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Fig. 1.1. The lowest-order s-channel Feynman diagrams for e+e− → ff. For e+e− final states, the photon and the Z boson can also be exchanged
via the t-channel. The contribution of Higgs boson exchange diagrams is negligible.
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Fig. 1.2. The hadronic cross-section as a function of centre-of-mass energy. The solid line is the prediction of the SM, and the points are the
experimental measurements. Also indicated are the energy ranges of various e+e− accelerators. The cross-sections have been corrected for the
effects of photon radiation.

centre-of-mass energies of approximately 91 GeV, close to the mass of the Z boson.1 Fig. 1.2 illustrates two prominent
features of the hadronic cross-section as a function of the centre-of-mass energy. The first is the 1/s fall-off, due to
virtual photon exchange, corresponding to the left-hand diagram in Fig. 1.1, which leads to the peak at low energies.
The second is the peak at 91 GeV, due to Z exchange, which corresponds to the right-hand diagram of Fig. 1.1, and
allows LEP and SLC to function as “Z factories”.

The LEP accelerator operated from 1989 to 2000, and until 1995, the running was dedicated to the Z boson region.
From 1996 to 2000, the centre-of-mass energy was increased to 161 GeV and ultimately to 209 GeV allowing the
production of pairs of W bosons, e+e− → W+W−, as indicated in Fig. 1.2. Although some results from this later
running will be used in this report, the bulk of the data stems from the Z period. When needed, the Z period will be
denoted “LEP-I”, and the period beginning in 1996 “LEP-II”. During the seven years of running at LEP-I, the four
experiments ALEPH [7], DELPHI [8], L3 [9] and OPAL [10] collected approximately 17 million Z decays in total,
distributed over seven centre-of-mass energy points within plus or minus 3 GeV of the Z-pole.

The SLC accelerator started running in 1989 and the Mark-II collaboration published the first observations of Z
production in e+e− collisions [11]. However, it was not until 1992 that longitudinal polarisation of the SLC electron
beam was established. By then the SLD detector [12,13] had replaced Mark-II. From 1992 until 1998, when the
accelerator was shut down, SLD accumulated approximately 600 thousand Z decays. Although the data set is much

1 In this report h̄ = c = 1.
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Figure 13: The CLs values for the SM Higgs boson hypothesis as a function of the Higgs boson
mass in the range 110–145 GeV. The background-only expectations are represented by their
median (dashed line) and by the 68% and 95% CL bands.

7.1 Significance of the observed excess

The consistency of the observed excess with the background-only hypothesis may be judged
from Fig. 14, which shows a scan of the local p-value for the 7 and 8 TeV data sets and their
combination. The 7 and 8 TeV data sets exhibit an excess of 3.2 s and 3.8 s significance, re-
spectively, for a Higgs boson mass of approximately 125 GeV. In the overall combination the
significance is 5.0 s for mH = 125.5 GeV. Figure 15 gives the local p-value for the five decay
modes individually and displays the expected overall p-value.

The largest contributors to the overall excess in the combination are the gg and ZZ decay
modes. They both have very good mass resolution, allowing good localization of the invariant
mass of a putative resonance responsible for the excess. Their combined significance reaches
5.0 s (Fig. 16). The WW decay mode has an exclusion sensitivity comparable to the gg and ZZ
decay modes but does not have a good mass resolution. It has an excess with local significance
1.6 s for mH ⇠ 125 GeV. When added to the gg and ZZ decay modes, the combined signifi-
cance becomes 5.1 s. Adding the bb and tt channels in the combination, the final significance
becomes 5.0 s. Table 6 summarises the expected and observed local p-values for a SM Higgs
boson mass hypothesis of 125.5 GeV for the various combinations of channels.

Table 6: The expected and observed local p-values, expressed as the corresponding number of
standard deviations of the observed excess from the background-only hypothesis, for mH =
125.5 GeV, for various combinations of decay modes.

Decay mode/combination Expected (s) Observed (s)
gg 2.8 4.1
ZZ 3.6 3.1
tt + bb 2.4 0.4
gg + ZZ 4.7 5.0
gg + ZZ + WW 5.2 5.1
gg + ZZ + WW + tt + bb 5.8 5.0

The global p-value for the search range 115–130 (110–145) GeV is calculated using the method

The Gfitter group: M. Baak (CERN), M. Göbel (Univ. Hamburg, DESY), J. Haller (Univ. Hamburg), A. Höcker (CERN), 
D. Kennedy (Univ. Hamburg, DESY), R. K. (Univ. Hamburg), K. Mönig (DESY), M. Schott (CERN) J. Stelzer (DESY)
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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  

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

¯

4.1 Formalism and Observables 12

primary goal of experiments and phenomenological analysis has been moved from CKM parameter
determination to the detection of new physics via inconsistencies in the CKM phase determination.
The relatively young field of neutrino oscillation measurements on the contrary does not yet provide
significant overconstraints of the neutrino flavour mixing matrix.

In the following we revisit the global electroweak fit at the Z-mass scale using the Gfitter package.
We recall the relevant observables, their SM predictions, perform fits under various conditions,
and discuss the results.

