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Overview	
  

•  Theory	
  IntroducIon	
  	
  
•  Physics	
  at	
  the	
  Z-­‐pole:	
  LEP	
  and	
  SLC	
  
•  W-­‐physics:	
  LEP-­‐II	
  &	
  Tevatron	
  
•  Top	
  physics:	
  Tevatron	
  &	
  LHC	
  
•  Higgs	
  Physics	
  
•  FiUng	
  the	
  Standard	
  Model	
  

September	
  15	
   N	
  de	
  Groot	
  –	
  BND2015	
   2	
  



The	
  Electroweak	
  Lagrangian	
  

Q:	
  How	
  do	
  we	
  relate	
  
this	
  to	
  observables	
  
that	
  we	
  can	
  measure	
  
in	
  experiments? 

A:	
  Take	
  one	
  piece	
  at	
  a	
  
Ime!	
  

O[en	
  need	
  to	
  consider	
  
correcIons	
  from	
  other	
  
terms	
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LEP1	
  +	
  SLC:	
  	
  Z0	
  physics	
  

LEP2	
  (+Tevatron):	
  W,	
  TGC	
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Parameters	
  of	
  the	
  Electroweak	
  Sector	
  

•  Three	
  key	
  parameters:	
  
–  The	
  two	
  gauge	
  coupling	
  constants:	
  gW	
  and	
  g’W	
  

–  The	
  vacuum	
  expectaIon	
  value	
  of	
  the	
  Higgs	
  field:	
  v	
  
•  These	
  can	
  be	
  obtained	
  through	
  3	
  measurements.	
  
•  Choose	
  the	
  3	
  most	
  precise:	
  

–  The	
  electric	
  charge,	
  e-­‐	
  	
  
•  measured	
  by	
  the	
  electric	
  dipole	
  moment	
  

–  The	
  Fermi	
  Constant,	
  GF	
  	
  (precision:	
  0.9x10-­‐5)	
  
•  measured	
  by	
  the	
  muon	
  lifeIme	
  

–  The	
  mass	
  of	
  the	
  Z	
  boson,	
  MZ	
  	
  	
  (precision:	
  2.3x10-­‐5)	
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Other	
  Useful	
  CombinaIons	
  

•  Mass of the W boson: 
 
•  Weak mixing angle: 
 
•  Relationship between W and Z mass:	
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Physics	
  at	
  the	
  Z0-­‐Pole:	
  LEP	
  I	
  &	
  SLD	
  

•  What EWK theory 
tells us about Z 

•  How to make and 
detect Zs 

•  Physics Topics: 
–  Z mass 
–  Partial and Total 

Widths 
–  Z couplings to fermion 

pairs 
–  Asymmetries 
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A look at the theory – tree level relations 

Electroweak unification: relation between 
weak and electromagnetic couplings:  
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Gauge sector of SM on tree level is given by 
3 free parameters, e.g.: α, MZ, GF (best known!) 

Vector and axial-vector couplings for Z à ff in SM: 

Z–lepton coupling 
almost pure axial-vector  

 (γ pure vector à large off-
peak interference à could 
establish Z-fermion coupling 
at PETRA, interesting for Z’ 
searches via interference) 

Energy dependence of asymmetries

• Z-coupling to leptons is almost
purely axial-vector

• γ-coupling is pure vector

➟ Large interference effect off-
peak

– Mainly uninteresting in the
Standard Model

– Sensitive to Z-Z’ mixing on
the Z

– At larger energy sensitive to
Z’ exchange

– Could already establish Z-
fermion couplings at PE-
TRA
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 which is 18 σ away from the experimental 
value obtained by combining all asymmetry 
measurements:  

Radiative corrections –                             
modifying propagators and vertices 
 
Significance of radiative corrections 
can be illustrated by verifying tree level 
relation:  

  
sin2θW =1−

MW
2

MZ
2

  

MW = (80.399±0.023) GeV
MZ = (91.1875±0.0021) GeV

 one predicts:   

•  Using the measurements: 

  sin2θW = 0.23153 ± 0.00016

  sin2θW = 0.22284 ± 0.00045

RadiaIve	
  CorrecIons	
  



Radiative corrections –                             
modifying propagators and vertices 
 
Parametrisation of radiative corrections: 
“electroweak form-factors”: ρ, κ, Δr 
•  Modified (“effective”) couplings at the Z pole: 

•  Modified W mass:  

