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• SU(2) provides three bosons W+ W− W0  with a coupling gW to describe 
interactions between left-handed states

• U(1) provides one boson B0 with a coupling g’W to describe interactions between 
fermions with non-zero hypercharge

• W0 and B0 have same quantum numbers: mix producing physical bosons Z0 & γ: 

• Introducing the Higgs field with a vacuum expectation value v gives masses to 
W± and Z0.

• Three parameters, v, gW  and g’W  describe all couplings and boson masses.
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Electroweak Parameters
• Electroweak model parameters v, gW  and g’W can be combined at tree level to 

obtain measurable quantities e.g.:
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Including loop effects, measurements and predictions also depend on:

• masses of the fermions

➡ mtop most influential as much more massive than other fermions

• mass of the Higgs boson

Electroweak theory tells us nothing about fermion and Higgs masses.

mH =
√

2λ v

20

 Standard Model Analysis

SM: Each observable calculated as a function of:

  !"had, "s(MZ), MZ, Mtop, MHiggs   (and GF)

    !"had:   hadronic vacuum polarisation [0.02761±0.00036]

    "s(MZ):  given by #had and related observables

    MZ:         constrained by LEP-1 lineshape

Precision requires 1st and 2nd order electroweak and

mixed radiative correction calculations (QED to 3rd)

  Mtop, MHiggs enter through electroweak corrections (~ 1%)! 

Calculations by programs TOPAZ0 and ZFITTER

!t " GF Mtop
2

!H " ln
M Higgs

MW
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Electroweak Precision Measurements

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02758 ± 0.00035 0.02767
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 20.743
AfbA0,l 0.01714 ± 0.00095 0.01643
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1480
RbRb 0.21629 ± 0.00066 0.21581
RcRc 0.1721 ± 0.0030 0.1722
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 0.1480
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.398 ± 0.025 80.377
ΓW [GeV]ΓW [GeV] 2.097 ± 0.048 2.092
mt [GeV]mt [GeV] 172.6 ± 1.4 172.8

March 2008

{
Very high Q2 physics at LEP, SLC, and the Tevatron: 

  More than 1000 measurements with (correlated) uncertainties 
  Combined to 17 precision electroweak observables
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Electroweak Precision Measurements

Main focus recently

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02758 ± 0.00035 0.02767
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 20.743
AfbA0,l 0.01714 ± 0.00095 0.01643
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1480
RbRb 0.21629 ± 0.00066 0.21581
RcRc 0.1721 ± 0.0030 0.1722
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 0.1480
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.398 ± 0.025 80.377
ΓW [GeV]ΓW [GeV] 2.097 ± 0.048 2.092
mt [GeV]mt [GeV] 172.6 ± 1.4 172.8

March 2008

{
{
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  More than 1000 measurements with (correlated) uncertainties 

  Combined to 17 precision electroweak observables
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Recent Electroweak Results

protons and anti-protons at the Tevatron &

Since LEP and SLC we have been exploring on-shell W and Z bosons with ...

electrons and protons at HERA.
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Recent Electroweak Results

protons and anti-protons at the Tevatron &

Since LEP and SLC we have been exploring on-shell W and Z bosons with ...

At the Tevatron and Hera...

• we can measure the W-boson properties (more accurately) and top-quark 
properties (directly) 

• we have enough energy to produce di-boson pairs

• study couplings between bosons and up & down quarks and polarised 
electrons & positrons 

p p̅CDF

DØ

ECM = 1.96 TeV

electrons and protons at HERA.

pe±H1 ZEUS

Ee = 27.6 GeV
Ep = 920 GeV
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W-boson properties
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W-boson mass and width

• Use W→µν and W→eν events

• Use the transverse mass, mT, defined 
using the components of momentum 
transverse to beam: 

• Fit to template with different input 
values of mW, ΓW

• CDF Run II

• DØ Run II

mT =
√

ET (!)ET (ν)(1− cos(φ! − φν))

Shape in high-mT 
region sensitive to ΓW

mT~80 GeV region 
sensitive to mW

mW = 80413± 34(stat)± 34(syst) MeV/c2

ΓW = 2032± 45(stat)± 57(syst) MeV

ΓW = 2011± 93(stat)± 107(syst) MeV
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World average W-boson mass and width

• Accuracy requires detailed understanding of how 
electrons and muons interact in the detector

• Work currently underway on combined mW and ΓW fit

W Mass Result

C. Hays, University of Oxford

New CDF result is world's most precise single measurement

Central value increases: 80392 to 80398 MeV
World average uncertainty reduced ~15% (29 to 25 MeV)

46

1.8 1.9 2 2.1 2.2 2.3 2.4 2.5

 [GeV]W!

