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The LEP scan (1989-2000)

LEPI(1989-1995):
√s~91 GeV 
Z physics

LEPII(1996-2000):
√s~160-209 GeV 
W physics

WW threshold 
@ ~160 GeV



HS02-Herlany María Chamizo-University of Geneva 3

At LEPI
Indirect measurement of the W mass with 
an accuracy ~25 MeV

First evidence of contribution of gauge-
boson loops to gauge-boson self energies

Indirect confirmation of the existence of triple 
gauge boson couplings (TGC’s)
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At LEPII
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Luminosity per experiment

Total integrated luminosity from 1996-2000: 

exp/700 1−∫ ≈ pbLdt

Events/exp:
WW ~10000

@ √s~161-209 GeV



W production
and selection
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W production at LEP
Ws are pair produced

Wβσ ∝
3

Wβσ ∝

Dominates at threshold

√S (GeV) 172 183 189 200 208 

PW (GeV) 30 44 50 60 66 
 

 

So called CC03 
processes

PW = average 
W momentum
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Very limited use for the 
mass analysis

Topologies

B(W->qq’) ≈ 68% 

ν
l

l’
ν

l

ν’

Hadronic Semi-leptonic Fully leptonic

45.6% 43.8% 10.6%
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WW events

WW lνlν WW qqqq WW eνqq

DELPHI ALEPH OPAL
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qqqq selection

'Typical' 4q 

Efficiency (%) 90 

Purity (%) 85 
 

 

large multiplicity
no missing E
multi-dimensional analysis

to separate qq bkg

No single variable to discriminate
-> multi-dimensional analysis
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lνqq selection
isolated high P lepton
missing E
2 jets

'typical' e,µ τ 

Efficiency (%) 85 50-80

Purity (%) 95 85 
 

 

τvqq
Selected evts

eνqq
A bit more 
complicated 
for τ channel
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Rescaled visible energy

lνlν selection
6 topologies (ee, eµ, eτ, 

µµ, µτ, ττ)

l’
ν

l

ν’

'Typical' eµ, ee, µµ eτ, µτ ττ 

Efficiency (%) 60-70 40-60 20-45 

Purity (%) 95 90 80 
 

 

2 acoplanar, 
acollinear high P  
leptons

misssing E



Branching Ratios
Cross sections
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Bτ

Bµ

Be

W branching ratios
Test of lepton  
universality at 3% level

W decay into hadrons

SM prediction 67.51%

Bτ ~20% anti-correlated to Be and Bµ

Lepton universality assumed

Pre
lim
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ry

Pre
lim
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021.0000.1/ ±=eBBµ

029.0052.1/ ±=eBBτ

028.0052.1/ ±=µτ BB

%27.092.67)( , ±=→ qqWB
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Vcs CKM matrix element
SM relation between hadronic branching ratio and 

CKM matrix elements: 

Vcs  : the least known CKM matrix element
Using experimental values of the other CKM 
elements:
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Best measurement of Vcs



HS02-Herlany María Chamizo-University of Geneva 16

Clear evidence of SU(2)xU(1) gauge structure

Destructive interaction of WWZ and γWW diagrams 

WW cross section

WWZ 
cou

pli
ng 

ex
ist
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WW cross section
Computed to better than 0.5%  

2% beginning of LEPII

YFSWW / RacoonWW
O(α) corrections
Double Pole Approximation

Include consistently ΓwInclude consistently Γw
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Only L3 and DELPHI 
combined

WWγ cross section
Final states with a 
detected photon

Test theoretical 
implementation of 
radiation
Used for anomalous
WWγγ and WWZγ 
couplings 

ISR FSR WSR
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Single W 
γW fusion 

W-bremsstrahlung

e escapes undetected

Use
ful

 fo
r T

GC
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ZZ production

Test at 5% level
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Zee production
e scapes undetected 

083.0951.0/ ±=WPHACTZee
measuσ



Gauge Couplings
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Triple Gauge Couplings (TGC)
Accessible in single-γ, single-W, and W-pair 
production

Gauge invariance only                 are free

−+−++− ++= µν
µνµν

νµ
ν

µνµν
µ λκ WWV

M
VWWWWVg

g
i

W

V
V

V

VWW

eff
21

L

Effective 
lagrangian CP 
conserving 
(V=Z,γ)

γγ λκ ,,1
Zg

Vg1 Vκ Vλ
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Triple Gauge Couplings (TGC)
Related to the properties of the W boson

Magnetic dipole moment

Electric quadrupole moment

In the Standard Model: 

)1(
2 2 γγ λκµ ++=

W
W M

e

)(2 γγ λκ −−=
W

W M
eq

1=γκ 11 =Zg0=γλ

WW 4f sensitive 
to:

