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Outline

The SM Electroweak Fit 

Higgs Couplings 

BSM Applications 

‣Two Higgs Doublet Models (2HDMs) 

‣Dimension-6 Operators
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Some History
In 1990 
‣Germany celebrates the reunification
‣Germany wins the World Cup
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Some History
In 1990 
‣Germany celebrates the reunification
‣Germany wins the World Cup
‣ The top mass is predicted to be  

       mt ~ 151+40−50 GeV
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[V. Barger et al., PRL 65, 1313 (1990)]
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tf, af are effective vector and axial-vector couplings
which include the above QCD and electroweak correc-
tions. Using Eq. (3) to compute I I, I r„and I z, we per-
form our fits using the statistically weighted average of
the most recent data obtained from LEP as presented in
Table I. Since the LEP experiments take into account
correlations between the systematic uncertainties of the
decay widths when quoting their results, we treat the er-
rors in I z, I r, and I r, as approximately uncorrelated in
our analysis.
We stress that the peak cross section for e +e
Z hadrons (crh.,d), the partial width 1(Z bb),

and I I, /I I are very insensitive to the value of mr due to
the approximate cancellation of the dominant t-quark ra-
diative corrections to these quantities.
The results of a likelihood analysis from a fit to the

LEP values of I ~, and I p, and I z are displayed in Fig.
2(a). This figure shows the logarithm of the likelihood

function versus m, for mH =42, 100 and 1000 GeV and
Mz =91.177+0.031 GeV with c3=30 and a, =0.12.
The 90%- and 95%-C.L. bounds on rn, marked in the
figures are based on the central value of Mz and
m~ =100 GeV. Note that as mH increases, the max-
imum likelihood favors larger values of m, . This figure
shows that the LEP data alone yield a most likely value
for mr of mr =161 GeV (for Mz =91.177 GeV, c3=30,
a, =0.12, and mH =100 GeV) with a 95%-C.L. upper
limit of mr ~ 221 GeV.
If we now combine the LEP, CDF, and UA2 data in a

single fit, we obtain the results shown in Fig. 2(b). From
this combined analysis we find the most likely value
mr =151 GeV and obtain the bound m, ~ 193
(mr «200) GeV at the 90% (95/o) C.L. These bounds
are slightly altered as a„Mz, c3, and mH are varied.
The results obtained from the fit by varying these input
parameters one at a time while holding the others fixed
(from the set of values a, =0.12, c3=30, Mz =91.177
GeV, and mH =100 GeV) are displayed in Table II.
Note that as mH increases, larger values of I, become
more favorable in the fit to the full data set. However,
for larger values of mH the overall value of the max-
imum of the likelihood function decreases, which indi-
cates a slight preference for smaller values of mH.
In order to demonstrate the consistency between the

data and the SM, we show in the last column of Table I
the best-fit values for the various measurements assum-
ing Mz =91.177 GeV, mH =100 GeV, a, =0.12, c3 =30,
and the most likely value from the full data set I, =151
GeV. A comparison of these predictions with the
weighted average of the data (as shown in the table)
leads to the conclusion that the predicted values from the
fit essentially lie within the la errors of the correspond-
ing experimental quantities.
In summary, the SM predictions are in good agree-

ment with the latest experimental determinations of the
properties of the W and Z bosons and sin Hrr. The re-
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TABLE II. Sensitivity of the most likely value of mi and the
95%-C.L. upper limit on m& due to diA'erent choices for the in-
put parameters Mz, mH, c3, and a, from our full fit to the
data.
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FIG. 2. (a) The logarithm of the likelihood function from a
fit to the LEP data as a function of m, for the same parameters
as in Fig. 1 with c3 =30. (b) Same as in (a), but for the full
data set (CDI. , UA2, and LEP). In both cases the 90%-
(solid) and 95%%d- (dashed) C.L. limits for Mz =91.177 GeV,
mH =100 GeV, c3=30, and a, =0.12 are shown as horizontal
lines.
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History of the Top Quark
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 How did we know the top quark mass before its discovery?  

Discovery in 1995
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Some History
In 2011 
‣ The Arab Spring shakes many 

countries of the Arabic League
‣A huge earthquake and tsunami  

shocks Japan 
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2.2 Fit results 8
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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 [2]. 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.

Roman Kogler The Electroweak Fit

Some History
In 2011 
‣ The Arab Spring shakes many 

countries of the Arabic League
‣A huge earthquake and tsunami  

shocks Japan 
‣ The Higgs mass was predicted to be  

       mH ~ 91+30−23 GeV

7

[Gfitter, 1107.0975]

[Source: Wikipedia]
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History of the Higgs Boson
Discovery in 2012

 How did we know the Higgs boson mass before its discovery?  
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How Did We Know?
Electroweak sector given by 3 parameters 

‣ once v, g, g’ are known, all other parameters are fixed 

Use the three most precise parameters 
‣α : Δα/α = 3×10-10

‣GF : ΔGF/GF = 5×10-7

‣MZ : ΔMZ/MZ = 2×10-5

Make predictions using α, GF and MZ 

‣measure more than the minimal set  
of parameters to test the theory
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Let’s Try It Out!

Prediction of MW 
‣MW (theo) = 79.794 ± 0.004 GeV

- includes α(MZ)−1 = 127.944 ± 0.017
- uncertainty from input parameter uncertainties (parametric)
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Prediction of MW 
‣MW (theo) = 79.794 ± 0.004 GeV
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[Yvonne’s talk] → difference of 38 σ!‣MW (exp) = 80.385 ± 0.015 GeV
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Let’s Try It Out!

Prediction of MW 
‣MW (theo) = 79.794 ± 0.004 GeV

- includes α(MZ)−1 = 127.944 ± 0.017
- uncertainty from input parameter uncertainties (parametric)

‣MW (exp) = 80.385 ± 0.015 GeV

Prediction of Aℓ 

‣Aℓ (theo) = 0.1252 ± 0.0004
- MW obtained from tree-level formula (above)
- parametric uncertainties small
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What went wrong? 