[MeV]

/df = 3.3/52"

World Av 48!2097 

* : Preliminary

SM

 (RUN-1)#D 172!2231 

CDF (RUN-1) 128!2052 

 (RUN-2)*#D 142!2011 

CDF (RUN-2) 73!2032 

CDF (RUN-1,2) 65!2037 

TEVATRON* 59!2050 

LEP-2* 84!2196 
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W-boson charge asymmetry

•Rapidity of the W-boson not directly 
reconstructed due to two fold-ambiguity 
in the longitudinal momentum of 
neutrino.

•Two solutions are weighted using V-A 
hypothesis.

•Results used to constrain proton PDFs.

•Asymmetry in direction of charged leptons from W-boson decays
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Top Quark Physics
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Top-quark Events
• Top mass and single top-quark production

Three top-quark pair production signatures pp̅→t t ̅→ W+ b W− b̅

of a single circulating beam was determined to a high accuracy during 
dedicated calibrations, using the technique of resonant depolarization. 
However, such calibrations could be performed only every few days and 
gave the beam energy only at that specific point in time. The challenge 
was to propagate this precise knowledge of the beam energy over several 
days of accelerator running. 

The circumference of the beam orbit is fixed by the frequency with 
which the RF accelerating cavities are excited. This frequency is very sta-
ble. The energy of the beams is then determined by the integral around 
the accelerator ring of the vertical component of the magnetic field expe-
rienced by the beams. This vertical magnetic field is produced mainly 
by the main ‘bending’ dipole magnets, but there is also a contribution 
from the large number of quadrupole magnets in the machine if the 
beam is not perfectly centred as it passes through them. If the position 
of the beam with respect to the quadrupoles changes over a period of 
hours or days this can affect the beam energy by a significant amount. 
Lunar tides, high rainfall in the nearby Jura mountains and changes in 
the water level of Lake Geneva all caused sufficient physical distortion 
of the accelerator (changing its radius by a few parts in 10−9) to produce 
a measureable effect on the beam energy. 

Erratic electric currents flowing in the accelerator beam pipe also 
affected the dipole fields over periods of many hours during which 
beams were circulating in the accelerator. Measurements of the spatial 
distribution of these currents around the ring established that they were 
produced by leakage currents from trains running on the Geneva-to-
Bellegarde line. Understanding these various effects meant that a model 
could be developed to predict the beam energy as a function of time 
during data collection. Ultimately, residual uncertainties in the beam-
energy calibration introduced systematic uncertainties of 0.0017 GeV in 
mZ and 0.0012 GeV in ΓZ, correlated among the four experiments.

The total decay width, ΓZ = (2.4952 ± 0.0023) GeV, is given by the sum 
of the partial decay widths for each possible type of final-state fermion–
antifermion pair. By measuring ΓZ and the partial decay widths for each 

visible final state (quarks and charged leptons), the partial decay width 
to invisible final states (which in the standard model are neutrino–anti-
neutrino pairs) can be determined. This number may be interpreted as 
a measurement of the number of types of light neutrino produced in 
Z decay, Nν = 2.9840 ± 0.0082. This result requires the measurement of 
absolute cross-sections. These require a precise determination of the 
‘luminosity’ of the accelerator, which is achieved by measuring the rate 
of low-angle electron–positron scattering. That the necessary precision 
of order 10−4 was achieved in these measurements represents a great suc-
cess for theorists and experimentalists engaged in this joint project.

The rate of Z decays to quark–antiquark final states is enhanced by a 
factor related to αs, the strong coupling constant, (1 + αs

2/π +…). Thus, 
a precise measurement of αs can be made: αs = 0.118 ± 0.03. This is in 
agreement with other precise determinations13, such as those from event 
shapes (which are sensitive to the amount of final-state gluon radiation), 
and represents an important consistency test of QCD. 

Asymmetries
Another class of electroweak measurement made at LEP1 and the SLC 
is of various asymmetries that are sensitive to the difference between 
the left- and right-handed couplings. One of the most sensitive of these 
electroweak measurements, and also one of the easiest to understand, is 
the so-called left–right asymmetry, ALR. This is measured with polarized 
e− beams at the SLC and is defined as:
 σL − σRALR = _______ 
 σL + σR

where σL (σR) is the cross-section for any given final state with a 100% 
left-hand (right-hand) polarized incoming electron beam. In prac-
tice, 100% polarization is not achievable, but it can be easily shown 
that if the magnitude of the (luminosity-weighted) average e− beam 
polarization is <Pe> then the measured asymmetry, ALR

meas, is given by
ALR

meas = <Pe> ALR. At the SLC, <Pe> = 70–80% was regularly achieved.
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Figure 6 | Top-quark production, and virtual loops. a, The Feynman diagram 
for qq− annihilation to produce a tt− pair. b, Virtual loops involving t quarks 
and Higgs bosons. The left-hand diagram may modify a process involving 

the propagation of a photon or Z; the right-hand, the propagation of a W 
or Z. c, The possible event signatures for tt− production. From left to right, 
panels show ‘all-jets’, ‘lepton + jets’ and ‘di-lepton’.

