statistical precision of the test.
Small deviations are observed in the eνqq̄ channel from
which a systematic uncertainty is derived (Sect. 8.4).

Table 2 gives the expected and observed numbers of
events from all contributing processes for each channel
which satisfy the kinematic fitting criteria after all window
cuts are applied. The numbers of expected WW events are
calculated withO(α) corrections using the standard 4f ref-
erence samples generated at mW = 80.35 GeV/c2.

6.1 The qq̄qq̄ channel

The two-dimensional reweighting fits used in the previ-
ously published analyses at 183 and 189 GeV [4, 5] are re-

Fig. 3. Mass distributions in the: a 4q,
b eνqq̄, c µνqq̄ and d τνqq̄ channels
for data (points with error bars), non-
WW background (shaded area) and sig-
nal+background Monte Carlo with mW
values set to those fitted from each indi-
vidual channel (solid line histogram). For
the 4q channel, the distribution shows
the 5C kinematically fitted dijet masses
before window cuts are applied. For the
ℓνqq̄ channels, the distributions show the
2C (or 1C) kinematic fits before window
cuts

placed by three-dimensional (3-D) fits which better ex-
ploit the available information from each event. The fol-
lowing three estimators were selected: (i) the 5C fitted
mass, M5C, (ii) a random choice of one of the 4C di-jet
unrescaled masses, M4C and (iii) the kinematic fit error
on the 5C mass, σM5C . Using a binned 3-D probability
density function, a maximum likelihood fit is performed to
the data within the following acceptance windows: 70 <
M5C < 90 GeV/c2, 0 < σM5C < 4 GeV/c2 and 60 <M4C <
110 GeV/c2 for both the one and two-parameter fits. The
allowed fit range for ΓW is loosely constrained to 1.1 <
ΓW < 4.1 GeV. Bin sizes in the probability density distri-
bution of the 5C and 4C masses are chosen for signal and
summed backgrounds separately such that the number of
events of each type per bin is approximately constant. The
third dimension is subdivided into four bins chosen dynam-
ically to equalise the number of signal events in each bin.
This binning is kept for the summed background. The fit-
ted mass is extracted in each of these bins in the third
dimension and the likelihoods combined to determine the
final mass and error. To avoid any bias, the minimum num-
ber of signal Monte Carlo events per 3-D bin is 200.

Figure 3a shows the mass distribution from the 5C kine-
matic fits to the data before the window cuts between 70
and 90 GeV/c2 are applied. For comparison the mass dis-
tribution predicted from the simulation, reweighted to the
fitted W mass in data, is superimposed.
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Fig. 7.1. The measurements of the W -boson mass obtained by the four LEP collaborations (as published) together with the LEP combined result. The
combined value includes correlations between experiments, between different energy points, and between the qq`⌫` and qqqq channels. A revised
estimation of systematic uncertainties due to colour reconnection and Bose–Einstein correlations is applied to the input of the individual measurements
to the LEP combined results in order to take the direct determination of FSI parameters into account.

7.4. LEP combined W-boson mass

The combined LEPW mass from direct reconstruction data alone is:

mW (direct) = 80.375 ± 0.025(stat.) ± 0.022(syst.) GeV, (7.6)

with a total uncertainty of 34 MeV. The combination has a �2/dof of 47.7/37, corresponding to a probability of 11.1%. The
weight of the fully-hadronic channel in the combination amounts to just 22% due to significant FSI systematic uncertainties.

The largest contribution to the systematic error originates from hadronisation uncertainties, which are fully correlated
between all measurements. In the absence of any systematic effects the current LEP statistical precision on mW would be
22 MeV. The statistical error contribution in the LEP combination is larger than this, 25 MeV, due to the reduced weight of
the fully-hadronic channel, mainly due to FSI systematic uncertainties.

When the threshold measurements (Section 7.2) are combined with the precise results obtained from direct
reconstruction one achieves aW mass measurement of:

mW = 80.376 ± 0.025(stat.) ± 0.022(syst.) GeV, (7.7)

with a slightly improved total uncertainty of 33 MeV. The combination has a �2/dof of 48.9/41, corresponding to a
probability of 18.5%. The LEP energy uncertainty is the only correlated systematic error source between the threshold and
direct reconstruction measurements. The threshold measurements have a weight of only 2% in the combined fit. This LEP
combined result is compared with the final results of the four LEP experiments in Fig. 7.1.

