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Introduction 
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Predictive power of the Standard Model 
Electroweak physics at the Z-pole 
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Gauge sector of SM on tree level is given by three 
free parameters, e.g.: α, MZ, GF (best known!) 

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

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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Predictive power of the Standard Model 
Electroweak physics at the Z-pole 

Significance of radiative corrections can be 
illustrated by verifying tree level relation:  

Radiative corrections –                             
modifying propagators and vertices 

which is 18 σ away from the experimental 
value obtained by combining all asymmetry 
measurements:  

sin2θ
W
= 1−

M
W
2

M
Z
2

M
W
= (80.399± 0.023) GeV

M
Z
= (91.1875± 0.0021) GeV

one predicts:   

Using the measurements: 

sin2θ
W
= 0.22284 ± 0.00045

  sin2θW = 0.23153 ± 0.00016
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Predictive power of the Standard Model 
Electroweak physics at the Z-pole 

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

•  Modified W mass:  

Radiative corrections –                             
modifying propagators and vertices 
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Predictive power of the Standard Model 
Electroweak physics at the Z-pole 

Leading order terms (MW ≪ MH)	


•  ρZ and κZ can be split into sum of universal 

contributions from propagator self-energies: 

Radiative corrections –                             
modifying propagators and vertices 
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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 = −
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2 2π 2
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Predictive power of the Standard Model 
Electroweak physics at the Z-pole 

Leading order terms (MW ≪ MH)	



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

Radiative corrections –                             
modifying propagators and vertices 
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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 
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Radiative corrections 
allow us to test the SM   

and to constrain unknown 
SM parameters 
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Predictive power of the Standard Model 
Electroweak physics at the Z-pole 

Asymmetries:	



Observables computed using ρZ
f, κZ

f, Δr and QED/QCD radiator functions RA,f, RV,f   
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Measured asymmetries (forward-backward, left-right [+ FB] (SLD), tau polarisation) 
can be expressed as functions of different Af 

Partial widths:	
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Radiator functions for leptonic (hadronic) width involve QED (EW+QCD) corrections;    
à dependence on αQED(MZ) and αS(MZ)   

Partial widths are 
highly correlated 
set of parameters. 
For EW fit, use:  	



•  Z mass and width:  MZ (2×10–5 accuracy!), ΓZ 

•  Hadronic pole cross section:  σ0
had 

•  Three leptonic ratios (use lepton-univ.):  
•  Hadronic width ratios: 
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Predictive power of the Standard Model 
Electroweak physics at the Z-pole 

Observables computed using ρZ
f, κZ

f, Δr and QED/QCD radiator functions RA,f, RV,f   

Latest calculations for observables used 

•  MW  mass of the W boson 
  O(α2), O(ααs), O(GFαs

2mt
2), O(GF

2αsmt
4), O(GF

3mt
6) 

  δtheoMW = 4 MeV 

•  sin2θl
eff  effective weak mixing angle 

  O(α2), O(GF
2αsmt

4), O(GF
3mt

6) 
  δtheosin2θl

eff = 4.7×10-5   

•  ΓZ , ΓW  Total widths of Z and W 

•  Rl   leptonic width ratio 
  QCD Adler functions at 3NLO 
  αQED(MZ) from newest hadronic data 

•  Rb  Z→bb width ratio 
  Full two-loop fermionic correction (sizable:  
  theoretical uncertainties larger than expected?) 

[ Awramik et al, PRD 69, 053006 (2004)* ] 

[ Cho et al, arXiv:1104* ] 

[ Awramik et al, JHEP 11, 048, NP 813, 174 (2009)* ] 

[ Baikov et al., PRL 108, 222003 (2012)* ] 
[ Davier et al., EPJ.C71, 1515 (2011) ]  

[ Freitas et al, JHEP 08, 050 (2012)* ] 

*References only those used directly by Gfitter.                                            
Full list of theoretical calculations referenced given in 0811.0009. 
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The electroweak fit 
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Electroweak fits 
Several groups perform these fits with regular updates (LEPEWWG, PDG, Gfitter, BSM groups) 

Brout-Englert-Higgs hunting 

•  MH last missing parameter of the SM 

•  Indirect determination (2011): MH = 96      GeV 

•  Exclusion limits were incorporated in EW fits 

+31 
-24 

A long tradition 

•  Precision measurements crucial. After LEP/SLC 
era, results from Tevatron & soon also LHC 