  

gV ,f = ρZ
f I3

f − 2Qf sin2θeff
f( )

gA,f = ρZ
f I3

f

sin2θeff
f =κZ

f sin2θW

ρ : overall scale  
κ : on-shell mixing angle 
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MZ
2

2
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Radiative corrections –                             
modifying propagators and vertices 
 
Leading order terms (MW ≪ MH)

•  ρZ and κZ can be split into sum of universal 
contributions from propagator self-energies: 

  

ΔρZ =
3GFMW
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•  and flavour-specific vertex corrections, which 
are very small, except for top quarks, owing to 
large mass and |Vtb| CKM element 

  
Δρ f = −2Δκ f = −

GFmt
2

2 2π 2
+ ...
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Radiative corrections –                             
modifying propagators and vertices 
 
Leading order terms (MH ≪ MW)

•  ρZ and κZ can be split into sum of universal 
contributions from propagator self-energies: 
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•  and flavour-specific vertex corrections, which 
are very small, except for top quarks, due to 
large |Vtb| CKM element 

  
Δρ f = −2Δκ f = −

GFmt
2

2 2π 2
+ ...

Radiative corrections 
allow us to test the SM   

and to constrain unknown 
SM parameters 

RadiaIve	
  CorrecIons	
  

Great	
  success	
  Standard	
  Model	
  (Nobel	
  prize	
  for	
  ‘t	
  Hoo[	
  and	
  Veltman)	
  



LEP	
  Experiments	
  

•  4	
  experiments:	
  
– ALEPH	
  
– DELPHI	
  
– OPAL	
  
– L3	
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Beam	
  energy	
  precision	
  ±0.2	
  MeV	
  from	
  resonant	
  depolarisaIon	
  
But	
  correcIons	
  needed	
  due	
  to:	
  

	
  	
  	
  	
  	
  	
  	
  	
  TIDES	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  LEVEL	
  LAKE	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  TGV	
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The	
  Aleph	
  Experiment	
  

φ
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L3	
  

D
E	
  
L
P
H	
  
I	
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L3	
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•  Large	
  muon	
  system	
  
•  BGG	
  crystal	
  calorimeter	
  

•  Excellent	
  for	
  µ,	
  e,	
  γ
•  Weaker	
  for	
  jets	
  



Delphi	
  RICH:	
  Kaon	
  ID	
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• 1995:	
  130-­‐136	
  GeV	
  
• 4-­‐jet	
  events	
  
• Sum	
  of	
  di-­‐jet	
  masses	
  	
  
with	
  smallest	
  ΔM	
  
• 16	
  events	
  (8.3	
  exptd)	
  
• Prob.	
  accumulaIon	
  in	
  
	
  6.3	
  GeV	
  bin:	
  0.01%	
  	
  

ALEPH	
  

Why	
  it	
  is	
  good	
  to	
  have	
  more	
  than	
  one	
  experiment	
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SLC	
  &	
  SLD	
  
•  SLAC	
  Linear	
  Collider	
  

– Only	
  linear	
  collider	
  to	
  date	
  
•  First	
  detector:	
  Mark	
  II	
  

– 1989:	
  First	
  to	
  publish	
  
observaIon	
  of	
  e+e−→Z	
  

–  -­‐1991:	
  SLD	
  



SLD	
  Vertex	
  detector	
  VXD3	
  

21st August 2009 Ambleside School    Chris Damerell 20 

SLD: 
 
•  Polarized beams Pe = 80% 
•  Particle ID (like Delphi) 
•  Small beam spot 
•  Best vertex detector in the world: 

•  Installed 1995   
•  307 Mpixels 
•  Layer thickness 0.4% X0 
•  Rbp = 25 mm 
•  Resolution: 4µ

But	
  600k	
  Events	
  only	
  



Ambleside School    Chris Damerell 21 21st August 2009 



Ambleside School    Chris Damerell 22 21st August 2009 



Z0	
  events	
  

September	
  15	
   N	
  de	
  Groot	
  –	
  BND2015	
   23	
  

e+e−	
  

µ+µ-­‐	
  

τ+τ−	
  	
  
qq	
  



Example	
  –	
  electroweak	
  cross-­‐secIon	
  formula	
  for	
  unpolarised	
  beams	
  (LEP)	
  

The	
  ∝ (1	
  +	
  cos2θ)	
  terms	
  contribute	
  to	
  total	
  cross-­‐secEons	
  
•  Measure	
  cross-­‐secIons	
  around	
  MZ	
  via	
  corrected	
  event	
  counts:	
  	