7.5. Consistency checks

The masses from the two channels with all uncertainties and correlations included are:

mW (W+W� ! qq`⌫`) = 80.372 ± 0.030(stat.) ± 0.021(syst.) GeV, (7.8)

mW (W+W� ! qqqq) = 80.387 ± 0.040(stat.) ± 0.044(syst.) GeV. (7.9)

The two results are correlated with a correlation coefficient of 0.20. These results and the correlation between them can be
used to combine the twomeasurements or to form themass difference. The LEP combined results from the two channels are
comparedwith those quoted by the individual experiments in Fig. 7.2. When combining themW measurements in the qq`⌫`

and qqqq channels separately and neglecting any correlations between these final states, results consistent within 2 MeV
with the correlated averages above are obtained.

The difference between the combinedW -bosonmassmeasurements obtained from the fully-hadronic and semi-leptonic
channels, �mW (qqqq � qq`⌫`) is also determined. Since �mW is primarily of interest as a check of the possible effects
of final state interactions, the uncertainties from Bose–Einstein correlation and colour reconnection are set to zero in its
determination. A fit imposing otherwise the same correlations as those for the results given in the previous sections yields:

�mW (qqqq � qq`⌫`) = �12 ± 45 MeV. (7.10)

2006
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Fig. 7.1. The measurements of the W -boson mass obtained by the four LEP collaborations (as published) together with the LEP combined result. The
combined value includes correlations between experiments, between different energy points, and between the qq`⌫` and qqqq channels. A revised
estimation of systematic uncertainties due to colour reconnection and Bose–Einstein correlations is applied to the input of the individual measurements
to the LEP combined results in order to take the direct determination of FSI parameters into account.

7.4. LEP combined W-boson mass

The combined LEPW mass from direct reconstruction data alone is:

mW (direct) = 80.375 ± 0.025(stat.) ± 0.022(syst.) GeV, (7.6)

with a total uncertainty of 34 MeV. The combination has a �2/dof of 47.7/37, corresponding to a probability of 11.1%. The
weight of the fully-hadronic channel in the combination amounts to just 22% due to significant FSI systematic uncertainties.

The largest contribution to the systematic error originates from hadronisation uncertainties, which are fully correlated
between all measurements. In the absence of any systematic effects the current LEP statistical precision on mW would be
22 MeV. The statistical error contribution in the LEP combination is larger than this, 25 MeV, due to the reduced weight of
the fully-hadronic channel, mainly due to FSI systematic uncertainties.

When the threshold measurements (Section 7.2) are combined with the precise results obtained from direct
reconstruction one achieves aW mass measurement of:

mW = 80.376 ± 0.025(stat.) ± 0.022(syst.) GeV, (7.7)

with a slightly improved total uncertainty of 33 MeV. The combination has a �2/dof of 48.9/41, corresponding to a
probability of 18.5%. The LEP energy uncertainty is the only correlated systematic error source between the threshold and
direct reconstruction measurements. The threshold measurements have a weight of only 2% in the combined fit. This LEP
combined result is compared with the final results of the four LEP experiments in Fig. 7.1.

7.5. Consistency checks

The masses from the two channels with all uncertainties and correlations included are:

mW (W+W� ! qq`⌫`) = 80.372 ± 0.030(stat.) ± 0.021(syst.) GeV, (7.8)

mW (W+W� ! qqqq) = 80.387 ± 0.040(stat.) ± 0.044(syst.) GeV. (7.9)

The two results are correlated with a correlation coefficient of 0.20. These results and the correlation between them can be
used to combine the twomeasurements or to form themass difference. The LEP combined results from the two channels are
comparedwith those quoted by the individual experiments in Fig. 7.2. When combining themW measurements in the qq`⌫`

and qqqq channels separately and neglecting any correlations between these final states, results consistent within 2 MeV
with the correlated averages above are obtained.

The difference between the combinedW -bosonmassmeasurements obtained from the fully-hadronic and semi-leptonic
channels, �mW (qqqq � qq`⌫`) is also determined. Since �mW is primarily of interest as a check of the possible effects
of final state interactions, the uncertainties from Bose–Einstein correlation and colour reconnection are set to zero in its
determination. A fit imposing otherwise the same correlations as those for the results given in the previous sections yields:

�mW (qqqq � qq`⌫`) = �12 ± 45 MeV. (7.10)
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measurement. The parametric uncertainty due to the uncertainty in the hadronic vacuum polarisation, !$(5)
had(m2

Z) = 0.02758 ± 0.00035, is not

included in the width of these bands as it is small except for the sin2 "lept
eff band, where the ±1# uncertainty is indicated by the arrow labeled !$.