•  Huge & pioneering work to compute loop 
corrections to two-loop order or higher 

LEP: Phys. Rept. 427 (2006) 257, Gfitter: EPJ C72 (2012) 2003 
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Discovery of new boson in July 2012 

•  The cross section and branching ratios are (so far) 
compatible with the SM scalar boson  

•  Assume in the following that the boson is the SM 
scalar: MH = 125.7 ± 0.4 GeV* 

*Exact value and uncertainty irrelevant for EW fit in SM 

MH  
[LHC} 
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Experimental observables 
Several groups perform these fits with regular updates (LEPEWWG, PDG, Gfitter, BSM groups) 

Experimental inputs: 

•  Z-pole observables: LEP/SLD results (corrected for ISR/FSR QED effects)  
 [ADLO & SLD, Phys. Rept. 427, 257 (2006)] 

•  Total and partial cross sections around Z: MZ, ΓZ, σ0
had, Rl

0, Rc
0, Rb

0 

•  Asymmetries on the Z pole: AFB
0,l, AFB

0,b, AFB
0,c, Al, Ac, Ab, sin2θ 

l
eff (QFB) 

•  MW and ΓW : LEP + Tevatron average [arXiv:1204:0042] 

•  mt: latest Tevatron average [CDF & D0, new combination, arXiv:1305.3929] 

•  mc, mb: world averages [PDG, Phys. Lett. B667, 1 (2008) and 2009 partial update for the 2010 edition] 

•  Δαhad(MZ): data + QCD-driven [Davier et al., EPJ.C71, 1515 (2011) + rescaling mechanism to account for αs dependency] 

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

Fit parameters 

•  Δαhad(MZ), αS(MZ), MZ, MH, mc, mb, mt + theory uncertainty parameters δtheoMW / sin2θ 
l
eff 

•  Other parameters well enough known and fixed in fit 
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Correlations for observables from Z lineshape fit Correlations for heavy-flavour observables at Z pole 
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2.2 Fit Results 4

Free Results from global EW fits: Complete fit w/o
Parameter Input value

in fit Standard fit Complete fit exp. input in line

MZ [GeV] 91.1875± 0.0021 yes 91.1874± 0.0021 91.1877± 0.0021 91.1942+0.0168
−0.0114

ΓZ [GeV] 2.4952± 0.0023 – 2.4960± 0.0015 2.4956+0.0015
−0.0014 2.4952+0.0014

−0.0016

σ0
had [nb] 41.540± 0.037 – 41.478± 0.014 41.478± 0.014 41.469± 0.015

R0
! 20.767± 0.025 – 20.742± 0.018 20.741+0.018

−0.017 20.718± 0.026

A0,!
FB 0.0171± 0.0010 – 0.01641± 0.0002 0.01625+0.0002

−0.0001 0.01624+0.0002
−0.0001

A!
(") 0.1499± 0.0018 – 0.1479± 0.0010 0.1472+0.0010

−0.0006 –

Ac 0.670± 0.027 – 0.6683+0.00044
−0.00043 0.6680+0.00042

−0.00027 0.6679+0.00039
−0.00022

Ab 0.923± 0.020 – 0.93469± 0.00009 0.93466+0.00005
−0.00008 0.93466+0.00005

−0.00009

A0,c
FB 0.0707± 0.0035 – 0.0741± 0.0005 0.0738+0.0005

−0.0003 0.0739± 0.0004

A0,b
FB 0.0992± 0.0016 – 0.1037± 0.0007 0.1032+0.0007

−0.0004 0.1036+0.0005
−0.0004

R0
c 0.1721± 0.0030 – 0.17225± 0.00006 0.17225± 0.00006 0.17225± 0.00006

R0
b 0.21629± 0.00066 – 0.21578+0.00005

−0.00008 0.21576+0.00007
−0.00008 0.21577+0.00005

−0.00008

sin2θ!
eff(QFB) 0.2324± 0.0012 – 0.23141± 0.00012 0.23150+0.00007

−0.00013 0.23149+0.00008
−0.00011

MH [GeV] (◦) Confidence levels yes 95.7+30.6[+75.8]
−24.2[−43.7] 120.2+18.1[+35.1]

−4.7[−5.8] 95.7+30.6[+75.8]
−24.2[−43.7]