Single W, single γ

γκ γλ Zg1

γκ
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TGCs from W pairs

Sensitive to: 
Angular distribution 
Event rate
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TGCs: 1 dimensional fit
1 parameter fitted

The others fixed to 
their SM value

Fit to qqqq, qqlν,lνlν, 
single W, single γ

Main correlated 
systematic from O(α) 
corrections

0.015 on 
0.039 on 

γκ
γλZg1
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TGCs: 3 Dimensional fits
All parameters 
free

: 
deviations from 
SM 

2D contours when 
the 3rd parameter 
is at minimum

Zg1∆ γκ∆

DELPHI, L3, 
OPAL 
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Accesible via:

And

Final states

Quartic Gauge Couplings(QGC)
Predicted by SM

Negligible at LEPII 
energies

Deviations from SM 
Increase of WWγ cross 
section
Modify the energy 
spectrum and rate of γ 
production

New physics 
lagrangian

WWγ

ννγγ

Λ energy scale
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Quartic Gauge Couplings(QGC)

L3&DELPHI

 aw
0/Λ2(GeV-2) aW

c/Λ2(GeV-2) an/Λ2 (GeV-2) 

ALEPH [-0.045,0.042] [-0.115,0.115]  

DELPHI [-0.018,0.018] [-0.057,0.030] [-0.16,0.12] 

L3 [-0.015,0.015] [-0.048,0.026] [-0.14,0.13] 

OPAL [-0.054,0.052] [-0.15,0.14] [-0.61,0.57] 
 

 

Limits at 
95% CL
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W polarization
The 0 helicity state of W is 
related to the Higgs mechanism

Fit without longitudinal 
component fails to 
describe data

 σL/σ SM 

L3 0.228±0.027±0.012 0.241 @ <√s>=197 GeV 

OPAL 0.210±0.033±0.016 0.257 @ √s=189 GeV 
 

 

Measured from the 
angular distribution 
of the decay 
products of W

In the rest frame 
of W



W mass and width
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Estimator of the W mass/event
Constrained fit to improve resolution

E, P conservation

Mw1=Mw2

3 solutions for qqqq 

,...,, >< W
inv
lv

inv
qq MMM

DELPHI DELPHI prelprel
eeννqqqq

L3  L3  
qqqqqqqq

MW from direct reconstruction



HS02-Herlany María Chamizo-University of Geneva 33

Mass Extraction – 3 Methods
Monte Carlo Reweighting technique (ALO)

Compare data distributions to Monte Carlo distributions
reweighted to different MW 

Estimators used : < MW>, Mqq
inv, σmw,…(n-dimensional 

reweighting) 

Convolution technique (D,O for cross check )
Build event likelihood:

PDF:=Breit-Wigner ⊕ ISR ⊕ phase space

Breit-Wigner method (OALD for cross check)
Fit analytical Breit-Wigner function to data distributions
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Systematic error on Mw(MeV)
Total statistical 
error:

30 MeV
Reduced weight of 
the qqqq channel : 

9%
Large effect from 
Final State 
Interactions

source qqln qqqq Combined 

ISR/FSR 8 8 8 

Hadronization 19 18 18 

Detector 12 8 11 

LEP beam energy 17 17 17 

Colour Reconnection - 90 9 

Bose-Einstein - 35 3 

Other 4 5 4 

Total Systematic 29 101 30 

Statistical 33 36 30 

Total 44 107 42 
 

Pre
lim

ina
ry
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er 
‘02

Pre
lim
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Su
mm

er 
‘02
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LEP2 aim : ∆ELEP/ELEP ≈ 1.10-4

ELEP used in the kinematic fit
absolute scale for W mass

Independent measure of 
ELEP very important

Radiative returns to Z0

Z0 returns to calibrate Ebeam

√S’= effective 
CM energy of 
the ff pair 
production

MZ known to 
10-5 (LEPI)

beam

beam

W

W

E
E

M
M ∆

∝
∆

∆Eb=-10±27(stat) ±26(syst) MeV

∆Eb=E(rad)-E(LEP) 
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Final State Interactions

Jet 1

Jet 2

Jet 3

Jet 4

Cross-talks between the two 
hadronic systems ?

Use data to limit  FSI bias on 
Mw(qqqq)

Possible mass shift: 
Minv(W) ≠ Minv(jet,jet) 

Ws decay  distance 
~0.1fm
Hadronization scale 
~1fm

Colour Reconnection 

Bose Einstein Correlations 
between particles from different 
Ws
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Colour Reconnection
Colour flow pattern is 
modified

Interaction between decay 
products (change of colour
flow)
Final hadronic color singlets
do not correspond to the 
initial W bosons

Bias on the reconstructed W 
mass by momentum transfer 
between the two Ws

CR described by 
phenomenological models. 