278

NATURE|Vol 448|19 July 2007INSIGHT REVIEW

“All jets”  6 jets (2 b-jets) “Lepton+Jets” ℓν + 4 jets (2 b-jets) “Di-lepton” ℓ+ℓ− 2ν + 2 b-jets
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Template Method in lepton+jets

! Event selection

• High-pt central leptons (e,mu): Pt>20 GeV

• 4 jets: Et>15 GeV, |!|<2.0

• Large missing Et > 20 GeV

!"2 kinematic fitter: fully reco. ttbar system
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the left- and right-handed couplings. One of the most sensitive of these 
electroweak measurements, and also one of the easiest to understand, is 
the so-called left–right asymmetry, ALR. This is measured with polarized 
e− beams at the SLC and is defined as:
 σL − σRALR = _______ 
 σL + σR

where σL (σR) is the cross-section for any given final state with a 100% 
left-hand (right-hand) polarized incoming electron beam. In prac-
tice, 100% polarization is not achievable, but it can be easily shown 
that if the magnitude of the (luminosity-weighted) average e− beam 
polarization is <Pe> then the measured asymmetry, ALR

meas, is given by
ALR

meas = <Pe> ALR. At the SLC, <Pe> = 70–80% was regularly achieved.
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Figure 6 | Top-quark production, and virtual loops. a, The Feynman diagram 
for qq− annihilation to produce a tt− pair. b, Virtual loops involving t quarks 
and Higgs bosons. The left-hand diagram may modify a process involving 

the propagation of a photon or Z; the right-hand, the propagation of a W 
or Z. c, The possible event signatures for tt− production. From left to right, 
panels show ‘all-jets’, ‘lepton + jets’ and ‘di-lepton’.
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“All jets”  6 jets (2 b-jets) “Lepton+Jets” ℓν + 4 jets (2 b-jets) “Di-lepton” ℓ+ℓ− 2ν + 2 b-jets

Finding 1 or 2 b-tagged jets significantly reduces backgrounds

Template Method in lepton+jets

! Event selection

• High-pt central leptons (e,mu): Pt>20 GeV

• 4 jets: Et>15 GeV, |!|<2.0

• Large missing Et > 20 GeV

!"2 kinematic fitter: fully reco. ttbar system
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Top Quark Mass
• Many methods used to measure top quark mass - e.g. matrix element method 

• Largest systematic effect from uncertainty on Jet Energy Scale of calorimeters (JES)

• Calibrate JES in-situ to with known-value of mW.

• Find best values of mt, JES consistent with observed kinematics, !y

L(!y | mt, JES) =
1

N(mt)
1

A(mt, JES)

24∑

i =1

wi

∫
f(z1)f(z2)

FF
TF(!y · JES | !x) |Meff(mt, !x)|2 dΦ(!x)

“World's single most precise measurement”
mt = 172.2 ± 1.1 (stat) ± 1.6 (syst) GeV/c2

One or two b-
tags required
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Top Quark Mass
• Many methods used to measure top quark mass - e.g. matrix element method 

• Largest systematic effect from uncertainty on Jet Energy Scale of calorimeters (JES)

• Calibrate JES in-situ to with known-value of mW.

• Find best values of mt, JES consistent with observed kinematics, !y

L(!y | mt, JES) =
1

N(mt)
1

A(mt, JES)

24∑

i =1

wi

∫
f(z1)f(z2)

FF
TF(!y · JES | !x) |Meff(mt, !x)|2 dΦ(!x)

“World's single most precise measurement”
mt = 172.2 ± 1.1 (stat) ± 1.6 (syst) GeV/c2

One or two b-
tags required

“World's single most precise measurement”
mt = 171.9 ± 1.7 (stat +JES) ± 1.0 (syst) GeV/c2 

CDF: Lepton+Jets and Di-lepton, template fit
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World Average Top Quark Mass 

mt = 172.6 ± 1.4 GeV/c2

14



World Average Top Quark Mass 

mt = 172.6 ± 1.4 GeV/c2

What improvements 
can be expected?