MW [GeV] 80.399± 0.023 – 80.382+0.014
−0.015 80.370± 0.008 80.360+0.016

−0.018

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

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+0.16

−0.07 4.20+0.16
−0.07 –

mt [GeV] 173.3 ± 1.1 yes 173.4± 1.1 173.7± 1.0 177.4+11.8
−3.5

∆α(5)
had(M2

Z) (†#) 2749 ± 10 yes 2750± 10 2748± 10 2729+39
−55

αs(M2
Z) – yes 0.1192+0.0028

−0.0027 0.1193+0.0028
−0.0027 0.1193+0.0028

−0.0027

δthMW [MeV] [−4, 4]theo yes 4 4 –

δth sin2θ!
eff

(†) [−4.7, 4.7]theo yes 4.7 4.7 –

δthρf
Z

(†) [−2, 2]theo yes 2 2 –

δthκf
Z

(†) [−2, 2]theo yes 2 2 –

(!)Average of LEP (A" = 0.1465 ± 0.0033) and SLD (A" = 0.1513 ± 0.0021) measurements. The complete fit w/o

the LEP (SLD) measurement gives A" = 0.1475± 0.0008 (A" = 0.1468+0.0008
−0.0007 ). (◦)In brackets the 2σ. (†)In units of

10−5. (#)Rescaled due to αs dependency.

Table 1: Input values and fit results for parameters of the global electroweak fit. The first and second
columns list respectively the observables/parameters used in the fit, and their experimental values or phe-
nomenological estimates (see text for references). The subscript “theo” labels theoretical error ranges. The
third column indicates whether a parameter is floating in the fit. The fourth (fifth) column quotes the re-
sults of the standard (complete) fit not including (including) the constraints from the direct Higgs searches
at LEP and Tevatron in the fit. In case of floating parameters the fit results are directly given, while for
observables, the central values and errors are obtained by individual profile likelihood scans. The errors are
derived from the ∆χ2 profile using a Gaussian approximation. The last column gives the fit results for each
parameter without using the corresponding experimental constraint in the fit (indirect determination).
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4.2 Global Standard Model Analysis 21

MZ ΓZ σ0
had R0

! A0,!
FB

MZ 1 −0.02 −0.05 0.03 0.06

ΓZ 1 −0.30 0.00 0.00

σ0
had 1 0.18 0.01

R0
! 1 −0.06

A0,!
FB 1

A0,c
FB A0,b

FB Ac Ab R0
c R0

b

A0,c
FB 1 0.15 0.04 −0.02 −0.06 0.07

A0,b
FB 1 0.01 0.06 0.04 −0.10

Ac 1 0.11 −0.06 0.04

Ab 1 0.04 −0.08

R0
c 1 −0.18

Table 2: Correlation matrices for observables determined by the Z lineshape fit (left), and by heavy flavour
analyses at the Z pole (right) [46].

between mass and width, are used in the fit (cf. Table 1). Since a modest correlation has
insignificant impact on the fit results20 it is ignored in the following.

• The direct searches for the SM Higgs boson at LEP [71] and at the Tevatron [72, 73] use as
test statistics the negative logarithm of a likelihood ratio, −2 lnQ, of the SM Higgs signal
plus background (s + b) to the background-only (b) hypotheses. This choice guarantees
−2 lnQ = 0 when there is no experimental sensitivity to a Higgs signal. The corresponding
one-sided confidence levels CLs+b and CLb describe the probabilities of upward fluctuations
of the test statistics in presence and absence of a signal (1 − CLb is thus the probability of
a false discovery). They are derived using toy MC experiments.21

In the modified frequentist approach [74–76], a hypothesis is considered excluded at 95% CL
if the ratio CLs = CLs+b/CLb is equal or lower than 0.05. The corresponding exclusion
confidence levels defined by Eq. (6) are given by 1−CLs and 1−CLs+b, respectively. The use
of CLs leads to a more conservative limit [71] than the (usual) approach based on CLs+b.22

Using this method the combination of LEP searches [71] has set the lower limit MH >
114.4 GeV at 95% CL. For the Tevatron combination [72, 73], ratios of the 95% CL cross
section limits to the SM Higgs boson production cross section as a function of the Higgs
mass are derived, exhibiting a minimum of 1.0 at MH = 170 GeV. The LEP Higgs Working
Group provided the observed and expected −2 lnQ curves for the s+b and b hypotheses, and
the corresponding values of the aforementioned confidence levels up to MH = 120 GeV. The
Tevatron New Phenomena and Higgs Working Group (TEVNPH) made the same information
available for 10 discrete data points in the mass range 155 GeV ≤ MH ≤ 200 GeV based on
preliminary searches using data samples of up to 3 fb−1 integrated luminosity [73]. For the
mass range 110 GeV ≤ MH ≤ 200 GeV, Tevatron results based on 2.4 fb−1 are provided for