How do mt and MH come into play?   
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Radiative Corrections

Modifications of Propagators and Vertices 

‣QED corrections 
• leptonic loop insertions

- calculable to high precision

• quark loop insertions (hadronic)
- partially not calculable in pure pQCD

‣Weak corrections
• Insertion of fermion loops 

- high sensitivity to mf (if mf ≫ mf )

• Insertion of boson loops
- logarithmic sensitivity to MH

‣QCD corrections
• Sensitivity to strong coupling

- numerically small contribution (1 + αs/π)
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Figure 2.2: Higher-order corrections to the gauge-boson propagators arising due to insertion of fermion
and boson loops. Contributions from unphysical degrees of freedom are not shown. The loop insertions
may be iterated. At two-loop order, QCD enters through gluon exchange in the quark loops.

2.11.2.1 QED Corrections

The QED contribution arises from the photonic vacuum polarisation, also called photon self energy,
consisting of fermion-loop insertions in the propagator of the photon. This effect is expected in any
theory containing QED. The correction is usually reinterpreted as the dependence of the electromag-
netic coupling strength on the energy of the probing photon, leading to an effective finestructure
constant, αem, running with momentum transfer:

αem ≡ αem(0) → αem(s) =
αem

1 − ∆αem(s)
, (2.52)

where 1/αem(0) = 137.0359895(61) [31].
Each light charged fermion, 4m2

f < s, contributes to ∆αem(s) by an amount of:
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For ∆r, αem(s) must be evolved from the Thomson limit s = 0, where αem is defined, to the scale
s = M2

Z set by the Z mass. The contribution of the three charged leptons is calculated up to three-

loop order, ∆α(eµτ)
em (M2

Z) = 0.03150 with negligible uncertainty [43]. The top contribution is small,

∆α(t)
em(M2

Z) = −0.00007(1), showing numerically the decoupling of the heavy top quark.
For the light quarks q = d,u, s, c,b with mq ≪ MZ, large QCD corrections make the above

expression for ∆α(q)
em unreliable. Instead, the contribution of the five light quarks is calculated based
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Electroweak Form Factors
Parametrisation of radiative corrections 

‣ Encode all corrections in form factors ρ, κ, Δr
‣ Effective couplings at the Z-pole:

• flavour dependence of κ for b-quarks (Wtb vertex)  

‣Mass of the W boson:

‣ ρ, κ, Δr take dependence of free parameters (mt, MH, αs...)
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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
6 Higgs Hunting – Orsay 2010 Andreas Hoecker   –   Electroweak Constraints on Higgs Boson 

 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

(need to solve iteratively)
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Free Parameters
EW sector  
‣GF : ΔGF/GF = 5×10-7

‣MZ : ΔMZ/MZ = 2×10-5

‣ evolution of fine structure constant (Δα/α = 3×10-10) to scale s 

Fermion masses 
‣mc, mb : precision of about 7% and 1%, sufficient (see later)
‣mt crucial parameter, experimental precision of 0.5% (more later)

Strong sector 
‣αs : can be constrained using Z-pole measurements

Higgs sector 
‣MH : precision of LHC measurements is 0.3% 
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A Standard Model Formulae

This section gives the relevant formulae for the calculation of the electroweak observables used in
the global electroweak fit. We discuss the scale evolution of the QED and QCD couplings and
quark masses, and give expressions for the electroweak form factors and radiator functions.

A.1 Running QED Coupling

The electroweak fit requires the knowledge of the electromagnetic couping strength at the Z-mass
scale to an accuracy of 1% or better. The evolution of α(s) versus the mass scale-squared s is
conventionally parametrised by

α(s) =
α(0)

1−∆α(s)
, (44)

following from an all-orders resummation of vacuum polarisation diagrams, sole contributors to
the running α. Here α = α(0) = 1/137.035 999 679(94) is the fine structure constant in the long-
wavelength Thomson limit [149], and the term ∆α(s) controls the evolution. It is conveniently
decomposed into leptonic and hadronic contributions

∆α(s) = ∆αlep(s) +∆α(5)
had(s) +∆αtop(s) , (45)

where the hadronic term has been further separated into contributions from the five light quarks
(with respect to MZ) and the top quark. The leptonic term in (45) is known up to three loops in
the q2 ≫ m2

ℓ limit [150]. The dominant one-loop term at the Z-mass scale reads

∆α(1-loop)
lep (M2

Z) = α
!

ℓ=e,µ,τ
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Z
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ℓ
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##

≈ 314.19 · 10−4 . (46)

Adding the sub-leading loops gives a total of ∆αlep(s) = 314.97·10−4 , with negligible uncertainty.46

The hadronic contribution for quarks with masses smaller than MZ cannot be obtained from per-
turbative QCD alone because of the low energy scale involved. Its computation relies on analyticity
and unitarity to express the photon vacuum polarisation function as a dispersion integral involving
the total cross section for e+e− annihilation to hadrons at all time-like energies above the two-
pion threshold. In energy regions where perturbative QCD fails to locally predict the inclusive
hadronic cross section, experimental data is used. The accuracy of the calculations has therefore
followed the progress in the quality of the corresponding data. Recent calculations improved the
precision by extending the use of perturbative QCD to energy regions of relatively low scales,
benefiting from global quark-hadron duality. For the fits in this paper we use the most recent

value, ∆α(5)
had(M

2
Z) = (276.8 ± 2.2) · 10−4, from Ref. [75]. The error is dominated by systematic

uncertainties in the experimental data used to calculate the dispersion integral. A small part
of the error, 0.14 · 10−4, is introduced by the uncertainty in αS(s) (the authors of [75] used the
value αS(M2

Z) = 0.1176 ± 0.0020 [151]). We include this dependence in the fits via the parameter
rescaling mechanism implemented in Gfitter (cf. Section 3).