Not far from 1% accuracy 
per experiment!
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Single Top Production
• Cross section is test of QCD and Electroweak

• SM prediction: σ = 2.9 ± 0.4 pb

• Can be used to extract a result for Vtb

!Reinhard Schwienhorst, Michigan State University
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CDF: |Vtb| = 0.88 ± 0.14(exp) ± 0.07(theory) 
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Boson Pair Production
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pp̅→Zγ production at the Tevatron

CDF 2fb−1  

• Mℓℓ > 40 GeV/c2

• NLO prediction σ = 4.5 ± 0.3 pb

• ISR 1.2 pb  FSR 3.4 pb
σ = 4.6 ± 0.2 (stat) ± 0.3 (syst) ± 0.3 (lum)

DØ 1fb−1 

• Mℓℓ > 30 GeV/c2

• NLO prediction σ = 4.7 ± 0.2 pb
σ = 5.0 ± 0.3 (stat+syst) ± 0.3 (lum)

Measurements consistent 
with SM predictions

both expts:
ET(γ) > 7 GeV
ΔR(ℓ,γ) > 0.7
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pp̅→WZ production at the Tevatron

σNLO(WZ) = 3.7± 0.3 pb

CDF
1.9 fb−1

DØ
1fb−1

candidates 25 13

background 5.2±0.8 4.5±0.6

Both s-channel and t-channel:

    W

    W

    Z
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pp̅→WZ production at the Tevatron

σNLO(WZ) = 3.7± 0.3 pb

CDF
1.9 fb−1

DØ
1fb−1

candidates 25 13

background 5.2±0.8 4.5±0.6

Both s-channel and t-channel:

σ(WZ) = 2.7+1.7
−1.3 pb

CDF:

DØ:

σ(WZ) = 4.3+1.4
−1.1 pb

Consistent with 
SM predictions

    W

    W

    Z
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pp̅→ZZ production at the Tevatron

NLO prediction σ(pp̅→ZZ) = 1.4±0.1 pb

H

t-channel: SM production qq̅→ZZ
 s-channel:

• SM Higgs: qq̅→H→ZZ

• non-SM: γZZ and ZZZ verticies
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pp̅→ZZ production at the Tevatron

Two search channels:

• ZZ→νν̅ℓ+ℓ−: large background from WW→ ℓ+ ν ℓ− ν̅

• ZZ→ℓ+ℓ−ℓ’+ℓ’−: very clean

NLO prediction σ(pp̅→ZZ) = 1.4±0.1 pb

H

t-channel: SM production qq̅→ZZ
 s-channel:

• SM Higgs: qq̅→H→ZZ

• non-SM: γZZ and ZZZ verticies
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pp̅→ZZ production at the Tevatron

Two search channels:

• ZZ→νν̅ℓ+ℓ−: large background from WW→ ℓ+ ν ℓ− ν̅

• ZZ→ℓ+ℓ−ℓ’+ℓ’−: very clean

NLO prediction σ(pp̅→ZZ) = 1.4±0.1 pb

H

t-channel: SM production qq̅→ZZ
 s-channel:

• SM Higgs: qq̅→H→ZZ

• non-SM: γZZ and ZZZ verticies

CDF 4 charged leptons

ZZ pred. 2.27±0.24

Z+jets pred. 0.10+0.12−0.09

total 2.36+0.58−0.39

observed 3
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pp̅→ZZ production at the Tevatron

Two search channels:

• ZZ→νν̅ℓ+ℓ−: large background from WW→ ℓ+ ν ℓ− ν̅

• ZZ→ℓ+ℓ−ℓ’+ℓ’−: very clean

NLO prediction σ(pp̅→ZZ) = 1.4±0.1 pb

H

t-channel: SM production qq̅→ZZ
 s-channel:

• SM Higgs: qq̅→H→ZZ

• non-SM: γZZ and ZZZ verticies

• DØ limit: σ(pp̅→ZZ) < 4.4 pb at 95%CL

• CDF measurement σ(pp̅→ZZ) = 1.4+0.7−0.6 pb (4.4σ significance)

CDF 4 charged leptons

ZZ pred. 2.27±0.24

Z+jets pred. 0.10+0.12−0.09

total 2.36+0.58−0.39

observed 3
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• Measured di-boson cross sections agree 
with SM

• Contributions from ZZZ, γZZ and γγZ 
vertices enhance cross sections

• Non-SM ZWW coupling changes shape of 
Z-boson pT distribution

Limits on anomalous tri-boson couplings

All constrained parameters are =0 in SM

W

W

γ, Z

Limits on non-
electroweak model 

ZWW coupling

DØ γZZ, ZZZ vertices

7

γ
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FIG. 1: Limits on anomalous couplings for Λ = 1.2 TeV: (a)
fγ
40

vs. fZ
40, (b) fγ

40
vs. fγ

50
, (c) fZ

40 vs. fZ
50, and (d) fγ

50

vs. fZ
50, assuming in each case that the other two couplings

are zero. The inner and outer curves are the 95% C.L. two-
degree of freedom exclusion contour and the constraint from
the unitarity condition, respectively. The inner crosshairs are
the 95% C.L. one-degree of freedom exclusion limits.