20A correlation of 0.2 between W mass and width was reported for the Tevatron Run-I results [46]. Assuming the
same correlation for the LEP and Tevatron combined values of W mass and width leads to an increase of the χ2

min

of the standard fit (complete fit) by 0.09 (0.23). In the complete fit the central value of the Higgs mass estimate is
unchanged (only the +1σ bound slightly reduces by 0.6 GeV), whereas a downward shift of 1.1 GeV of the central
value is observed for the standard fit. In both fits the changes in the other parameters are negligible.

21 For a counting experiment with N observed events and Ns (Nb ! Ns) expected signal (background) events,
one has − lnQ = Ns − N ln(Ns/Nb + 1) # Ns(1 − N/Nb), leading to small − lnQ values for large N (signal-like)
and large − lnQ values for small N (background-like). For sufficiently large Ns + Nb, the test statistics − lnQ has a
symmetric Gaussian probability density function.

22Assuming a simple counting experiment with a true number of 100 background and 30 signal events, the one-
sided probability CLs+b to fluctuate to equal or less than 111 observed event is 0.05. The corresponding value
CLs = 0.05 (which does not represent a probability) is however already reached between 105 and 106 events.

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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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.

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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Free Fit without Fit without exp.Parameter Input value
in fit

Fit Result
MH measurements input in line

MH [GeV]◦ 125.7± 0.4 yes 125.7 ± 0.4 94.1+25
−22 94.1+25

−22

MW [GeV] 80.385 ± 0.015 – 80.367+0.006
−0.007 80.380+0.011

−0.012 80.360± 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± 0.0115

ΓZ [GeV] 2.4952± 0.0023 – 2.4953± 0.0014 2.4957± 0.0015 2.4949± 0.0017

σ0
had [nb] 41.540 ± 0.037 – 41.480± 0.014 41.479± 0.014 41.472± 0.015

R0
! 20.767 ± 0.025 – 20.739± 0.017 20.741± 0.017 20.713± 0.026

A0,!
FB 0.0171± 0.0010 – 0.01627+0.0001

−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
−0.0008 –

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 – 0.6681+0.00021
−0.00042 0.6682+0.00042

−0.00035 0.6680± 0.00031

Ab 0.923 ± 0.020 – 0.93464+0.00005
−0.00007 0.93468+0.00008

−0.00007 0.93463± 0.00006

A0,c
FB 0.0707± 0.0035 – 0.0739+0.0003

−0.0005 0.0740+0.0005
−0.0004 0.0738± 0.0004

A0,b
FB 0.0992± 0.0016 – 0.1032+0.0004

−0.0006 0.1036+0.0007
−0.0006 0.1034± 0.0003

R0
c 0.1721± 0.0030 – 0.17222+0.00006

−0.00005 0.17223± 0.00006 0.17223± 0.00006

R0
b 0.21629± 0.00066 – 0.21491± 0.00005 0.21492± 0.00005 0.21490± 0.00005

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] 173.20± 0.87 yes 173.49± 0.82 173.17± 0.86 175.83+2.74
−2.42

∆α
(5)
had(M2

Z) (†#) 2756± 10 yes 2755 ± 11 2757 ± 11 2716+49
−43

αs(M2
Z) – yes 0.1188+0.0028

−0.0027 0.1190+0.0028
−0.0027 0.1188± 0.0027

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 gives
A" = 0.1474+0.0005

−0.0009 (A" = 0.1467+0.0006
−0.0004 ).

(†)In units of 10−5. (#)Rescaled due to αs dependency.E
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Goodness-of-fit: 
χ2min/ndof = 20.7/14 → p-value = 0.09toy-MC 

‣  large value of χ2min not due to MH 

measurement 

‣  Without MH measurement:  
χ2min/ndof  = 19.3/13 → p-value ∼ 0.11 

Pull values after fit: 
‣  No pull value exceeds deviation of 

more than 3σ (consistency of SM) 

‣  Small pulls for MH, Ac, R0
c, mc and mb 

indicate that their input accuracies 
exceed the fit requirements 

‣  Largest pulls in b-sector: A0,b
FB and R0

b 
with 2.5σ and -2.1σ (little dependence on MH) 