The direct measurement of mW used here is preliminary.

way, the relevant calculations are incorporated in computer programs such as TOPAZ0 [30], using the general minimal
subtraction renormalisation scheme, and ZFITTER [31], using the on-mass-shell renormalisation scheme. For the
realistic observables, the measured cross-sections and asymmetries, the following corrections are included in TOPAZ0
and ZFITTER: up to O($2) and leading O($3) for initial-state QED radiation including pairs, O($) for final-state
QED radiation and QED initial-final state interference, O($3

S) for final-state QCD radiation and O($$S) for mixed
QED/QCD final-state radiation. These corrections are needed to extract the pseudo-observables discussed in this report
from the realistic observables. For the calculation of the expectation for the extracted pseudo-observables discussed
in this report, the final-state corrections listed above are also available for the Z decay widths. Furthermore, complete
one-loop electroweak radiative corrections, re-summed leading one-loop corrections and two-loop corrections up to
O($$S, $$2

S, G2
Fm4

t , G
2
Fm2

t m
2
Z, GFm2

t $S, GFm2
t $

2
S) are included. Overviews and summaries of radiative corrections in

Z-pole physics are given in Refs. [238,239,32], which should be consulted for references to the original calculations.
Missing higher-order electroweak, strong and mixed corrections cause the calculation of any observable to be in-

complete and thus approximate. Ambiguities also arise due to the choice of renormalisation schemes, re-summation
schemes, momentum-transfer scales in loop corrections, and schemes to implement the factorisation of various cor-
rections. These ambiguities reflect and are of the same order as the missing higher-order corrections. The uncertainty
on the predicted observables due to these effects is thus estimated by comparing results obtained using different calcu-
lations performed to equivalent order [75,239–242]. Recent developments in the calculation of electroweak radiative
corrections include the complete two-loop corrections for the mass of the W boson [243], leading three-loop top-quark
contributions to the % parameter [244], and fermionic two-loop corrections for the effective electroweak mixing angle
[245]. The remaining theoretical uncertainties are estimated to be ±4 MeV in mW [243] and ±4.9 × 10−5 in sin2 "lept

eff
[245], respectively.

The recent calculations and their associated theoretical uncertainties are implemented in ZFITTER 6.42 [31] and
used here.24 Numerical results for theoretical uncertainties calculated with ZFITTER are reported in Table 8.1 for
several pseudo-observables. The uncertainties due to missing higher-orders are in general small compared to the leading

24 The default flags of ZFITTER 6.42 are used, except for setting AMT4 = 6 to access these latest electroweak radiative corrections and setting
ALEM = 2 to take into account the externally supplied value of !$(5)

had(m2
Z). The effects of the theoretical uncertainties in the calculations of mW

and sin2 "lept
eff are simulated by changing the ZFITTER flags DMWW and DSWW from their default value of 0 to ±1.
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Table 1.3
The weak-isospin structure of the fermions in the SM
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“L” and “R” stand for left-handed and right-handed fermions, T and T3 are the total weak-isospin and its third component, and Q is the electric
charge. Note that the results presented in this report are insensitive to, and independent of, any small (< MeV) neutrino masses.
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Fig. 1.9. Higher-order corrections to the gauge boson propagators due to boson and fermion loops.
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Fig. 1.10. Vertex corrections to the process e+e− → bb.

form of Eq. (1.5) is maintained, and taken to define the on-shell electroweak mixing angle, $W, to all orders, in terms
of the vector boson pole masses:

%0 = m2
W

m2
Zcos2 $W

. (1.10)

In the following, %0 = 1 is assumed.
The bulk of the electroweak corrections [25] to the couplings at the Z-pole is absorbed into complex form factors,

Rf for the overall scale and Kf for the on-shell electroweak mixing angle, resulting in complex effective couplings:

GVf =
√
Rf (T f

3 − 2QfKf sin2 $W), (1.11)

GAf =
√
Rf T f

3 . (1.12)
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Fig. 1.16. Comparison of direct and indirect determinations of the mass of the top quark, mt , as a function of time. The shaded area denotes the
indirect determination of mt at 68% confidence level derived from the analysis of radiative corrections within the framework of the SM using
precision electroweak measurements. The dots with error bars at 68% confidence level denote the direct measurements of mt performed by the
Tevatron experiments CDF and D]. Also shown is the 95% confidence level lower limit on mt from the direct searches before the discovery of the
top quark. Predictions and measurements agree well.

arising from ambiguities in the theoretical definition of the pseudo-observables are discussed in Section 2.4.4, and
quantified in Table 2.8.