√
s = 1.96 TeV. Requiring each lepton to have transverse

momentum greater than 15 GeV, and the dilepton pair
masses to be greater than 30 GeV, we observe one event
with an expected SM background of 0.13 ± 0.03 events.
The one observed event is consistent both with back-
ground and with predicted SM ZZ and Zγ∗ production
of 1.71± 0.15 events. We set an upper limit of 4.4 pb at
the 95% C.L. on the cross section for pp̄ → ZZ + X and
Zγ∗ + X , where dilepton pair masses are greater than
30 GeV. This is the most restrictive cross section limit
for ZZ production at the Tevatron. We set limits on
anomalous neutral trilinear ZZZ and ZZγ∗ gauge cou-
plings. These represent the first bounds on these anoma-
lous couplings from the Tevatron. Limits on fZ

40, fZ
50, and

fγ
50 are more restrictive than those of the combined LEP

experiments [2].
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Neutral Triple Gauge Couplings

Experiment CDF Run I LEP II D0
Luminosity(fb−1) 0.02 0.7 1.1 ( e + µ)

hZ
3 -3.0, 2.9 -0.20, 0.07 -0.083, 0.082

hZ
4 -0.7, 0.7 -0.05, 0.12 -0.0053, 0.0054

hγ
3 -3.1, 3.1 -0.049, 0.008 -0.085, 0.084

hγ
4 -0.8, 0.8 -0.02, 0.034 -0.0053, 0.0054

Table 4: Published limits (95% C.L.) on Zγ anomalous couplings.

Observed Limits Expected Limits
|hZ

3 | 0.083 0.085 ± 0.018
|hZ

4 | 0.0047 0.0052 ± 0.0009
|hγ

3 | 0.084 0.086 ± 0.017
|hγ

4 | 0.0047 0.0051 ± 0.0009

Table 5: Limits (95% C.L.) for e + µ combined

for Blessing

Jan. 31, 2008
EWK

Zγ Anomalous Couplings (page 21)
Blessing

Jianrong Deng
Duke University

ZZγ 
vertex

Zγγ 
vertex

CDF

Limits on γγZ, γZZ, ZZZ couplings

20



W and Z boson couplings 
at HERA
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Z coupling to light quarks at HERA
• Deep inelastic scattering events:  interference 

between Z and γ exchange probes vector and axial 
couplings separately.

• PDF constraints also used to obtain better bounds.

1-8 March 2008 Moriond EW - Ytsen R. de Boer 8

Quark - Z Coupling

Pure Z contribution small

But !Z interference terms

sensitive to the couplings
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FIGURE 6. Left: The parton distribution functions extracted from HERA data. Right: Axial and vector

couplings of the u–quark measured from the combined electroweak–QCD fit at HERA and compared

with measurements from LEP (using light quarks production at Z pôle e+e− → qq̄) and Tevatron (from

Drell-Yan electron pair production qq̄→ e+e−).

ference structure function xF
"Z
3 can be written as xF

"Z
3 = 2x[euau(U −U)+ edad(D−

D)], withU = u+c and D= d+ s thus provides information about the light quark axial

vector couplings (au, ad) and the sign of the electric quark charges (eu, ed). The averaged
xF

"Z
3 , determined by H1 and ZEUS for a Q2 value of 1500GeV2, is shown in figure 4.

PARTON DISTRIBUTION FUNCTIONS AND ELECTROWEAK

EFFECTS

The NC and CC cross section measurements are used in a global fit in order to extract

the parton distribution functions (pdf’s) [9, 10]. The shapes for the quarks q(x,Q20) and
gluon g(x,Q20) distributions are parametrised as a function of x at a given scale Q

2
0 and

evolved using DGLAP equations [2] to each (x,Q2) point where the cross section has
been measured. The theoretical cross section can therefore be accurately calculated as

a function of the pdf’s parameters. A #2 is then built using the measurements and the
predictions for all measurements points and minimised to extract the non-perturbative

pdf’s parameters. Since the number of parameters (typically 10) is much lower than

the number of measurements (several hundred) the fit also consitutes a very powerful
test of QCD. The structure functions from the fit are compared with data in figure 4.