4.1 Formalism and Observables

The formal analysis of this section is placed within the framework of the SM. The electroweak
fit focuses on the parameters directly related to the Z and W boson properties, and to radiative
corrections to these, providing the sensitivity to heavy particles like the top quark and the Higgs
boson. The floating parameters of the fit are the Higgs and Z-boson masses, the c, b, and t-quark
masses, as well as the electromagnetic and strong coupling strengths at the Z pole. Most of these
parameters are also directly constrained by measurements included in the fit.

We have put emphasis on the completeness of the information given in this paper, with a large
part of the relevant formulae quoted in the main text and the appendices. Readers seeking for
a more pedagogical introduction are referred to the many excellent reviews on this and related
topics (see, e.g., Refs. [25, 26, 56, 57]). Section 4.1.1 provides a formal introduction of tree-level
relations, and quantum loop corrections sensitive to particles heavier than the Z. The observables
used in the global fit and their SM predictions are summarised in Section 4.1.2 and Section 4.1.3
respectively. Theoretical uncertainties are discussed in Section 4.1.4.

4.1.1 Standard Model Tree-Level Relations and Radiative Corrections

The tree-level vector and axial-vector couplings occurring in the Z boson to fermion-antifermion

vertex ifγµ(g
(0)
V ,f + g(0)

V ,fγ5)fZµ are given by16

g(0)
V ,f ≡ g(0)

L,f + g(0)
R,f = If3 − 2Qf sin2 θW , (8)

g(0)
A,f ≡ g(0)

L,f − g(0)
R,f = If3 , (9)

where g(0)
L(R),f are the left-handed (right-handed) fermion couplings, and Qf and If3 are respectively

the charge and the third component of the weak isospin. In the (minimal) SM, containing only
one Higgs doublet, the weak mixing angle is defined by

sin2 θW = 1−
M2

W

M2
Z

. (10)

16Throughout this paper the superscript ’(0)’ is used to label tree-level quantities.
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Electroweak radiative corrections modify these relations, leading to an effective weak mixing angle
and effective couplings

sin2θfeff = κfZ sin2 θW , (11)

gV ,f =
√

ρfZ

(

If3 − 2Qf sin2θfeff

)

, (12)

gA,f =
√

ρfZI
f
3 , (13)

where κfZ and ρfZ are form factors absorbing the radiative corrections. They are given in Eqs. (59)
and (60) of Appendix A.3. Due to non-zero absorptive parts in the self-energy and vertex correction
diagrams, the effective couplings and the form factors are complex quantities. The observable
effective mixing angle is given by the real parts of the couplings

Re(gV ,f )

Re(gA,f )
= 1− 4|Qf | sin2θfeff . (14)

Electroweak unification leads to a relation between weak and electromagnetic couplings, which at
tree level reads

GF =
πα

√
2(M (0)

W )2
(

1− (M
(0)
W )2

M2
Z

) . (15)

Radiative corrections are parametrised by multiplying the r.h.s. of Eq. (15) with the form factor
(1−∆r)−1. Using Eq. (10) and resolving for MW gives

M2
W =

M2
Z

2



1 +

√

1−
√
8πα(1−∆r)

GFM2
Z



 . (16)

The form factors ρfZ , κ
f
Z and ∆r depend nearly quadratically on mt and logarithmically on MH .

They have been calculated including two-loop corrections in the on-shell renormalisation scheme
(OMS) [58–60], except for b quarks where an approximate expression, including the full one-loop
correction and the known leading two-loop terms ∝ m4

t , is provided. The relevant formulae used in
this analysis are summarised in Appendix A.3. Since ∆r also depends on MW an iterative method
is needed to solve Eq. (16). The calculation of MW has been performed including the complete one-
loop correction, two-loop and three-loop QCD corrections of order O(ααS) and O(αα2

s), fermionic
and bosonic two-loop electroweak corrections of order O(α2), and the leading O(G2

FαSm4
t ) and

O(G3
Fm

6
t ) three-loop contributions [11–13]. Four-loop QCD corrections have been calculated for

the ρ-parameter [61–63]. Since they affect the W mass by 2 MeV only, they have been neglected
in this work.

For the SM prediction of MW we use the parametrised formula [11]

MW = M ini
W − c1 dH− c2 dH

2 + c3 dH
4 + c4(dh− 1)− c5 dα+ c6 dt

− c7 dt
2 − c8 dHdt + c9 dhdt− c10 dαS + c11 dZ , (17)

with

dH = ln

(
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100 GeV

)

, dh =

(
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100 GeV

)2

, dt =
( mt

174.3 GeV

)2
− 1 ,

dZ =
MZ

91.1875 GeV
− 1 , dα =

∆α(M2
Z)

0.05907
− 1 , dαS =

αS(M2
Z)

0.119
− 1 ,

Electroweak unification connects the 
electromagnetic and the weak coupling 
strengths

with the weak mixing angle:
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A...and MW can be expressed in terms of 
MZ and GF