  

  

2s
π

1
Nc

f

dσ ew (e+e− → ff )
d cosθ

= α(s) ⋅Qf

2
1+ cos2θ( )

        −8Re α∗(s)Qf χBW (s) gV ,egV ,f 1+ cos2θ( ) + 2gA,egA,f cosθ*
+

,
-{ }

        +16 χBW (s)
2

gV ,e

2
+ gA,e

2.
/
0

1
2
3 gV ,f

2
+ gA,f

2.
/
0

1
2
3 1+ cos2θ( ) +8Re gV ,egA,e

∗{ }Re gV ,f gA,f
∗{ }cosθ

*
+4

,
-5

•  Pure	
  γ	
  exchange	
  
•  γ-Z	
  interference	
  
•  Pure	
  Z	
  exchange	
  

  
σ = Nsel −Nbg( ) εselL

The	
  ∝ cosθ	
  terms	
  contribute	
  only	
  to	
  asymmetries	
  
•  Measure	
  Forward–Backward	
  asymmetries	
  in	
  angular	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

distribuIons	
  final-­‐state	
  fermions:	
  
 
AFB = NF −NB( ) NF +NB( )

Other	
  asymmetries	
  (not	
  in	
  above	
  cross	
  secIon	
  formula)	
  
•  Dependence	
  of	
  Z0	
  producIon	
  on	
  heliciIes	
  of	
  iniIal	
  state	
  fermions	
  (SLC)	
  à	
  Le5–Right	
  asymmetries	
  	
  

•  PolarisaIon	
  of	
  final	
  state	
  fermions	
  (can	
  be	
  measured	
  in	
  tau	
  decays)	
  

Neglects	
  photon	
  ISR	
  &	
  FSR,	
  gluon	
  FSR,	
  fermion	
  masses	
  

electrons	
  

positrons	
  

θ

forward	
  backward	
  

Measurements	
  at	
  the	
  Z0-­‐pole	
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Use	
  Fit	
  to	
  Extract	
  Parameters	
  

•  Fit	
  σ(e+e
−→hadrons)	
  as	
  
funcIon	
  of	
  s	
  with	
  
to	
  find	
  best	
  value	
  
for	
  parameters:	
  

•  mZ	
  
•  ΓZ	
  	
  
•  σ0had	
  

( )
2

0
2 2 2 2 2

1hadrons
( ) /

z
had

QED z z z

sZ
R s m s m

σ σ
Γ

→ =
− + Γ



Number	
  of	
  light	
  neutrino	
  species	
  

Total	
  width	
  of	
  the	
  Z0	
  is	
  sum	
  of	
  widths	
  of	
  all	
  decay	
  
modes:	
  
•  Hadronic	
  modes	
  due	
  to	
  quarks:	
  

–  (top	
  is	
  too	
  heavy)	
  
•  Invisible	
  width	
  from	
  ν’s	
  
	
  
•  MZ=	
  	
  91187.5	
  ±	
  2.1	
  MeV	
  

•  ΓZ	
  =	
  	
  2495.2	
  ±	
  2.3	
  MeV	
  
•  Nν	
  =	
  2.9841	
  ±	
  0.0083	
  	
  
	
  

0
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20

30

86 88 90 92 94
Ecm [GeV]

σ
ha

d [
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]

3ν

2ν

4ν

average measurements,
error bars increased
   by factor 10

ALEPH
DELPHI
L3
OPAL
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Leptonic	
  Cross	
  SecIons	
  

•  Leptonic	
  cross	
  secIons	
  measured	
  in	
  a	
  similar	
  
way:	
  

•  σ(e+e−→e+e−)	
  
•  σ(e+e−→µ+µ−)	
  
•  σ(e+e−→τ+τ−)	
  

•  Use	
  to	
  extract	
  values	
  for	
  	
  

Equal	
  up	
  to	
  QED,	
  QCD	
  correcIons	
  

0
0

0
had had

e
ee ee

R σ
σ

Γ
= ≈
Γ

0 hadRµ
µµ

Γ
=
Γ

0 hadRτ
ττ

Γ
=
Γ



Rb	
  &	
  Rc	
  :	
  hadronic	
  parIal	
  widths	
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Hemisphere b-tag Performance

SLD VXD3

SLD VXD2
ALEPH
(IP+mass)

DELPHI
(IP+mass+Pv)

OPAL
(Vtx)

L3
(Impact)

SLD (old IP)