The parton distribution functions are extracted using the decomposition of the structure

function described above. As an example, the pdf’s obtained for Q2 = 10 GeV2 are

shown in figure 6. The valence distributions peak at 1/3 as expected from simple

counting with uV twice as large as dV . Gluon distribution is enhanced at low x. The

knowledge of the proton structure deduced from inclusive CC/NC measurements can

be used to calculate the cross section of exclusive processes leading to a specific final
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Figure 16: The 68% confidence level contours for the electroweak parameters ad

and vd from the ZEUS QCD and EW fit. Also shown are the contours determined
by other experiments.
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•Asymmetry in neutral 
current between right-
handed and left-handed 
electrons/positrons. 

NC Parity Violation at high-Q2

•Difference between electrons and positrons due to parity violation in 
Z-exchange.

•First observation of parity violation in weak NC at high-Q2 
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Figure 14: Measurements of the polarisation asymmetries A± by the H1 Col-
laboration (top left), the ZEUS Collaboration (top right) and combined (bottom).
The error bars denote the total uncertainty which is dominated by the uncorrelated
error contributions. The curves describe the theoretical predictions in NLO QCD
as obtained in fits to the H1 inclusive data and to the inclusive and jet ZEUS data,
respectively. Both fits have been performed using the unpolarised HERA I data.

18

A± =
2

PR − PL

σ±(PR)− σ±(PL)
σ±(PR) + σ±(PL)

σ± = σ(e±p→ e±X)
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HERA Charged Current Cross Sections
•Interaction between W-boson and 

polarised electron and positrons

•Electroweak model has maximal 
parity violation.

➡W interacts only with left-handed 
electrons and right-handed positrons

- Pe: degree of polarisation

•Consistent with Standard Model 
prediction

eP
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FIGURE 7. Left: The dependence of the charged current cross section on the electron or positron beam

polarisation at HERA. Right: The polarisation asymmetry of the NC cross section at HERA.

state FS as a convolution of the parton level cross section with pdf’s, for instance:

!ep→FS = !eq−>FS⊗q(x,Q2). This factorisation can also be used to calculate the cross
section of processes produced in proton–proton collisions using the pdf’s measured in

DIS.
Recently, a new approach has been adopted by the H1 and ZEUS collaborations[11],

performing a combined QCD–electroweak fit. The strategy is to leave free in the fit the

EW parameters together with the parameterisation of the parton distribution functions.

Due to the t-channel electron-quark scattering via Z0 bosons, the DIS cross sections

at high Q2 are sensitive to light quark axial (aq) and vector (vq) coupling to the Z
0.

This dependence includes linear terms with significant weight in the cross section

which allow to determine not only the value but also the sign of the couplings. The

measurements of the u–quark couplings obtained at HERA, LEP and Tevatron are shown

in figure 6.

e±p COLLISION WITH A POLARISED LEPTON BEAM

The polarisation of the electron beam at HERA II allows a test of the parity non-

conservation effects typical of the electroweak sector. The most prominent effect is

predicted in the CC process, for which the cross section depends linearly on the e±–

beam polarisation: ! e
±p(P) = (1±P)! e

±p
P=0. The results[13] obtained for the first time in

e±p collisions are shown in figure 7. The expected linear dependence is confirmed and

provides supporting evidence for the V-A structure of charged currents in the Standard

Model.

Due to parity violating couplings of the Z boson, the e± beam polarisation effects

can also be measured in NC processes at high Q2. The charge dependent longitudinal

polarisation asymmetries of the neutral current cross sections, defined as

A± =
2

PR−PL
·
!±(PR)−!±(PL)

!±(PR)+!±(PL)
$∓kae

F
$Z
2

F2
, (5)

σ±CC(Pe) = (1± Pe) σ±CC(0)

•Can set limits massive charged boson coupling to RH fermions.

•For gL = gR, and νR light; MWR > 208 GeV
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Summary and Outlook
•Experiments at the Tevatron have made precise measurements of mW, ΓW 

and mt.  Errors on this will reduce with more statistics and improved 
analysis techniques.

•First evidence for single-top production.

•First observations and measurements of di-boson production: WZ, ZZ.

•With Zγ used to probe tri-boson couplings.

•Measurements at HERA test electroweak couplings at high-Q2.

•Once again, the electroweak model (with some help from QCD) triumphs!

•The LHC will be able to make huge improvements to the measurements of 
electroweak parameters ... perhaps it will see the first signs that the 
electroweak model is not the whole truth.
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Conclusions - the Big Pictures
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Anomalous Couplings: γZ, ZZ

•For all neutral gauge boson in SM all terms h1, h2 , h3, h4, f4, f5 are zero.