Electroweak sector of SM is given by three free 
parameters, for example α, GF and MZ
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 which is 19σ 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 = 0.23151±0.00011

  sin2θW = 0.22284±0.00045

Radiative Corrections
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Modification of propagators and 
vertices

‣ Parametrisation of radiative corrections: 
electroweak form factors ρ, κ, Δr

‣ Effective couplings at the Z-pole:

‣ Mass of the W boson:

sin2 ✓fe↵ = f
Z sin2 ✓W

gV,f =
q

⇢fZ

⇣
If3 � 2Qf sin2 ✓fe↵

⌘

gA,f =
q
⇢fZI

f
3

M2
W =

M2
Z

2
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p
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A

‣ ρ, κ, Δr depend nearly quadratically on mt and logarithmically on MH

Precision tests and constraints of the SM
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Figure 4: Indirect determination of the Higgs boson mass: ∆χ2 as a function of MH for the standard fit
(top) and the complete fit (bottom). The solid (dashed) lines give the results when including (ignoring)
theoretical errors. Note that we have modified the presentation of the theoretical uncertainties here with
respect to our earlier results [1]. Before, the minimum χ2

min of the fit including theoretical errors was used
for both curves to obtain the offset-corrected∆χ2. We now individually subtract each case so that both ∆χ2

curves touch zero. In spite of the different appearance, the theoretical errors used in the fit are unchanged
and the numerical results, which always include theoretical uncertainties, are unaffected.

Electroweak Fits - History
Electroweak Fits to precision data 
have a long history

‣ Huge amount of work to precisely 
understand loop corrections in the SM

‣ Precise SM predictions and measurements

4Roman Kogler The global EW SM fit 

The LEP EWWG, arXiv: 0712.9029

Electroweak Fits routinely performed 
by many groups

‣ D. Bardin et al. (ZFITTER), G. Passarino 
et al. (TOPAZ0), M. Grünewald et al. 
(LEP EWWG), J. Erler (GAPP), 
M. Baak et al. (Gfitter),...

‣ Many important results obtained, e.g. 
constraints on the mass of the Higgs 
boson
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Figure 5: ∆χ2 = χ2 −χ2
min vs. mH curve. The line is the result of the fit using all high-Q2 data (last

column of Table 2); the band represents an estimate of the theoretical error due to missing higher
order corrections. The vertical band shows the 95% CL exclusion limit on mH from the direct search.
The dashed curve is the result obtained using the evaluation of ∆α(5)

had(m2
Z) from Reference 62. The

dotted curve is the result obatined including also the low-Q2 data.
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Gfitter group, EPJC 72, 2003 (2012)



The Gfitter Project
A Generic Fitter Project for HEP 
Model Testing

‣ Modular framework for involved fitting problems in the LHC era

‣ Coherent treatment of statistical, systematic and theoretical uncertainties 
together with possible correlations

‣ Different packages/plug-ins possible

5Roman Kogler The global EW SM fit 

A Gfitter package for the global 
electroweak fit

‣ Complete implementation of SM predictions of precision observables

‣ State of the art calculations used, in particular:

• Full calculation of the QCD Adler function (massless and massive 
terms) in N3LO [P.A. Baikov et al., Phys. Rev. Lett. 101 (2008) 012022, Phys. Rev. Lett. 108, 222003 (2012)]

• Full two-loop correction (NNLO) to R0b [A. Freitas et al., JHEP 1208, 050 (2012)]

www.cern.ch/gfitter

http://www.cern.ch/Gfitter
http://www.cern.ch/Gfitter


This Year’s Discovery
ATLAS and CMS have reported the 
discovery of a new boson

‣ The cross section and branching ratios are 
compatible with the SM Higgs boson

‣ Measured mass:
ATLAS: 126.0 ± 0.4 (stat) ± 0.4 (sys) GeV
CMS:    125.3 ± 0.4 (stat) ± 0.4 (sys) GeV

‣ Assume that it is the Higgs boson, then
MH = 125.7 ± 0.4 GeV

‣ Difference between fully uncorrelated and 
fully correlated systematic uncertainties: 
uncertainty on MH 0.4 → 0.5 GeV
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Figure 14: The observed local p-value for 7 TeV and 8 TeV data, and their combination as a
function of the SM Higgs boson mass. The dashed line shows the expected local p-values for a
SM Higgs boson with a mass mH.
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a SM Higgs boson with a mass mH.
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110–150 GeV, which is approximately the mass range
not excluded at the 99% CL by the LHC combined SM
Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measure-
ments [12].

9.3. Characterising the excess
The mass of the observed new particle is esti-

mated using the profile likelihood ratio λ(mH) for
H→ZZ(∗)→ 4# and H→ γγ, the two channels with the
highest mass resolution. The signal strength is al-
lowed to vary independently in the two channels, al-
though the result is essentially unchanged when re-
stricted to the SM hypothesis µ = 1. The leading
sources of systematic uncertainty come from the elec-
tron and photon energy scales and resolutions. The re-
sulting estimate for the mass of the observed particle is
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.