In the same spirit, the contribution of the 4-fermion process e+e− → Z → Z∗H → ffH entering the fermion-pair
samples used for analysis should be negligible. The limit of mH > 114.4 GeV [39] established by the direct search
for the Higgs boson at LEP-II ensures that this is in fact the case. Only when hypothetical Higgs masses well below
the experimental limit are considered in the course of exploring the full parameter-space of the SM must allowances
be made for the treatment of such ZH contributions [29], both in the experimental analyses and in the theoretical
calculations.

1.6. Interpretation and impact of the results

This paper aims to be an authoritative compendium of the properties of the Z boson derived from precise electroweak
measurements performed at LEP-I and SLC. These properties, based on !2 combinations [40] of the results of five
experiments described in detail in this paper, are largely independent of any model, and represent a comprehensive
distillation of our current knowledge of the Z pole.

Since these observed properties are found to be in good agreement with expectations of the SM, we leave theoret-
ical speculations which go beyond the SM context to others. We first focus on comparing the Z-pole data with the
most fundamental SM expectations (lepton universality, consistency between the various manifestations of
sin2 "W, etc.).

We then assume the validity of the SM, and perform fits which respect all the inter-relationships among the mea-
surable quantities which it imposes. These fits find optimum values of the SM parameters, and determine whether
these parameters can adequately describe the entire set of measurements simultaneously. At first we restrict the
set of measurements to the Z-pole results presented here, and later extend the analysis to a larger set of relevant
electroweak results, including the direct measurements of the top quark and W boson masses. This expanded set
of measurements yield the narrowest constraints on the mass of the only particle of the SM not yet observed: the
Higgs boson.

The LEP/SLC era represents a decade of extraordinary progress in our experimental knowledge of electroweak
phenomena. It is the goal of the remainder of this paper to demonstrate in detail how the LEP/SLD measurements
confront the theory of the SM much more precisely than previous experiments. The mass of the Z is now one of the
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Fig. F.1. The comparison of the indirect constraints on mW and mt based on LEP-I/SLD data (dashed contour) and the direct measurements from the
LEP-II/Tevatron experiments (solid contour). In both cases the 68% CL contours are plotted. Also shown is the SM relationship for the masses as a function
of the Higgs mass in the region favoured by theory (<1000 GeV) and allowed by direct searches (dark green bands). The arrow labelled �↵ shows the
variation of this relation if ↵(m2

Z ) is changed by plus/minus one standard deviation. This variation gives an additional uncertainty to the SM band shown
in the figure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. F.2. The 68% confidence level contour in mW and mH for the fit to all data except the direct measurement of mW , indicated by the shaded horizontal
band of ±1 sigma width. The vertical bands show the 95% CL exclusion ranges onmH from the direct searches.

The theoretical uncertainties discussed above are not included in the results presented in Tables F.2 and F.3. At present
the impact of theoretical uncertainties on the determination of SM parameters from the precise electroweakmeasurements
is small compared to the error due to the uncertainty in the value of ↵(m2

Z ), which is included in the results.

F.4. Standard-model analyses

Strong coupling constant
Of the measurements listed in Table F.1, R0

` is the one most sensitive to QCD corrections. For mZ = 91.1875 GeV
and imposing mt = 173.2 ± 0.9 GeV [184] as a constraint, ↵S = 0.1223 ± 0.0038 is obtained. Alternatively, � 0

lep ⌘

The ALEPH Collaboration et al. / Physics Reports 532 (2013) 119–244 237

Fig. F.3. The 68% confidence level contour in mt and mH for the fit to all data except the direct measurement of mt , indicated by the shaded horizontal
band of ±1 sigma width. The vertical bands show the 95% CL exclusion ranges onmH from the direct searches.

Fig. F.4. ��2 = �2 � �2
min vs. mH curve. The line is the result of the fit using all high-Q 2 data (last column of Table F.2); the band represents an estimate

of the theoretical error due to missing higher order corrections. The vertical bands show the 95% CL exclusion ranges on mH from the direct searches. The
dashed curve is the result obtained using the evaluation of �↵

(5)
had(m

2
Z ) from Ref. [194]. The dotted curve corresponds to a fit including also the low-Q 2 data

from Table F.3.