•h1, h2,  f4 describe CP-violating couplings

•  h3, h4, f5 describe CP-conserving couplings

6 4 NEUTRAL ANOMALOUS GAUGE COUPLINGS (AGC)

where the Z boson decays to electron or muon pairs.
The general form of the neutral trilinear boson couplings is given by [7]:

Γαβµ
ZγV (q1, q2, P ) =

i(s − m2
V )

m2
Z

{hV
1 (qµ

2 gαβ − qα
2 gµβ) +

hV
2

m2
Z

Pα[(Pq2)g
µβ − qµ

2 P β]

−hV
3 εµαβρq2ρ −

hV
4

m2
Z

PαεµβρσPρq2σ},

Γαβµ
ZZV (q1, q2, P ) =

i(s − m2
V )

m2
Z

[fV
4 (P αgµβ + P βgµα) − fV

5 εµαβρ(q1 − q2)ρ],

where V = Z or γ. The notation of the vertex is given in Figure 3. The ZγV vertices are

!Z"V
#$%&q1 ,q2 ,P '!

i&s"mV
2 '

mZ
2 ! h1V&q2

%g#$"q2
#g%$'

#
h2
V

mZ
2
P#(&Pq2'g

%$"q2
%P$)

"h3
V*%#$+q2+"

h4
V

mZ
2
P#*%$+,P+q2," ,

&2'

where the momenta are defined as in Fig. 1 and s-P2, is1

used. The expressions &1', &2' follow from the general forms
written in (12,13) and the corrections made in (4). The forms
associated with f 4

V , h1
V , h2

V are CP violating, whereas the

ones associated with f 5
V , h3

V , h4
V are CP conserving.

The CP conserving forms in Eqs. &1', &2' are C and P

violating and in this respect they are analogous to the ana-

pole ZW#W" and "W#W" vertices (13,12,10),

!
W#W"V

#$% &q1 ,q2 ,P '!i
zV

mW
2 .*%#,+P,&q1"q2'+P

$

"*%$,+P,&q1"q2'+P
#/, &3'

as well as to the corresponding gauge boson-fermion anoma-

lous anapole coupling. None of these couplings exist at the

tree level in the standard model &SM'. At the one-loop SM
level though, as we will see below, such couplings do appear

and tend to be strongly decreasing with s.

Since the CP-violating couplings in Eqs. &1', &2' can
never be generated, if the NP interactions of Z and photon

conserve CP , we concentrate below on the CP conserving

couplings f 5
V , h3

V , h4
V . As already observed these are analo-

gous to the anapole ones. But the situation in this neutral

anapole sector is rather different from the one in the sector of

the general charged ZWW and "WW couplings. This can

been seen by comparing the results of the calculation of the

triangular graph of Fig. 2, with the generic expectations from

a dimensional analysis in the effective Lagrangian frame-

work. More explicitly, the contribution of a heavy fermion of

mass 0NP to the aforementioned one-loop triangular graph

results in an f 5
V or h3

V coupling, which may occasionally be-

have like (mW /0NP)
2. On the other hand, when one writes

the effective Lagrangian in terms of SU(2)$U(1) gauge-

invariant operators in the linear representation (14), then at
the lowest nontrivial level of dim!6 operators several

anomalous ZWW and "WW couplings are generated

(15,16). However, at this level, neither the anapole ZWW
coupling of Eq. &3', nor any neutral gauge couplings ever
appear. These couplings require higher dimensional dim18
operators, which means that their magnitude should be de-

pressed by at least one more power of mW
2 /0NP

2 and behave

like2 (mW /0NP)
4.

It is, therefore, interesting to examine more precisely the

conditions under which such couplings can be generated and

what type of NP effects determine their magnitude.

III. FERMION LOOP CONTRIBUTIONS

We have first looked at the perturbative ways in which the

neutral couplings in Eqs. &1', &2' could be generated. One
immediately observes that at the one-loop level the relevant

graphs are triangular ones of the type of Fig. 2. For scalars or

W% bosons running along the loop in such graphs, with stan-

dard ZWW and "WW couplings, we always get identically

vanishing contributions. In particular for the CP-conserving

couplings, the reason is that the *%2+, tensor can never be

generated from them. Only a fermionic loop &either with a
single fermion F j running along the loop, or with mixed F1 ,

F2 , . . . fermionic contributions', can generate such *%2+,

terms, through the axial Z coupling &see Fig. 2'. To describe
them, we use the standard definitions

L!"eQ jA
%F̄ j"%F j"

e

2sWcW
Z%F̄ j&"%gv j""%"5ga j'F j

"
e

2sWcW
Z%F̄1&"%gv12""%"5ga12'F2, &4'

where Qj is the F j charge, while gv j , ga j and the mixed

couplings gv12 , ga12 determine the Z-fermion interactions. If

there are no CP-violating NP sources, then all these cou-

plings must be real, and hermiticity requires gv12!gv21 ,

1*0123!1.