The best-fit signal strength µ̂ is shown in Fig. 7(c) as
a function of mH . The observed excess corresponds to
µ̂ = 1.4 ± 0.3 for mH = 126 GeV, which is consistent
with the SM Higgs boson hypothesis µ = 1. A sum-
mary of the individual and combined best-fit values of
the strength parameter for a SM Higgs boson mass hy-
pothesis of 126 GeV is shown in Fig. 10, while more
information about the three main channels is provided
in Table 7.

In order to test which values of the strength and
mass of a signal hypothesis are simultaneously consis-
tent with the data, the profile likelihood ratio λ(µ,mH) is
used. In the presence of a strong signal, it will produce
closed contours around the best-fit point (µ̂, m̂H), while

)µSignal strength (
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 0.3± = 1.4 µ

ATLAS 2011 - 2012

Figure 10: Measurements of the signal strength parameter µ for
mH=126 GeV for the individual channels and their combination.

in the absence of a signal the contours will be upper
limits on µ for all values of mH .

Asymptotically, the test statistic −2 lnλ(µ,mH) is dis-
tributed as a χ2 distribution with two degrees of free-
dom. The resulting 68% and 95% CL contours for the
H→ γγ and H→WW (∗)→ #ν#ν channels are shown in
Fig. 11, where the asymptotic approximations have been
validated with ensembles of pseudo-experiments. Sim-
ilar contours for the H→ ZZ(∗)→ 4# channel are also
shown in Fig. 11, although they are only approximate
confidence intervals due to the smaller number of can-
didates in this channel. These contours in the (µ,mH)
plane take into account uncertainties in the energy scale
and resolution.

The probability for a single Higgs boson-like particle
to produce resonant mass peaks in the H→ ZZ(∗)→ 4#
and H→ γγ channels separated by more than the ob-
served mass difference, allowing the signal strengths to
vary independently, is about 8%.

The contributions from the different production
modes in the H→ γγ channel have been studied in order
to assess any tension between the data and the ratios of
the production cross sections predicted in the Standard
Model. A new signal strength parameter µi is introduced
for each production mode, defined by µi = σi/σi,SM. In
order to determine the values of (µi, µ j) that are simul-
taneously consistent with the data, the profile likelihood
ratio λ(µi, µ j) is used with the measured mass treated as
a nuisance parameter.

Since there are four Higgs boson production modes at
the LHC, two-dimensional contours require either some
µi to be fixed, or multiple µi to be related in some way.
Here, µggF and µt  tH have been grouped together as they
scale with the t  tH coupling in the SM, and are denoted

19

The SM is for the first time fully 
overconstrained → test its consistency
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Free Fit result Fit result Fit result incl. MHParameter Input value in fit incl. MH not incl. MH but not exp. input in row

MH [GeV](◦) 125.7± 0.4 yes 125.7± 0.4 94+25
−22 94+25

−22

MW [GeV] 80.385± 0.015 – 80.367± 0.007 80.380± 0.012 80.359± 0.011

ΓW [GeV] 2.085± 0.042 – 2.091± 0.001 2.092± 0.001 2.091± 0.001

MZ [GeV] 91.1875± 0.0021 yes 91.1878± 0.0021 91.1874± 0.0021 91.1983± 0.0116

ΓZ [GeV] 2.4952± 0.0023 – 2.4954± 0.0014 2.4958± 0.0015 2.4951± 0.0017

σ0
had [nb] 41.540± 0.037 – 41.479± 0.014 41.478± 0.014 41.470± 0.015

R0
! 20.767± 0.025 – 20.740± 0.017 20.743± 0.018 20.716± 0.026

A0,!
FB 0.0171± 0.0010 – 0.01627± 0.0002 0.01637± 0.0002 0.01624± 0.0002

A!
(") 0.1499± 0.0018 – 0.1473+0.0006

−0.0008 0.1477± 0.0009 0.1468± 0.0005(†)