46While the two-loop leptonic contribution of 0.78 · 10−4 is significant (roughly one third of the uncertainty in the
hadronic contribution), the third order term, 0.01 · 10−4, is very small,

1×10-6 2×10-4 1×10-7relative precision  =

Measure more than minimal set to constrain the theory



Fit is overconstrained 

‣ all free parameters measured 
(αs(MZ) unconstrained in fit)

• most input from e+e− colliders
- MZ  :  2⋅10−5

• but crucial input from  
hadron colliders:
- mt   :  4⋅10−3

- MH  :  2⋅10−3

- MW :  2⋅10−4

• remarkable precision (<1%)

‣ require precision calculations
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Free w/o exp. input w/o exp. input
Parameter Input value

in fit
Fit Result

in line in line, no theo. unc

MH [GeV](�) 125.14± 0.24 yes 125.14± 0.24 93+25
�21 93+24

�20

MW [GeV] 80.385± 0.015 – 80.364± 0.007 80.358± 0.008 80.358± 0.006

�W [GeV] 2.085± 0.042 – 2.091± 0.001 2.091± 0.001 2.091± 0.001

MZ [GeV] 91.1875± 0.0021 yes 91.1880± 0.0021 91.200± 0.011 91.2000± 0.010

�Z [GeV] 2.4952± 0.0023 – 2.4950± 0.0014 2.4946± 0.0016 2.4945± 0.0016

�0
had [nb] 41.540± 0.037 – 41.484± 0.015 41.475± 0.016 41.474± 0.015

R0
` 20.767± 0.025 – 20.743± 0.017 20.722± 0.026 20.721± 0.026

A0,`
FB 0.0171± 0.0010 – 0.01626± 0.0001 0.01625± 0.0001 0.01625± 0.0001

A`
(?) 0.1499± 0.0018 – 0.1472± 0.0005 0.1472± 0.0005 0.1472± 0.0004

sin2✓`e↵(QFB) 0.2324± 0.0012 – 0.23150± 0.00006 0.23149± 0.00007 0.23150± 0.00005

Ac 0.670± 0.027 – 0.6680± 0.00022 0.6680± 0.00022 0.6680± 0.00016

Ab 0.923± 0.020 – 0.93463± 0.00004 0.93463± 0.00004 0.93463± 0.00003

A0,c
FB 0.0707± 0.0035 – 0.0738± 0.0003 0.0738± 0.0003 0.0738± 0.0002

A0,b
FB 0.0992± 0.0016 – 0.1032± 0.0004 0.1034± 0.0004 0.1033± 0.0003

R0
c 0.1721± 0.0030 – 0.17226+0.00009

�0.00008 0.17226± 0.00008 0.17226± 0.00006

R0
b 0.21629± 0.00066 – 0.21578± 0.00011 0.21577± 0.00011 0.21577± 0.00004

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

�0.11 – –

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

�0.07 – –

mt [GeV] 173.34± 0.76 yes 173.81± 0.85(5) 177.0+2.3
�2.4

(5) 177.0± 2.3

�↵
(5)
had(M

2
Z)

(†4) 2757± 10 yes 2756± 10 2723± 44 2722± 42

↵s(M2
Z) – yes 0.1196± 0.0030 0.1196± 0.0030 0.1196± 0.0028

(�)Average of the ATLAS [48] and CMS [49] measurements assuming no correlation of the systematic uncertainties.
(?)Average of the LEP and SLD A` measurements [12], used as two measurements in the fit.
(5)The theoretical top mass uncertainty of 0.5 GeV is excluded.
(†)In units of 10�5.
(4)Rescaled due to ↵s dependence.

Table 2: Input values and fit results for the observables used in the global electroweak fit. The first and
second columns list respectively the observables/parameters used in the fit, and their experimental values
or phenomenological estimates (see text for references). The third column indicates whether a parameter
is floating in the fit. The fourth column quotes the results of the fit including all experimental data. In
the fifth column the fit results are given without using the corresponding experimental or phenomenological
estimate in the given row (indirect determination). The last column shows for illustration the result using
the same fit setup as in the fifth column, but ignoring all theoretical uncertainties. The nuisance parameters
that are used to parameterise theoretical uncertainties are given in Table 1.
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All observables calculated at 2-loop level 

‣MW : full EW one- and two-loop calculation  
of fermionic and bosonic contributions 
[M Awramik et al., PRD 69, 053006 (2004), PRL 89, 241801 (2002)]  
+ 4-loop QCD correction [Chetyrkin et al., PRL 97, 102003 (2006)]

‣ sin2θfeff : same order as MW, calculations for leptons and all quark flavours 
[M Awramik et al, PRL 93, 201805 (2004), JHEP 11, 048 (2006), Nucl. Phys. B813, 174 (2009)]

‣ partial widths Γf : fermionic corrections in two-loop for  
all flavours (includes predictions for σ0had) [A. Freitas, JHEP04, 070 (2014)]

‣ Radiator functions: QCD corrections at N3LO  
[Baikov et al., PRL 108, 222003 (2012)]

‣ ΓW : one-loop EW corrections available, negligible impact on fit  
[Cho et al, JHEP 1111, 068 (2011)]

‣ all calculations: one- and two-loop QCD corrections and leading terms of 
higher order corrections
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Precision Calculations A. Freitas et al. / Physics Letters B 495 (2000) 338–346 341

Fig. 2. Two-loop vertex diagrams containing a triangle subgraph,
which require a careful treatment of γ5 in D dimensions.