2The same conclusion should also be valid if the nonlinear Higgs

representation is used. In this later case the ZWW anapole coupling

can be generated at the dominant Dchiral!4 level; but the genera-
tion of neutral self-couplings still requires higher dimensional op-

erators (17).

FIG. 1. The general neutral gauge boson vertex V1V2V3.

FIG. 2. The fermionic triangle.
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Figure 3: The general neutral gauge boson vertex V1V2V3 [7].

described by 8 parameters hV
i (i = 1 - 4, V = Z or γ). The ZZV vertices are described

by 4 parameters fVi (i = 5, 6). The couplings hV
1 , hV

2 and fV4 are CP-violating, while the
couplings hV

3 , hV
4 and fV5 are CP-conserving. In this note, limits on the CP-conserving

couplings are presented.
The relation of the couplings to physical quantities are as following [7]:

µZ =
−e√
2mZ

E2
γ

m2
Z

(hZ
1 − hZ

2 ) Qe
Z =

2
√

10e

m2
Z

hZ
1

dZ =
−e√
2mZ

E2
γ

m2
Z

(hZ
3 − hZ

4 ) Qm
Z =

2
√

10e

m2
Z

hZ
3

where µ and d are the magnetic and electric dipole moments of the Z boson respectively.
And Qm and Qe are the quadrupole moments of the Z boson.

The anomalous couplings terms rises as the center-of-mass energy (ŝ) increases
and eventually the cross section amplitude violates tree-level unitarity (conservation of
probability). This can be avoided by introducing form factors that decrease with ŝ:

hV
i (ŝ) =

hV
i0

(1 + ŝ
Λ)n

(1)
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lous anapole coupling. None of these couplings exist at the

tree level in the standard model &SM'. At the one-loop SM
level though, as we will see below, such couplings do appear

and tend to be strongly decreasing with s.

Since the CP-violating couplings in Eqs. &1', &2' can
never be generated, if the NP interactions of Z and photon

conserve CP , we concentrate below on the CP conserving

couplings f 5
V , h3

V , h4
V . As already observed these are analo-

gous to the anapole ones. But the situation in this neutral

anapole sector is rather different from the one in the sector of

the general charged ZWW and "WW couplings. This can

been seen by comparing the results of the calculation of the

triangular graph of Fig. 2, with the generic expectations from
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described by 8 parameters hV
i (i = 1 - 4, V = Z or γ). The ZZV vertices are described

by 4 parameters fVi (i = 5, 6). The couplings hV
1 , hV

2 and fV4 are CP-violating, while the
couplings hV

3 , hV
4 and fV5 are CP-conserving. In this note, limits on the CP-conserving

couplings are presented.
The relation of the couplings to physical quantities are as following [7]:
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where µ and d are the magnetic and electric dipole moments of the Z boson respectively.
And Qm and Qe are the quadrupole moments of the Z boson.

The anomalous couplings terms rises as the center-of-mass energy (ŝ) increases
and eventually the cross section amplitude violates tree-level unitarity (conservation of
probability). This can be avoided by introducing form factors that decrease with ŝ:

hV
i (ŝ) =

hV
i0

(1 + ŝ
Λ)n

(1)

•All gauge invariant terms:
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Anomalous Couplings: WZ

•In SM:

• gWWγ = −e,   gWWZ = −e cotθW, 
•g1Z = g1γ = κZ = κγ = 1,  λZ = λγ = 0

•Non-SM D≤6 terms, consistent with gauge invariance:

•Λ is scale to used to control new operators.

Hagiwara, Ishihara, 
Szalapski, Zeppenfeld
Phys Rev D48, 5, p48
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Forward-Backward Asymmetry pp̅→tt ̅
• jet asymmetry arises from interference between symmetric and antisymmetric 

contributions under the exchange t ↔ t ̅

• NLO asym ~ 5-10%

Interference between LO 
and box gives positive Afb

Interference between ISR 
and FSR gives negative Afb

CDF: Afb = 0.17 ± 0.07 (stat) ± 0.04 (syst)

DØ:  Afb = 12±8(stat)±1(syst) %  (for n jets < 4) 
Afb = 19±9(stat)±2(syst) %  (for n jets  = 4)

Afb = −16+17−15 (stat)±3(syst) %  (for n jets ≥ 5)
• asym depends on the phase space region 

probed (due to additional jets) 

• overall FSR+ISR corrections asym = (4 ± 1)%
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Top Quark Mass - Template Method
• Create MC templates with different input values of mt to fit to observed data.

CDF All hadronic 
2 b-tags
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W-boson width
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