sin2θ!eff(QFB) 0.2324± 0.0012 – 0.23148+0.00011
−0.00007 0.23143+0.00010

−0.00012 0.23150± 0.00009

Ac 0.670± 0.027 – 0.6680+0.00025
−0.00038 0.6682+0.00042

−0.00035 0.6680± 0.00031

Ab 0.923± 0.020 – 0.93464+0.00004
−0.00007 0.93468± 0.00008 0.93463± 0.00006

A0,c
FB 0.0707± 0.0035 – 0.0739+0.0003

−0.0005 0.0740± 0.0005 0.0738± 0.0004

A0,b
FB 0.0992± 0.0016 – 0.1032+0.0004

−0.0006 0.1036± 0.0007 0.1034± 0.0004

R0
c 0.1721± 0.0030 – 0.17223± 0.00006 0.17223± 0.00006 0.17223± 0.00006

R0
b 0.21629± 0.00066 – 0.21474± 0.00003 0.21475± 0.00003 0.21473± 0.00003

mc [GeV] 1.27+0.07
−0.11 yes 1.27+0.07

−0.11 1.27+0.07
−0.11 –

mb [GeV] 4.20+0.17
−0.07 yes 4.20+0.17

−0.07 4.20+0.17
−0.07 –

mt [GeV] 173.18± 0.94 yes 173.52± 0.88 173.14± 0.93 175.8+2.7
−2.4

∆α(5)
had(M

2
Z)

(#$) 2757± 10 yes 2755± 11 2757± 11 2716+49
−43

αS(M2
Z) – yes 0.1191± 0.0028 0.1192± 0.0028 0.1191± 0.0028

δthMW [MeV] [−4, 4]theo yes 4 4 –
δth sin2θ!eff

(#) [−4.7, 4.7]theo yes −1.4 4.7 –
(◦)Average of ATLAS (MH = 126.0± 0.4 (stat)± 0.4 (sys)) and CMS (MH = 125.3± 0.4 (stat)± 0.5 (sys)) measurements
assuming no correlation of the systematic uncertainties. (!)Average of LEP (A" = 0.1465 ± 0.0033) and SLD (A" = 0.1513 ±
0.0021) measurements, used as two measurements in the fit. (†)The fit w/o the LEP (SLD) measurement givesA" = 0.1474+0.0005

−0.0009

(A" = 0.1467+0.0006
−0.0004).

(#)In units of 10−5. ($)Rescaled due to αS dependency.

LHC

Tevatron

Tevatron

LEP

LEP

SLC

SLC

Free fit parameters:

‣ MZ,  MH,  Δαhad(5)(MZ),  αs(MZ),  
mc,  mb,  mt

‣ Scale parameters for theoretical 
uncertainties
ΔMW (4 MeV),  Δsin2θleff (4.7･10-5)

——

Observables:

‣ Z-pole observables: LEP/SLD results
[ADLO+SLD, Phys. Rept. 427, 257 (2006)]

‣ MW and ΓW: LEP/Tevatron [arXiv:1204:0042]

‣ mt : Tevatron [arXiv:1207:1069]

‣ Δαhad(5)(MZ) [M. Davier et al., EPJC 71, 1515 (2011)]

‣ mc, mb: world averages 
[PDG, J. Phys. G33, 1 (2006)]

‣ MH: LHC [arXiv:1207.7214 , arXiv:1207.7235]

——
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Global Fit: Results

Pull values after the fit

‣ Pull defined as 

‣ No pull value exceeds deviations of more 
than 3σ (good consistency of SM)

‣ Small values for MH, Ac, R0c, mc and mb 
indicate that their input accuracies exceed 
the fit requirements

‣ Largest deviations in the b-sector:
A0,bFB and R0b with 2.5σ and -2.4σ
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P =
Ofit �Omeas

�meas

χ2min/ndf = 21.8/14 → p-value = 0.08

‣ large value of χ2min not due to inclusion of 
MH measurement

‣ without MH measurement: 
χ2min /ndf = 20.3/13 → naive p-value = 0.09



Goodness of Fit
Toy analysis with 20000 toy experiments

‣ p-value: probability for getting χ2min, toy larger than χ2min from data

‣ p-value: probability for wrongly rejecting the SM: 0.07 ± 0.01 (theo)
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Global Fit: Results
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Scan of the Δχ2 profile versus MH

‣ blue line: full SM fit 

‣ grey band: fit without MH measurement

‣ fit without MH input gives 
MH = 94 +25 GeV 

‣ consistent within 1.3σ with measurement
−22

Tension (2.5σ) between A0,bFB, 
Alep(SLD) and MW visible

fit includes only the given observable

Determination of MH removing 
all sensitive observables 
except the given one: 



Indirect Determination: W Mass
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versus MW

‣ MH measurement allows for 
precise constraint of MW 

‣ also shown: SM fit with 
minimal input: 
MZ, GF, Δαhad(5)(MZ), 
αs(MZ), MH, mc, mb, mt

‣ Consistency between total fit and SM fit with minimal input

‣ Fit result for the indirect determination of MW:
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Figure 2: Left: pull comparison of the fit results with the direct measurements in units of the experimental
uncertainty. Right: determination of MH excluding the direct MH measurements and all the sensitive
observables from the fit, except the one given. Note that the fit results shown are not independent.

The fit indirectly determines the W mass (cf. Fig. 3 – bottom left, blue band) to be

MW = 80.3593± 0.0056mt ± 0.0026MZ
± 0.0018

�↵had (2)

± 0.0017↵S ± 0.0002MH
± 0.0040

theo

, (3)

= 80.359± 0.011
tot

, (4)

which exceeds the experimental world average in precision. The di↵erent uncertainty contribu-
tions originate from the uncertainties in the input values of the fit as given in the second column
in Table 1. The dominant uncertainty is due to the top quark mass. Due to the weak, logarith-
mic dependence on MH the contribution from the uncertainty on the Higgs mass is very small
compared to the other sources of uncertainty. Note that in the Rfit scheme [17, 18] the treatment
of the theoretical uncertainty as uniform likelihood corresponds a linear addition of theoretical
and experimental uncertainties. Quadratic addition would give a total uncertainty in the MW

prediction of 0.008.