a finite contribution, so that it can be evaluated in
four dimensions without further complications. 1 The
fermion line appearing in the second loop also yields
an ϵ-tensor contribution, which results, after contrac-
tion with the ϵ-tensor from the triangle subgraph, in a
non-vanishing contribution to the result for #r .
As mentioned above, we perform the renormaliza-

tion within the on-shell scheme. It involves a one-loop
subrenormalization of the Faddeev–Popov ghost sec-
tor of the theory, which is associated with the gauge-
fixing part. The gauge-fixing part is kept invariant un-
der renormalization. For technical convenience, we
manage this by a renormalization of the gauge pa-
rameters in such a way that it precisely cancels the
renormalization of the parameters and fields in the
gauge-fixing Lagrangian. 2 To this end we have al-
lowed two different bare gauge parameters for both W
and Z, ξW,Z

1 and ξ
W,Z
2 , and also mixing gauge parame-

ters, ξγZ and ξZγ . The renormalized parameters com-
ply with the Rξ gauge, with one free gauge parameter
for each gauge boson. With this prescription no coun-

1 For recent discussions of practical ways of treating γ5 in
higher-order calculations, see also Refs. [28,29].
2 An alternative way of achieving that the gauge-fixing sector

does not give rise to counterterm contributions would have been to
add the gauge-fixing part to the Lagrangian only after renormaliza-
tion, in which case the renormalized gauge transformations would
have to be used.

terterm contributions arise from the gauge-fixing sec-
tor. Starting at the two-loop level, counterterm contri-
butions from the ghost sector have to be taken into ac-
count in the calculation of physical amplitudes. They
follow from the variation of the gauge-fixing terms Fa

under infinitesimal gauge transformations. We have
derived all the counterterms arising from the ghost
sector (extending the results of Ref. [30] to a gen-
eral Rξ gauge) and implemented them into the pro-
gram FeynArts. In this way we could verify the finite-
ness of individual (gauge-parameter-dependent) build-
ing blocks (e.g., the W- and the Z-boson self-energy)
as a further check of the calculation.
Concerning the mass renormalization of unstable

particles, from two-loop order on it makes a difference
whether the mass is defined according to the real part
of the complex pole of the S matrix,

(4)M2 = !M2 − i !M !Γ ,

or according to the pole of the real part of the
propagator. In Eq. (4) M denotes the complex pole
of the S matrix and !M , !Γ the corresponding mass and
width of the unstable particle. We use the symbol !M
for the real pole.
In the context of the present calculation, these

considerations are relevant to the renormalization of
the gauge-boson masses, MW and MZ. The two-loop
mass counterterms according to the definition of the
mass as the real part of the complex pole are given by

δ !M2
W,(2) =Re

"
ΣW
T,(2)

#
M2
W

$%
− δM2

W,(1) δZ
W
(1)

(5)+ Im
"
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W

$%
Im

"
ΣW
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#
M2
W

$%
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δ !M2
Z,(2) =Re"ΣZZ
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#
M2
Z
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ZZ
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Z
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(6)+ Im
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M2
Z
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Im

"
ΣZZ
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#
M2
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$%

,

where ΣT,(1), ΣT,(2) denote the transverse parts of
the one-loop and two-loop self-energies (the terms
from subloop renormalization are understood to be
contained in the two-loop self-energies), and Σ ′

T,(1)
means the derivative of the one-loop self-energy with
respect to the external momentum squared. Field
renormalization constants are indicated as δZV . The
relations to the mass counterterms according to the
real-pole definition, δ !M2

W,(2) and δ !M2
Z,(2), are given

loop momenta. When both momenta are ‘‘soft’’ (! MW),
as in Fig. 1(b), the propagators of the W and Z bosons are
expanded leading to a correction of order !=M4

W in the
effective theory. For one momentum soft and one ‘‘hard’’
("MW), as in Figs. 1(c) and 1(d), corrections of either
order, !=M2

W or 1=M4
W in the effective theory, are gen-

erated. The contribution to the matching coefficient
comes only from the region where both momenta are
hard, as in Fig. 1(e). In this case, all of the light particle
masses and momenta should be put to zero. By these
arguments it can be shown that !r can be obtained by
simply taking the sum of all the diagrams and putting all
external momenta and light masses to zero. The proce-
dure should generate no spurious infrared divergences,
while the physical divergences connected with the photon
should be contained in the corrections of the effective
theory. As is known, the Fermi theory corrections are
finite; therefore, the !r correction obtained as above
should also be finite.

Previous calculations of !r have been based on a
different method of factorization originally devised in
[11]. This procedure consists of subtracting from the
infrared divergent SM diagrams the respective Fermi
theory diagrams in Pauli-Villars regularization. The dif-
ference is well defined in the limit of zero light masses
and external momenta. It turns out, however, that the
QEDWard identity, which is responsible for the finiteness
of the corrections in the Fermi theory, implies in this case
the vanishing of the sum of the subtracted diagrams. This
proves that both procedures are equivalent.

The evaluation of two loop corrections to a four-
fermion process requires the full second order renormali-
zation of the SM Lagrangian in all but the Higgs sector,
where first order suffices. The comparison with experi-
ment imposes the use of on-shell parameters for the final
result. Throughout this work the on-shell scheme was

used, with a procedure similar to the one described in
[5]. The only substantial difference concerns the treat-
ment of tadpoles.

It is known that gauge invariance of mass counterterms
requires inclusion of tadpoles [12,13] (at the two loop
level this has been explicitly shown in [14]). In this case,
however, one cannot use one-particle-irreducible (1PI)
Green functions. In order to have gauge invariant counter-
terms and 1PI Green functions only, a special procedure
was designed. An additional renormalization constant for
the bare vacuum expectation value v0, denoted Zv, has
been introduced and explicitly split from the bare masses

v0 ! v0Z
1=2
v ; (4)

M0
W;Z ! M0

W;ZZ
1=2
v : (5)

The term linear in the Higgs field H in the Lagrangian

T0H0 # M0
Ws

0
W

e0
$M0

H%2Z1=2
v $Zv & 1%H0 (6)

is then used to determine Zv, through the requirement that
tadpoles are canceled. It can be proved [12,15] that the
bare masses are gauge invariant in this case (an equiva-
lent procedure which makes use of the effective potential
has been used in [16]).