ALEPH (old IP)

DELPHI (old IP)

efficiency

pu
rit
y

0.88

0.9

0.92

0.94

0.96

0.98

1

0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

Rb	
  =	
  Γbb/Γhad	
  
	
  
Rc	
  =	
  Γcc/Γhad	
  
	
  
•  IdenIficaIon	
  of	
  b	
  and	
  c	
  jets	
  
•  LifeIme	
  tag	
  èvertex	
  detector	
  
•  Lepton	
  tags	
  
•  D*	
  (charm)	
  
	
  
SLD	
  
B-­‐tag:	
  62%	
  eff,	
  98%	
  pure	
  
C-­‐tag:	
  18%	
  eff,	
  85%	
  pure	
  

	
  
	
  
	
  



Tagging	
  methods	
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Double	
  tag	
  method	
  (Rc	
  only	
  SLD)	
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Fs = εB Rb + εC Rc + εuds (1 -Rc -Rb) 
Fd = εB

d Rb + εC
d Rc + εuds

d (1-Rb -Rc) 
 
Gs = ηBRb + ηC Rc + ηuds (1-Rb-Rc)  
Gd = ηB

dRb + ηC
d Rc + ηuds

d (1-Rb-Rc) 
M = 2 (εBηBRb + εC ηCRc +  εudsηuds 

            (1 - Rb - Rc)) 

FS 

GS 

FD 

GD 

M 

• Correlations: εd = ε2 + λ ( ε - ε2) 
• Rb: take Rc from SM, ε C,εuds,λB from Monte 
Carlo => Rb, εB from data, Fs and Fd only 
• Rc: take ηuds, λ’B, λ’C from MC solve 5 equations 
 



Rb	
  and	
  Rc	
  results	
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LEP+SLD 0.21629 ± 0.00066

SLD vtx mass
    1993-98

0.21576 ± 0.00094 ± 0.00076

OPAL mult
    1992-95

0.2176 ± 0.0011 ± 0.0012

L3 mult
    1994-95

0.2166 ± 0.0013 ± 0.0025

DELPHI mult
    1992-95

0.21643 ± 0.00067 ± 0.00056

ALEPH mult
    1992-95

0.2158 ± 0.0009 ± 0.0009

0.214 0.216 0.218
Rb LEP+SLD 0.1721 ± 0.0030

OPAL
charm count. 1991-93

0.164 ± 0.012 ± 0.016

DELPHI
charm count. 1991-95

0.1693 ± 0.0050 ± 0.0092

ALEPH
charm count. 1991-95

0.1735 ± 0.0051 ± 0.0110

SLD
mass+lifetime 1993-98

0.1741 ± 0.0031 ± 0.0020

OPAL
D-meson 1990-95

0.177 ± 0.010 ± 0.012

DELPHI
D-meson 1991-95

0.161 ± 0.010 ± 0.009

ALEPH
D-meson 1991-95

0.1682 ± 0.0082 ± 0.0082

ALEPH
lepton 1992-95

0.1685 ± 0.0062 ± 0.0080

0.16 0.18
Rc

LEP/SLC heavy flavour measurements

• b- and c-quarks can be identified efficiently

• LEP and SLD can measure the fraction of b-
and c-quarks in hadronic Z-decays Rb, Rc

• Especially Rb is very sensitive to new physics
connected to tb-couplings

• With the precise mt from the Tevatron the
interest from SM is minor

• SLC measures in addition the asymmetry pa-
rameters Ab, Ac

• However these parameters are only sensitive
to new physics on Born-level

• For that reason the LEP Ab
FB measurements

are a clean measurement of sin2 θl
eff
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Asymmetries	
  

September	
  15	
   N	
  de	
  Groot	
  –	
  BND2015	
   32	
  

The	
  polarized	
  differenIal	
  cross	
  secIon	
  (Z0	
  exchange	
  only)	
  :	
  
d
d

P A A A Pe e f e e

σ
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θ θ
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ALR	
  	
  :	
  The	
  le[-­‐right	
  asymmetry	
  

!AFB
f ≡

(σ F −σ B )
(σ F +σ B )

= 3
4
AeAf

!ALRFB
f ≡

(σ LF −σ LB )− (σ RF −σ RB )
(σ LF +σ LB )+(σ RF +σ RB )