‣  For comparison: R0
b using one fermionic 

loop calculation: 0.8σ 

measσ) / meas - O
fit

(O
-3 -2 -1 0 1 2 3

)2
Z

(M(5)
hadαΔ

tm
bm
cm
b
0R
c
0R
bA
cA

0,b
FBA

0,c
FBA

)
FB

(Qlept
effΘ2sin

(SLD)lA
(LEP)lA

0,l
FBA
lep
0R

0
hadσ

ZΓ
ZM

WΓ
WM
HM 0.0 (-1.4)

-1.2 (-0.3)
0.1 (0.2)
0.2 (0.0)
0.0 (0.2)

-1.6 (-1.7)
-1.1(-1.0)
-0.8 (-0.7)
0.2 (0.4)

-1.9 (-1.7)
-0.7 (-0.8)
0.9 (1.0)
2.5 (2.7)
0.0 (0.0)
0.6 (0.6)
0.0 (0.0)
-2.1(-2.1)
0.0 (0.0)
0.0 (0.0)
0.3 (0.0)
-0.1 (0.0)

 measurementHwith M
 measurementHw/o M

Plot inspired by Eberhardt et al. [arXiv:1209.1101]

G fitter SM

Feb 13
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http://gfitter.desy.de/Standard_Model/ 

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      GeV  

‣  Consistent within 1.3σ with 
measurement 

Tension in MH fit ? 
‣  Determination of MH removing 

all sensitive observables except 
the given one  

‣  Tension (2.5σ – from toy MC) 
between A0,b

FB, Al(SLD) and MW 

 [GeV]HM
60 70 80 90 100 110 120 130 140

2 r
6
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4.5

5
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m2

SM fit

 measurementHSM fit w/o M

ATLAS measurement [arXiv:1207.7214]

CMS measurement [arXiv:1207.7235]

G fitter SM
Sep 12

+25 
-22 

 [GeV]HM
6 10 20 210 210×2 310

LHC average 

 HFit w/o M

 WM
 0,b

FBA

(SLD) lA

(LEP) lA

 0.4±125.7 
 -22
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 -19
 +56 60
 -169
 +585387
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Global fit results 
Indirect determination of the W boson mass 

Scan of Δχ2 profile versus MW 

‣  MH measurement allows for precise 
constraint of MW  

‣  Also shown SM fit with minimal input:  
MZ, GF, Δαhad(MZ), α(MZ), MH and fermion 
masses 

‣  Consistency between total fit and SM fit 
with minimal input 

MW  = 80.3603 ± 0.0056(mtop)  ± 0.0026(MZ)  ± 0.0018(Δαhad)  
             ± 0.0027(αS)     ± 0.0002(MH)  ± 0.0040(theo)  GeV 

 = 80.360 ± 0.011(tot)  GeV, more precise than experimental value  
 = 80.385 ± 0.015(exp) GeV [Tevatron/LEP: arXiv:1204.0042] 

Fit results in the indirect 
determination : 

 [GeV]WM
80.32 80.33 80.34 80.35 80.36 80.37 80.38 80.39 80.4 80.41

2 r
6
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2

3

4

5

6

7

8

9

10

m1

m2

m3 measurementWSM fit w/o M

 measurementsH and MWSM fit w/o M

SM fit with minimal input

 world average [arXiv:1204.0042]WM

G fitter SM
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Global fit results 
Effective weak mixing angle 

Scan of Δχ2 profile versus sin2θ leff 

‣  All observables sensitive to sin2θ leff removed 
from fit 

‣  MH measurement allows for precise 
constraint 

‣  Also shown SM fit with minimal input 

sin2θ leff  = 0.231496 ± 0.000030(mtop)  ± 0.000015(MZ)  ± 0.000035(Δαhad)  
    ± 0.000010(αS)     ± 0.000002(MH)  ± 0.000047(theo) 

       = 0.23150 ± 0.00010(tot), more precise than LEP/SLD average 
       = 0.23153 ± 0.00016(exp) [LEP/SLD: Phys Rept 427 (2006) 257] 

Fit results in the indirect 
determination : 

)l
effe(2sin

0.231 0.2312 0.2314 0.2316 0.2318

2 r
6

0

1

2

3

4

5

6

7

8

9

10

m1

m2

m3)l
effe(2SM fit w/o meas. sensitive to sin

 meas.
H

) and Ml
effe(2SM fit w/o meas. sensitive to sin

SM fit with minimal input

LEP/SLD average [arXiv:0509008]