The calculation of the two loop bosonic contributions
to muon decay was performed by means of a completely
automated system. The diagram generation stage was
done by the C'' library DiaGen [17]. The tensor reduc-
tion of two loop propagator diagrams was accomplished
with the algorithm described in [18], whereas vacuum
diagrams were treated with integration by parts identities
[19]. For algebraic manipulations, the program FORM [20]
was used. The two loop two-point integrals were numeri-
cally evaluated with single integral representations of
the package S2LSE [21]. The latter was modified for qua-
druple precision, which was needed due to large cancel-
lations (independent terms grow as M8

H, while the result
behaves as M2

H).
The size of the software required several tests. The

following algebraic checks were performed: ultraviolet
and infrared finiteness, by cancellation of poles in dimen-
sional regularization; gauge invariance, by independence
of the three gauge parameters of the general R" gauge for
the SM; Slavnov-Taylor identities for two-point func-
tions, as given in [18], both for on-shell integrals and
by expansion in the external momentum to second order.

Several numerical tests were also done: (i) All of
the master integrals were evaluated independently by
means of deep mass difference and large-mass expan-
sions. (ii) Each of the two-point on-shell diagrams was
calculated separately with the help of small-momentum
and different large-mass expansions. (iii) The result of
[14] for the W and Z mass counterterms was reproduced
to precision dictated by the order of the expansions

FIG. 1. A typical muon decay diagram (a) and the contribu-
tions to its large mass expansion according to the momenta
(b) k1-soft, k2-soft; (c) soft-hard; (d) hard-soft; (e) hard-hard.
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‣ estimated using a geometric series (an = a rn), example:

• similar results from scale variations

‣ reasonable estimates for all observables

‣ exception: mt !

• kin definition, uncertainty of mpole unknown
• uncertainties from colour structure,  

hadronisation and mpole → mt(mt) smaller

‣ 10 additional free parameters, Gaussian likelihood

‣ important missing higher order terms:

• O(α2αs), O(ααs2), O(α2bos) (in some cases), O(α3), O(αs5) (rad. functions)

Roman Kogler The Electroweak Fit
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rections in ZFITTER, uses the MS definition for ∆ρ, which is numerically larger than the

leading m2
t term, so that the resummation effects of ∆ρMS are rather large. Finally, Zfit-

ter versions before 6.40 use an outdated implementation of the QCD corrections. Since

all these contributions are non-negligible at the current level of precision, it is interesting

to study them separately.

In particular, using the results of section 3.1 the effect of the truncated top-mass

expansion is shown in Tab. 3 (b)2. It turns out that the expansion converges quite well

for realistic values of mt and MH. However, the terms beyond the order m2
t induce a

difference of 4.3% in the two-loop corrections with top-bottom loops, corresponding to a

shift of about 0.2 × 10−4 in sin2 θlept
eff , which is roughly a quarter of the total difference

reported in Tab. 3 (a). As a cross-check, also the result for very large values of mt and MH

are shown in Tab. 3 (b), to illustrate that in this case the series converges much faster.

5.2 Error estimate

While the inclusion of the fermionic two-loop corrections is a substantial improvement of

the prediction of sin2 θlept
eff in the Standard Model, uncertainties from missing higher order

contributions can still be sizeable. Here we try to give an estimate of the error induced

by these unknown contributions. The most relevant missing higher order contributions are

corrections of the order O(α2αs) beyond the leading m4
t term, O(α3) beyond the leading

m6
t term and O(αα3

s ). Since the final prediction for sin2 θlept
eff is based on Gµ as input, the

loop effects in the both quantities ∆r (for the computation of MW) and ∆κ (for the Zl+l−

vertex corrections) need to be considered.

When combining the two form factors, it turns out that there are some cancellations

between the known corrections to MW and the Z vertex. It is expected that similar

cancellations occur when adding an additional QCD loop, since QCD corrections enter

with the same relative sign in the corrections to MW and the Z vertex. Since the dominant

missing higher order effects are contributions with an additional QCD loop, it is assumed in

the following that these cancellations are natural and it is justified to study the theoretical

error of both quantities ∆r and ∆κ in conjunction.

A simple method to estimate the higher order uncertainties is based on the assumption

that the perturbation series follows roughly a geometric progression. This presumption

implies relations like

O(α2αs) =
O(α2)

O(α)
O(ααs). (5.4)

From this one obtains the error estimates in the second column of Tab. 4 for the different

higher order contributions, which are given for a range of the Higgs MH mass between 10

GeV and 1000 GeV. To account for possible deviations from the geometric series behavior,

an ad-hoc overall factor
√

2 was included in all error determined via this method.

Alternatively, the error from a higher-order QCD loop can be assessed by varying the

scale of the strong coupling constant αs or the top-quark mass mt in the MS scheme in

2As a by-product of this comparison, we found a typo in Ref. [45], where a term 3

2
m2

t/(M
2
Zs2

W) log c2
W is

missing in the expression for MH ≫ mt.
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black: direct measurement (data) 
orange: full fit  
light-blue: fit excluding input from row 

‣ goodness of fit, p-value:  
χ2min= 17.8  Prob(χ2min, 14) = 21%  
Pseudo experiments: 21 ± 2 (theo)%
• χ2min(Γi in 1-loop) = 18.0

• χ2min(no theory uncertainties) = 18.2

‣ no individual value exceeds 3σ
‣ largest deviations in b-sector:

• A0,bFB with 2.5σ 
→ largest contribution to χ2

‣ small pulls for MH, MZ 
• input accuracies exceed fit requirements



Roman Kogler The Electroweak Fit

State of the Standard Model

19

)eff
lθ(2sin

0.2308 0.231 0.2312 0.2314 0.2316 0.2318 0.232 0.2322

 [G
eV

]
W

M

80.32

80.34

80.36

80.38

80.4

80.42

80.44

80.46

80.48

80.5
68% and 95% CL contours

)  measurementseff
fθ(2 and sinWdirect M

) and Z widths measurementseff
fθ(2, sinWfit w/o M

 measurements
H

) and Meff
fθ(2, sinWfit w/o M

 and Z widths measurements
H

), Meff
fθ(2, sinWfit w/o M

σ 1± world comb. WM

σ 1±) LEP+SLC eff
fθ(2sin

G fitter SM

Jul '14



impact of variation in δtheo mt between 0 and 1.5 GeV 
‣ better assessment of uncertainty on mt important
‣ uncertainty of 0.5 GeV currently small impact on result
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100

EW Constraints on MH 
‣ grey band: fit without MH measurement :

• MH = 93+25−21 GeV
• consistent with measurement at 1.3σ
‣ blue line: full SM fit

Impact of most sensitive observables 
‣ determination of MH,  

removing all sensitive observables  
except the given one
‣ known tension (3σ)  

between Al(SLD), A0,bFB ,    
and MW clearly visible  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2 Update of the global electroweak fit 8

fit results (fourth column of Tab. 2) with the direct measurements (first column of Tab. 2) in units
of the measurement uncertainty. Also shown is the impact of the two-loop result for the Z partial
widths and the O(↵t↵

3
s) correction to MW , compared to the calculations previously used5 [8]. The

right-hand panel of Fig. 1 displays the comparison of both the global fit result and the direct
measurements with the indirect determination (fifth column of Tab. 2) for each observable in units
of the total uncertainty, defined as the uncertainty of the direct measurement and the indirect
determination added in quadrature. Note that in the case of ↵s(M2

Z) the direct measurement
displayed is the world average value [45], which is otherwise not used in the fit.

The availability of the two-loop corrections to the Z partial widths and �0
had allows the determi-

nation of ↵s(M2
Z) to full NNLO and partial NNNLO level. We find

↵s(M
2
Z) = 0.1196± 0.0028 exp ± 0.0006�

theo

RV,A
± 0.0006�

theo

�i
± 0.0002�

theo

�0

had

= 0.1196± 0.0030 tot , (1)

where the theoretical uncertainties due to missing higher order contributions are significantly larger
than previously estimated [8]. This is largely due to the variation of the full O(↵4

s) terms in the
radiator functions, and to the uncertainties on the Z partial widths and �0

had, not assigned before.

The fit indirectly determines the W mass to be

MW = 80.3584± 0.0046mt ± 0.0030�
theo

mt ± 0.0026MZ
± 0.0018�↵

had

± 0.0020↵S ± 0.0001MH
± 0.0040�

theo

MW
GeV ,

= 80.358± 0.008tot GeV . (2)

providing a result which exceeds the precision of the direct measurement. The di↵erent uncertainty
contributions originate from the uncertainties on the input values of the fit, as quoted in the second
column in Table 2. Simple error-propagation is applied to evaluate their impact on the prediction
of MW . At present, the largest uncertainties are due to mt, both experimental and theoretical,
followed by the theory and MZ uncertainties.

Likewise, the indirect determination of the e↵ective leptonic weak mixing angle, sin2✓`e↵ , gives

sin2✓`e↵ = 0.231488± 0.000024mt ± 0.000016�
theo

mt ± 0.000015MZ
± 0.000035�↵

had

± 0.000010↵S ± 0.000001MH
± 0.000047

�
theo

sin2✓f
e↵

,

= 0.23149± 0.00007tot , (3)

where the largest uncertainty is theoretical followed by the uncertainties on �↵
(5)
had(M

2
Z) and mt.

An important consistency test of the SM is the simultaneous indirect determination of mt and
MW . A scan of the confidence level (CL) profile of MW versus mt is shown in Fig. 2 (top) for
the scenarios where the direct MH measurement is included in the fit (blue) or not (grey). Both
contours agree with the direct measurements (green bands and ellipse for two degrees of freedom).
The bottom panel of Fig. 2 displays the corresponding CL profile for the observable pair sin2✓`e↵ and
MW . The coloured ellipses indicate: green for the direct measurements; grey for the electroweak

5With the exception of R0

b , which was previously taken from [26] and was later corrected. For this comparison
the one-loop result [33] is used.

more precise than direct measurement (15 MeV)
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providing a result which exceeds the precision of the direct measurement. The di↵erent uncertainty
contributions originate from the uncertainties on the input values of the fit, as quoted in the second
column in Table 2. Simple error-propagation is applied to evaluate their impact on the prediction
of MW . At present, the largest uncertainties are due to mt, both experimental and theoretical,
followed by the theory and MZ uncertainties.

Likewise, the indirect determination of the e↵ective leptonic weak mixing angle, sin2✓`e↵ , gives
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Z) and mt.