= 3
4
| Pe | Af

ALRFB	
  	
  :	
  le[-­‐right-­‐forward-­‐backward	
  asymmetry	
  

ALRFB	
  	
  :	
  forward-­‐backward	
  asymmetry	
  

< Pτ
0 >= −Aτ

Tau	
  polarizaIon	
  



Asymmetries:	
  what	
  do	
  we	
  measure	
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•  b and c quarks can be identified 
efficiently by LEP / SLD à Rb, Rc 

•  Especially Rb is sensitive to new      
physics connected to tb couplings 

 [ With the mt from the Tevatron the interest              
from SM is minor ] 

•  SLC measures in addition the 
asymmetry parameters Ab, Ac 

•  These parameters are only sensitive    
to new physics at Born level 

➠  Hence, these and the LEP Ab/c
FB

 

measurements cleanly determine sin2θeff 
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ALR	
  (SLD)	
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•  This	
  is	
  a	
  coun=ng	
  experiment	
  -­‐	
  no	
  complicated	
  final	
  state	
  idenIficaIon	
  is	
  required,	
  	
  
no	
  efficiency	
  or	
  acceptance	
  effects.	
  This	
  contrasts	
  with	
  all	
  other	
  E/W	
  measurements.	
  

•  The	
  polarizaIon	
  measurement	
  is	
  precise	
  (	
  →	
  0.5%)	
  
•  E/W	
  radiaIve	
  correcIon	
  is	
  small	
  (<2%)	
  -­‐	
  all	
  other	
  correcIons	
  (experimental)	
  are	
  

smaller	
  (<0.2%	
  	
  total).	
  
•  The	
  measurement	
  is	
  sta=s=cally	
  dominated.	
  

•  e.g.,	
  for	
  1998	
  	
  (N=224,962;	
  NL=124,404;	
  NR=100,558)	
  

A
N N
N Nm
L R

L R
=

−

+
= ±01060 00021. .

•  With	
  polarizaIon	
  (Pe	
  =	
  73.1%	
  )	
  :	
   A
A
PLR

meas m

e
= = ±01450 0 0030. .

•  An	
  addiIonal	
  EW	
  correcIon	
  of	
  ~2%	
  is	
  applied	
  to	
  
get	
  from	
  ALR

meas	
  to	
  ALR
0	
  	
  (the	
  Z0	
  pole)	
   ALR

0 01487 0 0031 0 0017= ± ±. . .

•  This	
  corresponds	
  to	
  the	
  1998	
  	
  effecIve	
  weakmixing	
  angle	
  of	
  

00022.000039.023130.0sin2 ±±=eff
Wθ



Lepton	
  asymmetries	
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An	
  aside:	
  e+e−→e+e−	
  	
  

•  ComplicaIon	
  for	
  e+e−→e+e−	
  channel…	
  
–  IniIal	
  and	
  final	
  state	
  are	
  the	
  same	
  
– Two	
  contribuIons:	
  s-­‐channel,	
  t-­‐channel	
  	
  
– …	
  and	
  interference	
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Angular	
  Measurements	
  of	
  e+e−→e+e−	
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DirecIon	
  of	
  quarks:	
  thrust	
  

•  Thrust	
  measures	
  the	
  distribuIon	
  of	
  jets	
  in	
  a	
  event.	
  

•  The	
  unit	
  vector	
  n	
  is	
  where	
  T	
  is	
  maximized	
  is	
  known	
  at	
  
the	
  thrust	
  axis	
  

•  The	
  range	
  of	
  T	
  is:	
  ½<T<1	
  
–  T≈½	
  for	
  an	
  isotropic	
  event	
  
–  T=1	
  for	
  an	
  event	
  with	
  2	
  back-­‐to-­‐back	
  jets	
  

>	
  



Charge	
  idenIficaIon	
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Vertex	
  charge	
  and	
  Kaon	
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As	
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• Use	
  fast	
  charged	
  kaons	
  and	
  no	
  secondary	
  vtx	
  
• Not	
  very	
  precise,	
  but	
  valuable	
  check	
  of	
  b-­‐type	
  quark	
  	
  

Other	
  measurements	
  
From	
  Delphi	
  (kaons)	
  	
  
And	
  Opal	
  (Λ)	
  



Overview	
  results	
  Ab,	
  Ab
FB	
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SLD
lepton

0.939 ± 0.030 ± 0.023

SLD
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OPAL
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0.0948 ± 0.0101 ± 0.0056
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ALEPH
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Problem	
  or	
  not	
  ?	
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Overview	
  results	
  Ac,	
  Ac
FB	
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τ-­‐polarisaIon	
  measurement	
  