G fitter SM
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Global fit results 
Top mass 

Scan of Δχ2 profile versus mtop 

mtop = 175.8      (tot)  GeV 

  = 173.2 ± 0.9 (exp) [Tevatron: arXiv:1207.0980] 

+2.7 
-2.4 

Fit results in the indirect 
determination : 

 [GeV]tm
160 165 170 175 180 185 190

2 χ
Δ
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σ1

σ2

σ3 measurementtSM fit w/o m

 measurementsH and MtSM fit w/o m

 ATLAS measurement [arXiv:1203:5755]t
kinm

 CMS measurement [arXiv:1209:2319]t
kinm

 Tevatron average [arXiv:1305.3929]t
kinm

 [arXiv:1207.0980]ttσ obtained from Tevatron t
polem

G fitter SM
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Global fit results 
W boson and top mass correlation — impressive consistency of the SM 

 [GeV]tm
140 150 160 170 180 190 200
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]
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M
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σ 1± Tevatron average kin
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σ 1± world average WM

=50 GeV
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=300 GeV

HM
=600 GeV

HM

68% and 95% CL fit contours 
 measurementst and mWw/o M

68% and 95% CL fit contours 
 measurementsH and Mt, mWw/o M

G fitter SM
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Once MH fixed, the 
SM is cornered 

Effects of new 
physics can enter 
through loop 
corrections 

à Improve 
measurements of 
EW precision 
observables 
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Global fit results 
Constraints on new physics 

Parametrise contributions from 
vacuum polarisation 

‣  Sensitivity to new physics 

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

‣  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 

‣  S, T, U fit used to constrain new physics 
models (Little Higgs, 2HDM, SUSY, universal extra 
dimensions, Technicolor, …) 
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Future  
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ILC with GigaZ 
‣  tt threshold: obtain mtop from production cross section: δ(mtop) ∼ 0.1 GeV 

‣  Z peak measurements 

-  Polarised beams, uncertainty δA0,f
LR: 10−3 → 10−4 

translates into δsin2θl
eff: 10−4 → 1.3×10−5 

-  High statistics: 109 Z decays: δR0
l : 2.5×10−2 → 4×10−3 

‣  WW threshold: from threshold scan: δMW  = 15 → 6 MeV 

‣  Low energy data: Δαhad: more precise cross section data for low energy (√s < 1.8 GeV) and 
around cc resonance (BES-III), improved αS, improvements in theory: 1.0×10−4 → 0.5×10−4 

A future linear collider could tremendously improve 
the precision of the electroweak observables 
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MH [LHC} 

No theory uncertainty:  MH = 94.2                 GeV 

Rfit scheme:             MH = 92.3                 GeV  

+5.3  [ +23 ] 
-5.0  [ -19 ] 
+17  [ +36 ] 
-12  [ -23 ] 

In brackets the 4σ 
uncertainties  

Prospects 
for ILC 
with 
GigaZ 

Current theorey uncertainties 

A future linear collider could tremendously improve 
the precision of the electroweak observables 
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A future linear collider could tremendously improve 
the precision of the electroweak observables Prospects for ILC with GigaZ 
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present measurements
prospects for ILC/GigaZ
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SM Prediction
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HM

G fitter SM
B
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‣  Assume 50% of today’s theoretical 
uncertainty (implies three-loop EW 
calculations), treated à la Rfit 

‣  Fit features huge uncertainty 
reduction for indirect determinations 

‣  Strong constraints on S, T, U 
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Summary      
Knowledge of MH over-constrains EW fit allowing a precise prediction of observables 

SM Fit with p-value of 0.07 

‣  Incentive to revisit Z → bb  
experimentally and theoretically ! 

‣  Incentive also to compute higher 
order contributions to other 
partial width observables 

Significant improvement 
in SM prediction of key 
observables with MH 

δmtop 
35% 

δtheo 
25% 

δMZ 
17% 

δΔαhad 
11% 

δαS 
11% 

δMH 
1% 

http://gfitter.desy.de/Standard_Model 

δMW =  = 11 MeV 
(exp: 15 MeV) 

‣  MW :   28   → 11 MeV  

‣  sin2θl
eff :  2.3 → 1.0 × 10-5 

‣  mtop :   6.2 → 2.5 GeV  

Improved accuracy sets benchmark for new direct measurements 
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Extra slides…  
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Parameter Input value Free in fit Predicted fit result