� 0
had/R

0
` = 2.0003 ± 0.0027 nb [2], which has higher sensitivity to QCD corrections and less dependence on mH , yields:

↵S = 0.1179 ± 0.0030. The central values obtained increase by 0.0013 and 0.0010, respectively, when changing mH from
100 GeV to 300 GeV. These results on ↵S , as well as those reported in the next section, are in good agreement with both
independent measurements of ↵S and the world average ↵S(m2

Z ) = 0.1184 ± 0.0007 [207].

Electroweak analyses
In the following, several different SM analyses as reported in Table F.2 are discussed. The �2 minimisation is performed

with the program MINUIT [91], and the predictions are calculated with ZFITTER 6.43 as a function of the five SM input
parameters �↵

(5)
had(m

2
Z ), ↵S(m2

Z ), mZ , mt and log10(mH/GeV) which are varied simultaneously in the fits; see [2] for details
on the fit procedure. The somewhat large �2/dof for all of these fits is caused by the large dispersion in the values of the
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Fig. F.5. Constraints on the mass of the Higgs boson from each observable. The Higgs-boson mass and its 68% CL uncertainty is obtained from a five-
parameter SM fit to the observable, constraining �↵

(5)
had(m

2
Z ) = 0.02750 ± 0.00033, ↵S(m2

Z ) = 0.118 ± 0.003, mZ = 91.1875 ± 0.0021 GeV and
mt = 173.2 ± 0.9 GeV. Because of these four common constraints the resulting Higgs-boson mass values are highly correlated. The shaded band denotes
the overall constraint on the mass of the Higgs boson derived from all observables including the above four SM parameters as reported in the last column
of Table F.2. Results are only shown for observables whose measurement accuracy allows to constrain the Higgs-boson mass on the scale of the figure.

leptonic effective electroweak mixing angle measured through the various asymmetries at LEP-I and SLD [2]. Following [2]
for the analyses presented here, this dispersion is interpreted as a fluctuation in one or more of the input measurements,
and thus we neither modify nor exclude any of them. A further significant increase in �2/dof is observed when the low-Q 2

NuTeV results are included in the analysis.
To test the agreement between the Z-pole data [2] (LEP-I and SLD) and the SM, a fit to these data is performed. This fit

differs from the corresponding analysis reported in Ref. [2] in that the new result for �↵
(5)
had(m

2
Z ) [192], reported in Table F.1,

is used. The result is shown in Table F.2, column 1. The indirect constraints on mW and mt are shown in Fig. F.1, compared
with the directmeasurements. Also shown are the SM predictions for Higgsmasses between 114 and 1000 GeV. The indirect
and direct results onmW andmt are in good agreement. In both cases, a low value of the Higgs-boson mass is preferred.

For the fit shown in column 2 of Table F.2, the direct measurement of mt from the Tevatron experiments is included, in
order to obtain the best indirect determination ofmW . The result is also shown in Fig. F.2. The indirect determination of the
W -boson mass, 80.363± 0.020 GeV, is in good agreement with the direct measurements at LEP-II and the Tevatron,mW =
80.385±0.015 GeV. For the fit shown in column 3 of Table F.2 and Fig. F.3, the directmW and �W measurements from LEP-II
and the Tevatron are included instead of the directmt measurement, in order to obtain the constraintmt = 178+11

�8 GeV, in
good agreement with the much more precise direct measurement ofmt = 173.2 ± 0.9 GeV.

The best constraints on mH are obtained when all high-Q 2 measurements are used in the fit. The results of this fit are
shown in column 4 of Table F.2. The predictions of this fit for observables measured in high-Q 2 and low-Q 2 reactions are
listed in Tables F.1 and F.3, respectively. In Fig. F.4 the observed value of ��2 ⌘ �2 � �2

min as a function of mH is plotted
for this fit including all high-Q 2 results. The solid curve is the result using ZFITTER, and corresponds to the last column of
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Renormalisation Group Equation (“β-function”)
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Measurements of running couplings

• Confirmed with precision over wide energy range 
• alpha-s at LEP: 

– jet rates: common analysis with JADE data 
– event shapes, Z hadronic width, tau decay rates and spectra
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QCD