The indirect determination of the e↵ective weak mixing angle (cf. Fig. 3 – bottom right, blue

More precise than the direct measurements



The Effective Weak Mixing
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Sep 12Scan of the Δχ2 profile 
versus sin2θleff

‣ all observables sensitive to 
sin2θleff removed from fit

‣ MH measurement allows for 
precise constraint of sin2θleff 

‣ also shown: SM fit with 
minimal input
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Figure 3: ��2 profiles as a function of the Higgs mass (top left), the top quark mass (top right), the W
boson mass (bottom left) and the e↵ective weak mixing angle (bottom right). The data points placed along
��2 = 1 represent direct measurements of the respective observable and their ±1� uncertainties. The grey
(blue) bands show the results when excluding (including) the new MH measurements from (in) the fits.
For the blue bands as a function of mt, MW and sin2✓`

e↵

the direct measurements of the observable have
been excluded from the fit in addition (indirect determination). The solid black curves in the lower plots
represent the SM prediction for sin2✓`

e↵

and MW derived from the minimal set of input measurements, as
described in the text. In all figures the solid (dotted) lines illustrate the fit results including (ignoring)
theoretical uncertainties in the fit.

band) gives

sin2✓`
e↵

= 0.231496± 0.000030mt ± 0.000015MZ
± 0.000035

�↵had (5)

± 0.000010↵S ± 0.000002MH
± 0.000047

theo

, (6)

= 0.23150± 0.00010
tot

, (7)

which is compatible and more precise than the average of the LEP/SLD measurements [9]. The
total uncertainty is dominated by that from �↵

had

and mt, while the contribution from the uncer-
tainty in MH is again very small. Adding quadratically theoretical and experimantal uncertainties
would lead to a total uncertainty in the sin2✓`

e↵

prediction of 0.00007.

Finally, the top quark mass, cf. Fig. 3 (top right, blue band), is indirectly determined to be

mt = 175.8+2.7
�2.4 GeV , (8)

in agreement with the direct measurement and cross-section based determination (cf. Footnote 5).

More precise than the direct determination from LEP/SLD measurements



‣ consistency with direct measurements

‣ MH measurement allows for better constraint of mt
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Figure 3: ��2 profiles as a function of the Higgs mass (top left), the top quark mass (top right), the W
boson mass (bottom left) and the e↵ective weak mixing angle (bottom right). The data points placed along
��2 = 1 represent direct measurements of the respective observable and their ±1� uncertainties. The grey
(blue) bands show the results when excluding (including) the new MH measurements from (in) the fits.
For the blue bands as a function of mt, MW and sin2✓`

e↵

the direct measurements of the observable have
been excluded from the fit in addition (indirect determination). The solid black curves in the lower plots
represent the SM prediction for sin2✓`

e↵

and MW derived from the minimal set of input measurements, as
described in the text. In all figures the solid (dotted) lines illustrate the fit results including (ignoring)
theoretical uncertainties in the fit.

band) gives

sin2✓`
e↵

= 0.231496± 0.000030mt ± 0.000015MZ
± 0.000035

�↵had (5)

± 0.000010↵S ± 0.000002MH
± 0.000047

theo

, (6)

= 0.23150± 0.00010
tot

, (7)

which is compatible and more precise than the average of the LEP/SLD measurements [9]. The
total uncertainty is dominated by that from �↵

had

and mt, while the contribution from the uncer-
tainty in MH is again very small. Adding quadratically theoretical and experimantal uncertainties
would lead to a total uncertainty in the sin2✓`

e↵

prediction of 0.00007.

Finally, the top quark mass, cf. Fig. 3 (top right, blue band), is indirectly determined to be

mt = 175.8+2.7
�2.4 GeV , (8)

in agreement with the direct measurement and cross-section based determination (cf. Footnote 5).

Indirect Determination: Top Mass
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Scan of the Δχ2 profile versus mt

(Tevatron average: mt = 173.2 ± 0.9 GeV)



W and Top Mass
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68% and 95% CL contours of fit without using MW, mt (and MH)

‣ Impressive consistency of SM model



Beyond the SM
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62 Higgs Hunting – Orsay 2010 Andreas Hoecker   –   Electroweak Constraints on Higgs Boson 

At low energies, BSM physics appears 
dominantly through vacuum polarisation 
•  Aka, oblique corrections 

•  Direct corrections (vertex, box, brems-
strahlung) generally suppressed by mf / Λ 

Oblique corrections reabsorbed into 
electroweak parameters Δρ, Δκ, Δr  

Electroweak fit sensitive to BSM physics 
through oblique corrections 
•  In direct competition                                      

with Higgs loop                                    
corrections Z 

H 

Z 

µ

 A

ν

 B   
=  iΠAB={W ,Z ,γ }

µν (q)

•  Oblique corrections from New Physics  
described through STU parameters 
 [Peskin-Takeuchi, Phys. Rev. D46, 381 (1992)] 