MH [GeV] 125.8± 0.1 yes 125.0+12
−10

MW [GeV] 80.378± 0.006 – 80.361± 0.005
ΓW [GeV] – – 2.0910± 0.0004

MZ [GeV] 91.1875± 0.0021 yes 91.1878± 0.0046
ΓZ [GeV] – – 2.4953± 0.0003
σ0
had [nb] – – 41.479± 0.003

R0
l 20.742± 0.003 – –

A0,l
FB – – 0.01622± 0.00002

A! – – 0.14706± 0.00010
sin2θ!eff 0.231385± 0.000013 – 0.23152± 0.00004
Ac – – 0.66791± 0.00005
Ab – – 0.93462± 0.00002
A0,c

FB – – 0.07367± 0.00006
A0,b

FB – – 0.10308± 0.00007
R0

c – – 0.17223± 0.00001
R0

b – – 0.214746± 0.000004

mc [GeV] 1.27+0.07
−0.11 yes –

mb [GeV] 4.20+0.17
−0.07 yes –

mt [GeV] 173.18± 0.10 yes 173.3± 1.2

∆α(5)
had(M

2
Z)

(") 2757.0± 4.7 yes 2757± 10
αs(M2

Z) – yes 0.1190± 0.0005

δth MW [MeV] [−2.0, 2.0]theo yes –
δth sin2θ!eff

(") [−1.5, 1.5]theo yes –

(!)In units of 10−5. (#)Rescaled due to αs dependency.

Table 3: Input values and fit results for the observables and parameters of the global elec-
troweak fit in a hypothetical future scenario. The first and second columns list respectively
the observables/parameters used in the fit, and their experimental values or phenomenolog-
ical estimates (see text for references). The subscript “theo” labels theoretical error ranges.
The third column indicates whether a parameter is floating in the fit and in the fourth column
the fit results are given without using the corresponding experimental or phenomenological
estimate in the given row.

Table 3 gives the input observables and values used (first and second columns) and the
predictions obtained from the fit to all input data except for the one that is predicted
in a given row (last column). It allows to compare the accuracy of direct and indirect
determinations. To simplify the numerical exercise the Z-pole asymmetry observables are
combined into a single input sin2θ!eff , while for the reader’s convenience the fit predictions
are provided for all observables.

21



29 Solvay workshop, May 29-31, 2013  Andreas Hoecker — The electroweak fit of the Standard Model 

Oblique Corrections 
Parametrising new physics contributions to electroweak precision observables 

At low energies, BSM physics appears 
dominantly through vacuum polarisation 

‣  Aka, oblique corrections 

 

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



µ

 A

ν

 B   
=  iΠAB={W ,Z ,γ }

µν (q)

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 

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

 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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Oblique Corrections 
Parametrising new physics contributions to electroweak precision observables 

At low energies, BSM physics appears 
dominantly through vacuum polarisation 
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(M

 GeV[ 173, 1000 ]
[ 114, 158 ] D HM

 1.1 GeV± = 173.3tm

95% CL fit contours

effe2Asymmetries & sin
Z widths

WK & WM

HM

Illustrations 
of constraints 
on S, T 
[ arXiv:1107.0975 ] 



31 Solvay workshop, May 29-31, 2013  Andreas Hoecker — The electroweak fit of the Standard Model 

Oblique Corrections 
Parametrising new physics contributions to electroweak precision observables 

Definitions of 
S,T,U,V,W,X : 
[STU parameters 
suffice when (q/M)2 
small, so that linear 
approximation is 
accurate] 

  

αS
4sW

2 cW
2
=
δΠZZ (MZ

2)−δΠZZ (0)
MZ

2

%

&
'
'

(

)
*
*
−

cW
2 − sW

2( )
sWcW

δ +ΠZγ (0)−δ +Π
γγ

(0) ,

αT =
δΠWW (0)

MW
2

−
δΠZZ (0)

MZ
2

 ,

αU
4sW

2
=
δΠWW (MW

2 )−δΠWW (0)
MW

2
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&
'
'

(

)
*
*
− cW

2 δΠZZ (MZ
2)−δΠZZ (0)
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2 δ +Π
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 ,
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+
 .[Burgess et al., PLB 326, 276 

(1994), PRD 49, 6115 (1994)] 
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Oblique Corrections 
Parametrising new physics contributions to electroweak precision observables 