Energieabhängigkeit der Kopplungs“konstanten”:

• experimentell mit hoher Genauigkeit verifiziert

QCD αs(Mz) = 0.1181 ± 0.0011
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3-jet rates

• Historically, already seen at PETRA 
• Jet algorithm must reflect parton configuration 

– “hadronisation correction”

66
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B mixing again: time dependence

• Boost allows observation of decay 
length 

• Need to convert to proper time: 
reconstruct momentum event by event 
– use tracks from secondary vertex, 

missing energy techniques for the 
neutrino plus an estimator for the 
neutral energy of B decay products 

• Observe Bd  oscillations vs time 
• Set stringent limits on Bs  oscillations
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Fig. 9. (a) Signal for B0 → D∗−l+X from OPAL, seen in the mass difference distribution of the D∗− and D0 candidates from
the decay D∗− → D0!−, with a correlated lepton of the correct charge. (b) Mixed fraction as a function of reconstructed proper
time for those events, showing the clear time-dependence of the B0–B0 oscillation [22]. (c)World combination of the amplitude
of B0s –B

0
s oscillation, as a function of the test frequency "ms; the current lower limit is indicated by the dashed line [9].

expected from the oscillation is a strongly decreasing function of its frequency (for a given proper-time
resolution). The first analysis of B0s oscillations used dilepton events, measuring the time dependence
by topological vertexing; contributions are expected to such a sample from all b-hadron species, and
the oscillation will include components from the B0 and B0s , which were searched for simultaneously.
The oscillation of the B0 was clearly seen, but only a lower limit could be set for the B0s . Later analyses
improved the sensitivity by using other flavour tagging approaches such as jet charge, or alternatively by
more exclusive reconstruction of the B0s decays: using D±

s -lepton correlations, or even fully-reconstructed
decays such as B0s → D−

s !+ (The other channel used for the B0s mass measurement, B0s → J/# $, is
not suitable here because it is not a flavour-specific decay.) Generally there is a trade-off between the
high statistical power of the inclusive lepton-based analyses and the better proper-time resolution of more
exclusively reconstructed decays.
Despite heroic effort, no individual analysis has yet provided a signal for B0s oscillation. Nevertheless

the lower limits provide a significant constraint on the ratio Vts/Vtd via Eq. (2). To obtain the best limit, it
was desirable to combine the (many) analyses, and to this end a new technique was devised, the so-called
amplitude method. At each test-frequency the amplitude of a possible oscillation is fitted for, scaled
to give a value 1 for a signal. These amplitude measurements can then be combined straightforwardly
between different analyses, to give the world combination shown in Fig. 9 (c). As can be seen, there is an
interesting effect at around 18 ps−1, just in the region predicted for the B0s oscillation frequency within
the Standard Model. The significance of the effect is less than three standard deviations, however, and the
resulting combined lower limit is "ms> 14.4 ps−1 at 95% confidence level [9]. Measurement of "ms is
one of the major physics goals of the Tevatron experiments in the next few years: they may well succeed
if its value agrees with the Standard Model expectation; for higher frequencies, indicating new physics,
the LHCb experiment in preparation at the LHC should have the best sensitivity [24]. As for the Higgs
boson, it would be immensely satisfying if the first tantalizing hints of a signal at LEP could be converted
into a clear observation at the accelerator that succeeds it at CERN.

measuring the apparent decay length on the other side. The selection is performed by OCR Output
from one side of the event as being unlikely to have a significant decay length, and then

The decay-length resolution can be checked with real data, using events which are selected
avoid bias the reconstructed decay length is adjusted by this offset.
leading to some asymmetry of the tails. The mean of the distribution is -0.14 mm, and to
primary vertex track has been included in the decay vertex calculation despite the X2 cut,
tions (0.35, 0.44, 0.21) respectively. The tails include contributions from decays in which a
parametrized using the sum of three Gaussians, with widths (0.23, 0.57, 2.3) mm, and frac