•  Also considered: correction to Z → bb  
coupling, and extended parameters (VWX) 
 [Burgess et al., PLB 326, 276 (1994), PRD 49, 6115 (1994)] 

 Omeas = OSM,ref(MH,mt) + cSS + cTT + cUU 

S :   (S+U) New Physics contributions  
 to neutral (charged) currents 

T :   Difference between neutral and  
  charged current processes –   
  sensitive to weak isospin violation 

U :   Constrained by MW and ΓW. Usually 
very small in NP models (often: U=0) 
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Constraints on S, T and U
S, T, U obtained by fit to EW 
observables

‣ SM reference chosen to be
MH,ref = 126 GeV
mt,ref  = 173 GeV

‣ this defines (0, 0, 0)

‣ S, T depend logarithmically on MH

‣ Fit result:
S = 0.03 ± 0.10
T = 0.05 ± 0.12
U = 0.03 ± 0.10
with large correlation between S and T

‣ Stronger constraints from fit with U=0

No indication of new physics
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Summary

Assuming the newly discovered boson is the SM Higgs

‣ all fundamental parameters of the SM are known

‣ possibility to overconstrain the SM at the electroweak scale

‣ global EW fit has been redone, with a p-value of 0.07

‣ small p-value comes mostly from R0b and A0,bFB 

Knowledge of MH allows for precision determinations of

‣ W mass, top mass, sin2θleff

‣ detailed information in arXiv:1209.2716 and recent updates on 
www.cern.ch/gfitter

EW Fit allows to constrain many BSM models

‣ no signs of new physics from oblique parameters

‣ stay tuned for more results

http://arxiv.org/abs/1209.2716
http://arxiv.org/abs/1209.2716
http://www.cern.ch/Gfitter
http://www.cern.ch/Gfitter
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Additional Material
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Free Fit result Fit result Fit result incl. MHParameter Input value in fit incl. MH not incl. MH but not exp. input in row

MH [GeV](◦) 125.7± 0.4 yes 125.7± 0.4 94+25
−22 94+25

−22

MW [GeV] 80.385± 0.015 – 80.367± 0.007 80.380± 0.012 80.359± 0.011

ΓW [GeV] 2.085± 0.042 – 2.091± 0.001 2.092± 0.001 2.091± 0.001

MZ [GeV] 91.1875± 0.0021 yes 91.1878± 0.0021 91.1874± 0.0021 91.1983± 0.0116

ΓZ [GeV] 2.4952± 0.0023 – 2.4954± 0.0014 2.4958± 0.0015 2.4951± 0.0017

σ0
had [nb] 41.540± 0.037 – 41.479± 0.014 41.478± 0.014 41.470± 0.015

R0
! 20.767± 0.025 – 20.740± 0.017 20.743± 0.018 20.716± 0.026

A0,!
FB 0.0171± 0.0010 – 0.01627± 0.0002 0.01637± 0.0002 0.01624± 0.0002

A!
(") 0.1499± 0.0018 – 0.1473+0.0006

−0.0008 0.1477± 0.0009 0.1468± 0.0005(†)

sin2θ!eff(QFB) 0.2324± 0.0012 – 0.23148+0.00011
−0.00007 0.23143+0.00010

−0.00012 0.23150± 0.00009

Ac 0.670± 0.027 – 0.6680+0.00025
−0.00038 0.6682+0.00042

−0.00035 0.6680± 0.00031

Ab 0.923± 0.020 – 0.93464+0.00004
−0.00007 0.93468± 0.00008 0.93463± 0.00006

A0,c
FB 0.0707± 0.0035 – 0.0739+0.0003

−0.0005 0.0740± 0.0005 0.0738± 0.0004

A0,b
FB 0.0992± 0.0016 – 0.1032+0.0004

−0.0006 0.1036± 0.0007 0.1034± 0.0004

R0
c 0.1721± 0.0030 – 0.17223± 0.00006 0.17223± 0.00006 0.17223± 0.00006

R0
b 0.21629± 0.00066 – 0.21474± 0.00003 0.21475± 0.00003 0.21473± 0.00003

mc [GeV] 1.27+0.07
−0.11 yes 1.27+0.07

−0.11 1.27+0.07
−0.11 –

mb [GeV] 4.20+0.17
−0.07 yes 4.20+0.17

−0.07 4.20+0.17
−0.07 –

mt [GeV] 173.18± 0.94 yes 173.52± 0.88 173.14± 0.93 175.8+2.7
−2.4

∆α(5)
had(M

2
Z)

(#$) 2757± 10 yes 2755± 11 2757± 11 2716+49
−43

αS(M2
Z) – yes 0.1191± 0.0028 0.1192± 0.0028 0.1191± 0.0028

δthMW [MeV] [−4, 4]theo yes 4 4 –
δth sin2θ!eff

(#) [−4.7, 4.7]theo yes −1.4 4.7 –
(◦)Average of ATLAS (MH = 126.0± 0.4 (stat)± 0.4 (sys)) and CMS (MH = 125.3± 0.4 (stat)± 0.5 (sys)) measurements
assuming no correlation of the systematic uncertainties. (!)Average of LEP (A" = 0.1465 ± 0.0033) and SLD (A" = 0.1513 ±
0.0021) measurements, used as two measurements in the fit. (†)The fit w/o the LEP (SLD) measurement givesA" = 0.1474+0.0005

−0.0009

(A" = 0.1467+0.0006
−0.0004).