Try to test the validity of 
them using sensitive 
analysis to CR

Develop a mass analysis 
less sensitive to CR

Normal scenario CR  scenario
W qq

W qq
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Colour Reconnection
Models tested:SKI, Herwig, 
AR2, Rathsman…
All LEP experiments similar 
sensitivity

CR effect scales with √s
SKI:

Free strength parameter κ
Controls reconnection 
probability

MeV SKI Rathsman HW AR2 

∆MW 

√s=189 
0-300 ~60 ~30 ~60 

 

 

κ..1 sf
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Particle Flow Method
Compare the particle flow 
in the regions between 
jets from the same W and 
between jets from 
different Ws

Identify jets from the W  
decay
Build the normalized 
particle flow distribution

CR should lead to:
• depletion inside W region (A and B)
• enhancement in non W region (C and D)
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CR from particle Flow 
Ratio: (A+B)/(C+B)

Most sensitive region
[0.2,0.8]

κ<2.13 @ 68% CL (Preco≈65% )
∆MW=90 MeV

SKI (100%) disfavoured by 5.2σ
AR2 and HW are not sensitive to 
particle flow method∫∫ ++= DCBARN

CRno
N

data
N RRr −=
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Exclude soft particles in inter jet regions
Cut in particle momentum
Cut in cone size

∆Mw provides a measurement of CR

2MeV/c 253636)5.0,( ±±==∆ radconeW RstdM

SKI model parameter κ

W
 m

a
ss

 b
i a

s

DELPHIs largest 
sensitivity to CR :

Cone analysis: 
Rcone=0.5 rad

CR from ∆Mw

DELPHI prel

• Compare with model
prediction for each κ ...

),()( conePcutMstdMM WWW −=∆
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CR from ∆Mw

∆Mw  analysis

Particle flow

SKI model parameter κ

-2
 l

o
g

 L
S

K
I(

κ)

68% CL for κ
[0.3 , 3.3][0.3 , 3.3]
central value

1.31.3

SKI model parameter κ

Other LEP experiments working on it

LEP expected 

-2
 l

o
g

 L
S

K
I(

κ)
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Bose-Einstein Correlations

Enhanced production 
of identical bosons 
close in phase space  
BEC measured at LEPI

Effect similar in Z0 and 
W decay ? 
BE between Ws?
Systematic effect on W 
mass (summer 2002)

Mixing between Ws ∆Mw(MeV) BEall-BEinside 
ALEPH 33±5 
DELPHI - 
L3 30±8 
OPAL 26±5 
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Bose-Einstein Effect Inside W 
Enhancement of identical 
bosons at low Q

2-particle density

2-particle momentum 
transfer

Correlation function

dQ
dn

N
Q pairs

event

1)( =ρ

( )2
21 ppQ −−=

noBEMCdataQR )()()(2 ρρ=

Correlations are equal in 
light-quark Z decays and 
inside Ws

νqqlWW →

3L
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hadronic parts of two lνqq evts rotate/boost to balance 
momenta

mix => uncorrelated  
‘WW’ event

• Experimentally robust ( data compared with data )  

• Model independent ( except for background subtraction )  

Inter-W BEC

ABSOLUTE  MEASUREMENT  OF  INTER-W  CORRELATIONS

∆ρ=0 , D=1 

in the absence of 
inter BEC

mixWWqWqWW ρρρρ 22 24 −−=∆ →→

)22/( 24 mixWWqWqWWD ρρρ += →→
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Data compatible with 
3%±18%  of full correlations 
in LUBOEI

∆Mw<10 MeV (not yet used )
DELPHI not yet included in fit

Inter-W BEC

L3



Results
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Results

Mw(qqqq)-Mw(qqln)=9±44 MeV without FSI errorMw(qqqq)-Mw(qqln)=9±44 MeV without FSI error

Very good 
agreement
between 
experiments
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SM comparison

DATA favours small Higgs masses 
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Conclusions
LEPII met the expectations and exceeded them

High precision test of the SM performed
Many properties of the W boson measured with 
high accuracy:

Cross sections and branching ratios ~ 1%
Triple gauge couplings 1-5%
W polarization
W mass (5×10-4) and W width (~4%) 

Data favours low values of Higgs mass

Final analysis still going on…
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Mw and Γw
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MW from σWW at threshold

Maximum sensitivity at 
√s ~ 161 GeV

No sensitivity far above 
threshold

Small impact on final 
LEP result ~ 3%

10 pb-1 at threshold 

GeVEsysstatMw beam )(03.0)(07.0)(20.040.80 ±±±=