The decay-length resolution for Monte Carlo b events is shown in Figure 2(a). It is
occur due to the finite resolution.
projected onto the jet axis. This provides a sign for the decay length; negative values can
length is taken as the separation in three dimensions of the primary and secondary vertices,
to reduce the effect of such misassignments whilst maintaining a high efficiency. The b decay
reconstruction of the charmed particle, and a cut of X2 < 25 is applied to the b decay vertex
inclusive nature of this technique there is the possibility of including wrong tracks in the
The charm track is finally vertexed with the lepton, to give the b decay point. Due to the
is found (which occurs in 11% of the cases) that track is taken as the charm candidate.
‘charm’ track, constructed so that it passes through the decay vertex. If only one such track
of this point. The sum of their momenta is used to define the direction of the inferred
primary vertex. A vertex is formed using tracks that pass within three standard deviations
the difference in X2 is then determined, after interpolating with a local paraboloid as for the
in two orthogonal projections containing the jet axis. The point in space which maximises
decay vertices at points on a grid, in a similar fashion as for the primary vertex, performed
ing some to originate from a second vertex. The difference in X2 is calculated for candidate
determining the difference in X2 between assigning all tracks to the primary vertex or allow
cluding the lepton) are then used in the search for a decay vertex. This is achieved by

b hadron decay lengths.
are the tracks inferred from the reconstruction; distances dl and dg are the reconstructed
represent reconstructed vertices, the solid lines represent charged tracks, and the dashed lines
Figure 1: Schematic illustration of the decay length measurement. The shaded ellipses
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Fig. 9. (a) Signal for B0 → D∗−l+X from OPAL, seen in the mass difference distribution of the D∗− and D0 candidates from
the decay D∗− → D0!−, with a correlated lepton of the correct charge. (b) Mixed fraction as a function of reconstructed proper
time for those events, showing the clear time-dependence of the B0–B0 oscillation [22]. (c)World combination of the amplitude
of B0s –B

0
s oscillation, as a function of the test frequency "ms; the current lower limit is indicated by the dashed line [9].

expected from the oscillation is a strongly decreasing function of its frequency (for a given proper-time
resolution). The first analysis of B0s oscillations used dilepton events, measuring the time dependence
by topological vertexing; contributions are expected to such a sample from all b-hadron species, and
the oscillation will include components from the B0 and B0s , which were searched for simultaneously.
The oscillation of the B0 was clearly seen, but only a lower limit could be set for the B0s . Later analyses
improved the sensitivity by using other flavour tagging approaches such as jet charge, or alternatively by
more exclusive reconstruction of the B0s decays: using D±

s -lepton correlations, or even fully-reconstructed
decays such as B0s → D−

s !+ (The other channel used for the B0s mass measurement, B0s → J/# $, is
not suitable here because it is not a flavour-specific decay.) Generally there is a trade-off between the
high statistical power of the inclusive lepton-based analyses and the better proper-time resolution of more
exclusively reconstructed decays.
Despite heroic effort, no individual analysis has yet provided a signal for B0s oscillation. Nevertheless

the lower limits provide a significant constraint on the ratio Vts/Vtd via Eq. (2). To obtain the best limit, it
was desirable to combine the (many) analyses, and to this end a new technique was devised, the so-called
amplitude method. At each test-frequency the amplitude of a possible oscillation is fitted for, scaled
to give a value 1 for a signal. These amplitude measurements can then be combined straightforwardly
between different analyses, to give the world combination shown in Fig. 9 (c). As can be seen, there is an
interesting effect at around 18 ps−1, just in the region predicted for the B0s oscillation frequency within
the Standard Model. The significance of the effect is less than three standard deviations, however, and the
resulting combined lower limit is "ms> 14.4 ps−1 at 95% confidence level [9]. Measurement of "ms is
one of the major physics goals of the Tevatron experiments in the next few years: they may well succeed
if its value agrees with the Standard Model expectation; for higher frequencies, indicating new physics,
the LHCb experiment in preparation at the LHC should have the best sensitivity [24]. As for the Higgs
boson, it would be immensely satisfying if the first tantalizing hints of a signal at LEP could be converted
into a clear observation at the accelerator that succeeds it at CERN.

• CDF (2006): Δms = 18 ps-1 
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Wrap-up LEP:

• LEP and SLC were a triumph for the Standard Model. 
• Tests with per-mil precision prove that it is correct at the 

one-loop quantum level. 
• This IS a discovery. 
• The precision resulted in quantitative predictions for the 

discovery of new particles, which were confirmed.  
• Many text book experiments made - electro-weak and QCD. 
• Clean environment, well defined initial state, polarisation, 

kinematic fits made that possible.  
• New experimental techniques - vertex detectors  - unfolded 

the potential of heavy flavour observables. 
• In the end, the redundancy of using many observables and 

the possibility to perform internal cross-checks were crucial 
for the success. 
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