(#)In units of 10−5. ($)Rescaled due to αS dependency.
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Figure 1.12: Average over measurements of the hadronic cross-sections (top) and of the muon
forward-backward asymmetry (bottom) 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.
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αs(MZ) from Z→hadrons

20Roman Kogler

‣ Fit of electroweak precision observables

‣ Input mostly from LEP data from the Z-peak

‣ Determination of αs: most sensitivity 
through total hadronic cross section at the 
Z-pole and the partial leptonic width

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

σZ
ff = σpeak

ff

sΓ2
Z

(s − m2
Z)2 + s2Γ2

Z/m
2
Z

, (1.40)

where

σpeak

ff
=

1

RQED
σ0

ff (1.41)

and

σ0
ff =

12π

m2
Z

ΓeeΓff

Γ2
Z

. (1.42)

The term 1/RQED removes the final state QED correction included in the definition of Γee.
The overall hadronic cross-section is parametrised in terms of the hadronic width given by

the sum over all quark final states,

Γhad =
∑

q!=t

Γqq. (1.43)

The invisible width from Z decays to neutrinos, Γinv = NνΓνν , where Nν is the number of light
neutrino species, is determined from the measurements of the decay widths to all visible final
states and the total width,

ΓZ = Γee + Γµµ + Γττ + Γhad + Γinv. (1.44)

Because the measured cross-sections depend on products of the partial widths and also on
the total width, the widths constitute a highly correlated parameter set. In order to reduce
correlations among the fit parameters, an experimentally-motivated set of six parameters is
used to describe the total hadronic and leptonic cross-sections around the Z peak. These are

• the mass of the Z, mZ;

• the Z total width, ΓZ;

• the “hadronic pole cross-section”,

σ0
had ≡

12π

m2
Z

ΓeeΓhad

Γ2
Z

; (1.45)

• the three ratios

R0
e ≡ Γhad/Γee, R0

µ ≡ Γhad/Γµµ and R0
τ ≡ Γhad/Γττ . (1.46)

If lepton universality is assumed, the last three ratios reduce to a single parameter:

R0
# ≡ Γhad/Γ##, (1.47)

where Γ## is the partial width of the Z into one massless charged lepton flavour. (Due to
the mass of the tau lepton, even with the assumption of lepton universality, Γττ differs
from Γ## by about δτ = −0.23%.)
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obtained from the four LEP experiments, 
17 million Z decays

Improvement in precision only with ILC/GigaZ expected

The LEP and SLD EWWGs, 
Phys. Rept. 427, 257 (2006)

Gfitter Group, arXiv:1209.2716

Complete O(αs4) calculation available:
[P. Baikov et al., Phys. Rev. Lett. 108, 222003 (2012)]

↵s(MZ) = 0.1191 ± 0.0028 (exp.) ± 0.0001 (theo.)

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

σZ
ff = σpeak

ff

sΓ2
Z

(s − m2
Z)2 + s2Γ2

Z/m
2
Z

, (1.40)

where

σpeak

ff
=

1

RQED
σ0

ff (1.41)

and

σ0
ff =

12π

m2
Z

ΓeeΓff

Γ2
Z

. (1.42)

The term 1/RQED removes the final state QED correction included in the definition of Γee.
The overall hadronic cross-section is parametrised in terms of the hadronic width given by

the sum over all quark final states,

Γhad =
∑

q!=t

Γqq. (1.43)

The invisible width from Z decays to neutrinos, Γinv = NνΓνν , where Nν is the number of light
neutrino species, is determined from the measurements of the decay widths to all visible final
states and the total width,

ΓZ = Γee + Γµµ + Γττ + Γhad + Γinv. (1.44)

Because the measured cross-sections depend on products of the partial widths and also on
the total width, the widths constitute a highly correlated parameter set. In order to reduce
correlations among the fit parameters, an experimentally-motivated set of six parameters is
used to describe the total hadronic and leptonic cross-sections around the Z peak. These are

• the mass of the Z, mZ;

• the Z total width, ΓZ;

• the “hadronic pole cross-section”,

σ0
had ≡

12π

m2
Z

ΓeeΓhad

Γ2
Z

; (1.45)

• the three ratios

R0
e ≡ Γhad/Γee, R0

µ ≡ Γhad/Γµµ and R0
τ ≡ Γhad/Γττ . (1.46)

If lepton universality is assumed, the last three ratios reduce to a single parameter:

R0
# ≡ Γhad/Γ##, (1.47)

where Γ## is the partial width of the Z into one massless charged lepton flavour. (Due to
the mass of the tau lepton, even with the assumption of lepton universality, Γττ differs
from Γ## by about δτ = −0.23%.)
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The global EW SM fit 