Dependence of 
electroweak 
observables on 
S,T,U,V,W,X.  
[The numerical values 
are based on α–1(MZ) = 
128 and sin2θW = 0.23] 

[Burgess et al., PLB 326, 276 
(1994), PRD 49, 6115 (1994)]    

ΓZ =  (ΓZ )SM −0.00961S +0.0263T +0.0194V −0.0207X  [GeV]

Γbb =  (Γbb)SM −0.00171S +0.00416T +0.00295V −0.00369X  [GeV]

Γ
+−

=  (Γ
+−

)SM −0.000192S +0.000790T +0.000653V −0.000416X  [GeV]

Γhad  =  (Γhad)SM −0.00901S +0.0200T +0.0136V −0.0195X  [GeV]

AFB(µ) = (AFB(µ) )SM −0.00677S +0.00479T −0.0146X

Apol(τ ) =  (Apol(τ ) )SM −0.0284S +0.0201T −0.0613X

Ae(Pτ ) =  (Ae(Pτ ) )SM −0.0284S +0.0201T −0.0613X

AFB(b) = (AFB(b) )SM −0.0188S +0.0131T −0.0406X

AFB(c ) = (AFB(c ) )SM −0.0147S +0.0104T −0.03175X

ALR =  (ALR)SM −0.0284S +0.0201T −0.0613X

MW
2 =  (MW

2 )SM (1−0.00723S +0.0111T +0.00849U)

ΓW =  (ΓW )SM (1−0.00723S −0.00333T +0.00849U +0.00781W )

gL
2 =  (gL

2)SM −0.00269S +0.00663T

gR
2 =  (gR

2 )SM +  0.000937S −0.000192T

gV ,(νe→νe)
e = (gV

e )SM +0.00723S −0.00541T

gA,(νe→νe)
e = (gA

e )SM −0.00395T

QW (55
133Cs) =QW (Cs)SM −0.795S −0.0116T
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ILC with GigaZ 
Prospects for MH fit at ILC with GigaZ 
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Central values of input observables chosen to agree with their SM prediction for a Higgs mass of 126 GeV (left) and 94 GeV (right), respectively. 
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New R0
b calculation  

!  The branching ratio R0
b: partial decay width of Z→bb to Z→qq 

!  Freitas et al: full 2-loop calculation of Z→bb 
!  Contribution of same terms as in the calculation of sin2θbb

eff  
→ cross-check of two results found good agreement 

!  Two-loop corrections comparable to experimental uncertainty (6.6x10−4) 

[A. Freitas et al., JHEP 1208, 050 (2012)] 

1-loop EW  
and QCD  
correction  
to FSR 

2-loop EW 
correction 

2-loop EW and 
2+3-loop QCD 
correction to 
FSR 

1+2-loop QCD 
correction to 
gauge boson 
self-energies 

21 The ElectroWeak fit of Standard Model 

Status: Moriond QCD, 2013 
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Higgs couplings in the EW fit 

The ElectroWeak fit of Standard Model 

Signal strength
-2 0 2 4 6 8 10

ATLAS Preliminary

 = 8 TeVsData 2012,  
-1Ldt = 20.7 fb0

aa AH 

 = 126.8 GeVHm

2012 data
combined

One-lepton

 significancemiss
TE

Low-mass
two-jet

Tight high-mass
two-jet

Loose high-mass
two-jet

Conv. transition

Conv. rest
Tt

high p

Conv. rest
Tt

low p

Conv. central
Tt

high p

Conv. central
Tt

low p

Unconv. rest
Tt

high p

Unconv. rest
Tt

low p

Unconv. central
Tt

high p

Unconv. central
Tt

low p

ρ0 =
MW0

2

MZ0
2 cW

2 =1+αT

Falkowski et al, arXiv:1303.1812 cV 

!  In latest ATLAS H→γγ, 2.3σ deviation 
seen from SM µ (≣1.0) 

!  Interpret.: H→VV couplings scaled with cV 

From: Falkowski et al, arXiv:1303.1812 
!  Modified Higgs couplings can be 

constrained by EW fit through  
extended STU formalism. 

!  Result of cV driven by limit on T 
parameter.   

•  Tree-level relation:  

•    

•  Reminder: T = 0.05 ± 0.12 (Gfitter) 
!  EW-fit Falkowski et al: cV ≃ 1.08 ± 0.07 

•  Blue dashed: cV from µ’s, black: comb. w/ EW  

Status: Moriond QCD, 2013 