•  Parity-­‐violaIon	
  (V−A)	
  results	
  in	
  longitudinal	
  
polarised	
  fermions	
  in	
  e+e−→Z→ff	
  

•  At	
  LEP	
  τ	
  is	
  the	
  only	
  fermion	
  whose	
  polarisaIon	
  
can	
  be	
  measured	
  
– That’s	
  because	
  τaus	
  can	
  decay	
  in	
  the	
  detector	
  
– We	
  can	
  look	
  at	
  the	
  decay	
  modes	
  to	
  determine	
  the	
  
polarisaIon	
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PolarisaIon,	
  Helicity	
  &	
  Chirality	
  

•  PolarisaIon	
  measures	
  helicity	
  states.	
  

•  Theory	
  tells	
  us	
  about	
  the	
  chirality	
  states	
  
– Chirality:	
  	
  	
  	
  	
  	
  	
  	
  ψL=½(1-­‐γ5)ψ	
  	
  	
  	
  	
  	
  	
  	
  	
  ψR=½(1+γ5)ψ	
  	
  

– Helicity:	
  	
  	
  	
  projecIon	
  of	
  spin	
  on	
  momentum:	
  s·∙p	
  

•  In	
  the	
  relaIvisIc	
  limit:	
  
–  le[-­‐handed	
  chirality	
  is	
  same	
  as	
  −ve	
  helicity	
  
–  right-­‐handed	
  chirality	
  is	
  same	
  as	
  +ve	
  helicity	
  

σ+:	
  +ve	
  helicity	
  of	
  τ−	
  	
  (−ve	
  for	
  τ+)	
  σ−:	
  −ve	
  helicity	
  of	
  τ−	
  	
  (+ve	
  for	
  τ+)	
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PolarisaIon	
  DistribuIon	
  

•  Couplings	
  of	
  Z	
  to	
  chirality	
  states:	
  

•  The	
  polarisaIon	
  of	
  a	
  τ−	
  produced	
  in	
  e+e−→Z→τ
+τ-­‐	
  depends	
  on	
  cosθ: 

•  Ae	
  	
  Aτ	
  are	
  nearly	
  uncorrelated.	
  	
  InsensiIve	
  to	
  Aτ
�.	
  

•  Another	
  measure	
  of	
  V−A	
  structure,	
  sin2θW	
  

2 2
3 sin sinL W R Wg T Q g Qθ θ= − = −

( ) / 2 ( ) / 2L f f R f fg V A g V A= + = −
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τ→πντ	
  Decays	
  
•  Use	
  momentum	
  of	
  π	
  as	
  handle	
  on	
  τ	
  polarisaIon	
  

•  Helicity	
  of	
  ν is	
  in	
  same	
  direcIon	
  as τ-helicity	
  
–  (True	
  in	
  limit	
  of	
  massless	
  parIcles)	
  

•  → Effects	
  resulIng	
  momentum	
  distribuIon	
  of π 

•  In	
  τ−→π−ν	
  decay:	
  
–  If	
  P(τ−)=+1	
  momentum	
  of	
  	
  π−	
  is	
  higher	
  than	
  for	
  P(τ+)=−1	
  

September	
  15	
   N	
  de	
  Groot	
  –	
  BND2015	
   48	
  



Fit	
  to	
  Obtain	
  Helicity	
  

•  Event-­‐by-­‐event	
  measurement	
  of	
  polarisaIon	
  
not	
  possible.	
  

•  Use	
  staIsIcal	
  fit	
  
•  Sum	
  of:	
  	
  

– τ	
  with	
  +ve	
  helicity	
  
– τ	
  with	
  −ve	
  helicity	
  

•  In	
  Lab	
  Frame:	
  

September	
  15	
   N	
  de	
  Groot	
  –	
  BND2015	
   49	
  



Other	
  Modes	
  

•  τ→ρν	
  followed	
  by	
  ρ→ππ	
  
•  τ→a1ν	
  	
  followed	
  by	
  a1→πππ	
  
•  τ→µνν	
  	
  and	
  	
  τ→eνν	
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Final	
  τ-­‐polarisaIon	
  Results	
  

•  Extracted	
  values	
  for	
  Ae	
  	
  Aτ	
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PuUng	
  it	
  all	
  together:	
  Z0-­‐pole	
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Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02750 ± 0.00033 0.02759
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959
σhad [nb]σ0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.385 ± 0.015 80.377
ΓW [GeV]ΓW [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.20 ± 0.90 173.26