An important consistency test of the SM is the simultaneous indirect determination of mt and
MW . A scan of the confidence level (CL) profile of MW versus mt is shown in Fig. 2 (top) for
the scenarios where the direct MH measurement is included in the fit (blue) or not (grey). Both
contours agree with the direct measurements (green bands and ellipse for two degrees of freedom).
The bottom panel of Fig. 2 displays the corresponding CL profile for the observable pair sin2✓`e↵ and
MW . The coloured ellipses indicate: green for the direct measurements; grey for the electroweak

5With the exception of R0
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more precise than direct measurement (15 MeV)
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Dominant uncertainties for indirect constraints 

‣ 4.6 MeV: mt exp 
• large progress

‣ 4.0 MeV: Calculations, theo 
• three-loop EW and mixed two-loop EW/QCD 

‣ 3.0 MeV: mt theo 
• connection between mt(MC) and mt(pole)

‣ 2.6 MeV: MZ exp 
• improvement with ILC/GigaZ

‣ 2.0 MeV: αs exp / theo 
• understanding measurements / lattice calculations

‣ 1.8 MeV: Δαhad exp / theo 
• measurements at low energy e+e− machines (charm)  

higher order pQCD calculations 
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[Yvonne’s talk] LHC Run 2/3, O(5) years

O(10) years

O(5) years

warning:  
personal guesses

O(30) years

O(5) years

O(10) years
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[Yvonne’s talk] LHC Run 2/3, O(5) years

O(10) years

O(5) years

warning:  
personal guesses

O(30) years

O(5) years

O(10) years

Expect significant improvements  
within next 5-10 years!

Note: about same time as experimental  
results for MW measurements
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 [GeV]tm
165 170 175 180

0

5

10  4.60 GeV± 4.60 ±175.50 
 syst)± stat ±(value 

CMS 2010, dilepton
-1JHEP 07 (2011) 049, 36 pb

 1.43 GeV± 0.43 ±172.50 
 syst)± stat ±(value 

CMS 2011, dilepton
-1EPJC 72 (2012) 2202, 5.0 fb

 1.21 GeV± 0.69 ±173.49 
 syst)± stat ±(value 

CMS 2011, all-jets
-1EPJC 74 (2014) 2758, 3.5 fb

 0.98 GeV± 0.43 ±173.49 
 syst)± stat ±(value 

CMS 2011, lepton+jets
-1JHEP 12 (2012) 105, 5.0 fb

 1.22 GeV± 0.19 ±172.82 
 syst)± stat ±(value 

CMS 2012, dilepton
-1This analysis, 19.7 fb

 0.59 GeV± 0.25 ±172.32 
 syst)± stat ±(value 

CMS 2012, all-jets
-1This analysis, 18.2 fb

 0.48 GeV± 0.16 ±172.35 
 syst)± stat ±(value 

CMS 2012, lepton+jets
-1This analysis, 19.7 fb

 0.47 GeV± 0.13 ±172.44 
 syst)± stat ±(value 

CMS combination

 0.52 GeV± 0.37 ±174.34 
 syst)± stat ±(value 

Tevatron combination (2014)
arXiv:1407.2682

 0.71 GeV± 0.27 ±173.34 
 syst)± stat ±(value 

World combination 2014
ATLAS, CDF, CMS, D0
arXiv:1403.4427

 [GeV]tm
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0
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Figure 12: Summary of the CMS mt measurements and their combination. The thick error bars
show the statistical uncertainty and the thin error bars show the total uncertainty. Also shown
are the current Tevatron [8] and world average [7] combinations.

remaining six measurements the c2 is 2.3 for five degrees of freedom, corresponding to a prob-
ability of 80%.

The breakdown of the systematic uncertainties for the combination is shown in Table 9. The
dominant uncertainty in the measurement arises from the modeling of the hadronization, with
0.33 GeV coming from the flavor-dependent jet energy corrections and a further 0.14 GeV com-
ing from the b jets. There are a further six terms with uncertainties in the range of 0.11–0.12 GeV.
Of these, four are coming from theory and only two, the JEC in situ (0.12 GeV) and the JEC Un-
correlated non-pileup (0.10 GeV) are experimental. The theoretical uncertainties are computed
using the same models so they should be fully correlated. For the two experimental terms,
the strength of the assumed correlations is varied by 50% of their nominal values to check the
sensitivity to the assumed correlation strength. In both cases this produces changes of less than
0.01 GeV in mt and dmt. We therefore conclude that the result is quite stable against reasonable
changes in the assumed correlation strength.

Although we do not believe that the use of 100% correlation strengths is appropriate to use
for the correlated systematic uncertainties, for completeness we have re-run the final combi-
nation without the constraint on the correlation strengths. In this case we observe shifts of
�0.28 GeV in mt and �0.03 GeV in dmt. For this combination, four of the seven measurements
have negative combination coefficients and the central mass lies outside of the boundaries of

[CMS, PRD 93, 072004 (2016)]

…we know mt(MC) 
pretty precisely

CMS

Tevatron

WA



 [GeV]WM
80.34 80.36 80.38 80.4

Uncertainty:           tot.           theo.

 Direct MeasurementWM
 0.015 GeV± = 80.385 WM

LEP+Tevatron average

 2016ttσ from tCMS m
 GeV-1.8

+1.7 = 174.34tm
arXiv:1603.02303

CMS Combination 2016
 0.49 GeV± = 172.44 tm

PRD 93, 072004 (2016)

Tevatron Combination 2014
 0.64 GeV± = 174.34 tm

arXiv:1407.2682

World Average 2014
 0.76 GeV± = 173.34 tm

arXiv:1403.4427
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Direct mt measurements  
with δtheomt = 0

‣Difference of  
MW(mt = Tev) and  
MW(mt = CMS):   
11 MeV! 

‣Uncertainty from 
indirect constraint:  
8 MeV

‣ Essential to 
understand the 
difference!
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[A. Hoang, I. Stewart et al.]

51st Recontre de Moriond, EW Session, La Thuile, March 12-19, 2016 

Calibration of the MC Top Mass 

1)  Strongly mass-sensitive observable (closely related to 
reconstructed invariant mass distribution !)  

2)  Accurate analytic hadron level QCD predictions at � NLL/NLO with 
full control over the quark mass scheme dependence.  