March 2012
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LEP	
  &	
  SLD:	
  Before	
  and	
  A[er	
  

•  Truly	
  established	
  the	
  EWK	
  theory	
  as	
  the	
  correct	
  
descripIon	
  of	
  fermion	
  interacIons	
  at	
  √s	
  <	
  100	
  
GeV	
  



W	
  measurements:	
  LEP	
  II	
  &	
  Tevatron	
  

•  W-­‐	
  mass	
  
•  W-­‐width	
  

•  TGB	
  couplings	
  



Di-­‐boson	
  producIon	
  at	
  LEP	
  II	
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Figure 1.4: Feynman diagrams (CC03) for the process e+e− → W+W− at the Born level.
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Figure 1.5: Feynman diagrams (NC02) for the process e+e− → ZZ at the Born level.
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Figure 1.6: Feynman diagrams for the process e+e− → WWγ and WWZ at the Born level
involving quartic electroweak-gauge-boson vertices.
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Figure 1.7: Vector-boson fusion diagrams for the single W/Z/γ process at the Born level.
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Triple	
  Gauge	
  
Coupling	
  

Theory	
  predicIons	
  include	
  full	
  
O(αem)	
  correcIons;	
  	
  
	
  theory	
  error	
  ∼	
  0.5%	
  	
  



WW	
  cross	
  secIon	
  &	
  BR	
  

Clear	
  evidence	
  for	
  the	
  	
  
SU(2)	
  x	
  U(1)	
  Gauge	
  structure	
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Figure 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

√
s<170 GeV and ranging from 0.7 to 0.4% above

170 GeV. The W mass is fixed at 80.35 GeV; its uncertainty is expected to give a significant
contribution only at threshold energies. 91

Lepton Lepton

non–universality universality

Experiment B(W → eνe) B(W → µνµ) B(W → τντ ) B(W → hadrons)

[%] [%] [%] [%]

ALEPH 10.78 ± 0.29 10.87 ± 0.26 11.25 ± 0.38 67.13 ± 0.40

DELPHI 10.55 ± 0.34 10.65 ± 0.27 11.46 ± 0.43 67.45 ± 0.48

L3 10.78 ± 0.32 10.03 ± 0.31 11.89 ± 0.45 67.50 ± 0.52

OPAL 10.71 ± 0.27 10.78 ± 0.26 11.14 ± 0.31 67.41 ± 0.44

LEP 10.71 ± 0.16 10.63 ± 0.15 11.38 ± 0.21 67.41 ± 0.27

χ2/dof 6.3/9 15.4/11

Table 5.5: Summary of W branching fractions derived from W-pair production cross-sections
measurements up to 207 GeV centre–of–mass energy.

 
W Leptonic Branching Ratios
ALEPH 10.78 ±  0.29
DELPHI 10.55 ±  0.34
L3 10.78 ±  0.32
OPAL 10.71 ±  0.27

LEP W→eν 10.71 ±  0.16
ALEPH 10.87 ±  0.26
DELPHI 10.65 ±  0.27
L3 10.03 ±  0.31
OPAL 10.78 ±  0.26

LEP W→µν 10.63 ±  0.15
ALEPH 11.25 ±  0.38
DELPHI 11.46 ±  0.43
L3 11.89 ±  0.45
OPAL 11.14 ±  0.31

LEP W→τν 11.38 ±  0.21

LEP W→lν 10.86 ±  0.09
χ2/ndf = 6.3 / 9

χ2/ndf = 15.4 / 11

10 11 12
Br(W→lν) [%]

 

 

W Hadronic Branching Ratio

ALEPH 67.13 ±  0.40

DELPHI 67.45 ±  0.48

L3 67.50 ±  0.52

OPAL 67.41 ±  0.44

LEP 67.41 ±  0.27
χ2/ndf = 15.4 / 11

66 68 70

Br(W→hadrons) [%]

 

Figure 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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  Large FSI (“colour reconnection”) systematics 
in hadronic channel (35 MeV) 
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MW[GeV]

LEP EWWG
χ2/dof = 49 / 41

ALEPH [final] 80.439±0.050

DELPHI [final] 80.333±0.063

L3 [final] 80.263±0.058

OPAL [final] 80.415±0.052

LEP 80.376±0.033

 Summer 2006 - LEP Preliminary

 [GeV]WΓ
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ALEPH  0.11±2.14 

DELPHI  0.17±2.40 

L3  0.14±2.18 

OPAL  0.14±2.00 

LEP  0.083±2.195 
/DoF = 37.4/332χ

LEP W-Boson Width

Figure 7.3: The measurements of the W-boson width obtained by the four LEP collabora-
tions (as published) together with the LEP combined result. The combined value includes
correlations between experiments, between different energy points, and between the qqℓνℓ 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.
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ExtracIng	
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  at	
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•  Value	
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  of	
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  and	
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  combinaIon	
  of	
  both	
  quanIIes	
  in	
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  Transverse	
  Mass	
  (MT)	
  has	
  best	
  

sensiIvity	
  to	
  MW	
  

•  Generate	
  lots	
  of	
  MC	
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  with	
  different	
  MW	
  

•  Fit	
  each	
  one	
  to	
  date	
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  find	
  test	
  MW	
  value	
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  and	
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– Use	
  Z→e+e−	
  to	
  calibrate	
  detector	
  

•  How	
  well	
  do	
  we	
  understand	
  hadronic	
  recoil	
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D0 measurement of MW in W → eν
•  Analysis relies on energy calibration with Z → ee 
•  Result: MW = (80.401 ± 0.021 ± 0.038) GeV 
•  Greatly deserves the label “precision measurement” 

Precision	
  Measurement	
  of	
  the	
  W	
  mass	
  

The (a) mT , (b) pe
T , and (c) ET,miss distributions for data and fastmc simulation with backgrounds. The χ values are shown 

below each distribution where χi = [Ni − (fastmci)]/σi for each point in the distribution, Ni is the data yield in bin i and only 
the statistical uncertainty is used. The fit ranges are indicated by the double-ended horizontal arrows. 
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W-Boson Width  [GeV]

ΓW  [GeV]
2 2.2 2.4

χ2/DoF: 2.4 / 1

TEVATRON 2.046 ± 0.049

LEP2 2.195 ± 0.083

Average 2.085 ± 0.042

pp−  indirect 2.141 ± 0.057

LEP1/SLD 2.091 ± 0.003

LEP1/SLD/mt 2.091 ± 0.002

March 2012
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cross-sections of Zγ and ZZ production and the differential distributions in the determination of
the hV

i couplings [141, 142, 143, 144] and the fV
i couplings [141, 142, 145, 146], while DELPHI

also includes Zγ∗ data in the determination of both sets of couplings.

6.4 Results

We present results from the four LEP experiments on the various electroweak gauge boson
couplings, and their combination. The results quoted for each individual experiment are cal-
culated using the methods described in Section 6.2. Therefore they may differ slightly from
those reported in the individual references, as the experiments in general use other methods to
combine the data from different channels and to include systematic uncertainties. In particular
for the charged couplings, experiments using a combination method based on optimal observ-
ables (ALEPH, OPAL) obtain results with small differences compared to the values given by
our combination technique. These small differences have been studied in Monte-Carlo tests
and are well understood [137]. For the h-coupling results from OPAL and DELPHI, a slightly
modified estimate of the systematic uncertainty due to the theoretical cross-section prediction
is responsible for slightly different limits compared to the published results.

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, 139, 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 Figure 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.

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

κγ 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

λγ −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 6.2: 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.
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Parameter 68% C.L. 95% C.L. SM

gZ
1 +0.984+0.018

−0.020 [0.946, 1.021] 1

κγ +0.982+0.042
−0.042 [0.901, 1.066] 1

λγ −0.022+0.019
−0.019 [−0.059, 0.017] 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.
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Figure 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 , κγ and λγ. In each case, the minimal logL value
is subtracted.
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Figure 6.4: The logL curves of the four experiments, and the LEP combined curve for the four
neutral TGCs fV

i , V = γ, Z, i = 4, 5. In each case, the minimal value is subtracted.
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Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02750 ± 0.00033 0.02759
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959
σhad [nb]σ0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.385 ± 0.015 80.377
ΓW [GeV]ΓW [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.20 ± 0.90 173.26

March 2012
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Beam	
  PolarisaIon	
  at	
  SLC	
  

|<Pe>|:	
  (0.244	
  	
  ±0.006	
  )	
  	
  in	
  1992	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (0.7616±0.0040)	
  	
  in	
  1996	
  

•  Polarised	
  beams	
  means	
  that	
  the	
  beam	
  are	
  composed	
  of	
  more	
  
eL	
  than	
  eR,	
  or	
  vice	
  versa	
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