3)  QCD masses as function of mt
MC

 from fits of observable. 
4)  Cross check observable independence  

Method:  

•  different tunings 
•  parton showers 
•  color reconnection 
•  … 

mMC
t = mMSR

t (R = 1 GeV) + �t,MC(R = 1 GeV)

�t,MC(1 GeV) = �̄ + ��MC + ��pQCD + ��param

•  perturbative error 
•  scale uncertainties 
•  electroweak effects 

•  strong coupling  αs 
•  Non-perturbative 

parameters d�

d⌧2
= f(mMSR

t (R),↵s(MZ),⌦1,⌦2, . . . , µh, µj , µs, µm, R,�t)

51st Recontre de Moriond, EW Session, La Thuile, March 12-19, 2016 

2-Jettiness for Top Production (QCD) 

MSR mass 
  

MSR mass 
  

•  Good convergence 
•  Reduction of scale 

uncertainty (NLL to NNLL) 
•  Control over whole 

distribution 

•  Higher mass sensitivity for 
lower Q (pT) 

•  Finite lifetime effects 
included 

•  Dependence on non-
perturbative parameters 

•  Convergence: Ω1,2,… 

Non-perturbative renorm. scales finite lifetime 

Q=700 GeV Q=1400 GeV 

Q=700 GeV Q=1400 GeV 

any scheme possible 
2-Jettiness for top production

Fit Pythia ‘data’ with 
NNLL+NLO QCD 

calculations 

[M. Butenscheon et al.,  
 arXiv:1608.01318]

51st Recontre de Moriond, EW Session, La Thuile, March 12-19, 2016 

Calibration of the MC Top Mass 

1)  Strongly mass-sensitive observable (closely related to 
reconstructed invariant mass distribution !)  

2)  Accurate analytic hadron level QCD predictions at � NLL/NLO with 
full control over the quark mass scheme dependence.  

3)  QCD masses as function of mt
MC

 from fits of observable. 
4)  Cross check observable independence  

Method:  

•  different tunings 
•  parton showers 
•  color reconnection 
•  … 

mMC
t = mMSR

t (R = 1 GeV) + �t,MC(R = 1 GeV)

�t,MC(1 GeV) = �̄ + ��MC + ��pQCD + ��param

•  perturbative error 
•  scale uncertainties 
•  electroweak effects 

•  strong coupling  αs 
•  Non-perturbative 

parameters 
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‣mt from Z-pole data (fully obtained from rad. corrections ~mt2)

mt = 177.0± 2.3MW ± 2.3
sin

2✓f
eff

± 0.6↵s ± 0.5
�↵had ± 0.4MZ GeV

= 177.0± 2.4
exp

± 0.5
theo

GeV

mt = 177.0± 2.3MW ± 2.3
sin

2✓f
eff

± 0.6↵s ± 0.5
�↵had ± 0.4MZ GeV

= 177.0± 2.4
exp

± 0.5
theo

GeV

mt = 177.0± 2.3MW ± 2.3
sin

2✓f
eff

± 0.6↵s ± 0.5
�↵had ± 0.4MZ GeV

= 177.0± 2.4
exp

± 0.5
theo

GeV

,
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BSM: Oblique Corrections

‣ If energy scale of NP is high, BSM physics could appear  
dominantly through vacuum polarisation corrections

‣Described by STU parameters 
[Peskin and Takeuchi, Phys. Rev. D46, 1 (1991)]

‣ SM: MH = 125 GeV, mt = 173 GeV  
this defines (S,T,U) = (0,0,0)

‣ S, T depend logarithmically on MH

‣ Fit result:  
S = 0.05 ± 0.11  
T = 0.09 ± 0.13  
U = 0.01 ± 0.11

‣No indication for new physics
‣Use this to constrain parameter space in BSM models 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S T U

S 1 +0.90 -0,59

T 1 -0,83

U 1
S
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68% and 95% CL for present fit
)

FB
(Qeff

lθ295% CL for asymmetries & sin
95% CL for Z widths

WΓ & W95% CL for M

SM Prediction
 0.24 GeV± = 125.14 HM
 0.91 GeV± = 173.34 tm

G fitter SM
B

N
ov '14

stronger constraints with U = 0:

Max Baak (CERN) 

X 

X’ 

Constraints on Oblique Corrections 

!  Oblique corrections from New Physics  
described through STU parametrization 
[Peskin and Takeuchi, Phys. Rev. D46, 1 (1991)] 

 Omeas = OSM,REF(mH,mt) + cSS + cTT +cUU 

!  S :  New Physics contributions  
  to neutral currents 

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

!  U :  (+S) New Physics contributions to  
  charged currents. U only sensitive  
  to W mass and width, usually  
  very small in NP models  
  (often: U=0) 

!  Also implemented: extended parameters 
(VWX), correction to Z#bb couplings.  
[Burgess et al., Phys. Lett. B326, 276 (1994)] 
[Burgess et al., Phys. Rev. D49, 6115 (1994)] 

 

!  If energy scale of NP is high, BSM 
physics appears dominantly through 
vacuum polarization corrections 

•  Aka, “oblique corrections” 

!  Oblique corrections reabsorbed into 
electroweak form factors 

•  Δρ, Δκ, Δr parameters, appearing in: 
MW

2, sin2θeff, GF, α, etc. 

!  Electroweak fit sensitive to BSM physics 
through oblique corrections 

•  Similar to  
sensitivity  
to top and  
Higgs loop  
corrections. 

34 The ElectroWeak fit of Standard Model 
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Constraints on Sequential 4th Generation

‣with MH unknown, changes in S, T and U could often be compensated by 
changes in MH

‣ rather weak limits: e.g. large parameter space for sequential fourth 
generation open

30

4.1 Models with a sequential fourth fermion generation 21
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Figure 12: Oblique parameters in a model with a fourth fermion generation. Shown are the S, T fit results
(leaving U free) compared with the prediction from the SM (dark grey) and the sequential fourth generation
model with vanishing flavour mixing (light grey). The symbols illustrate the predictions for three example
settings of the parameters mU4

, md4
, mν4 , ml4 and MH . The light grey area is obtained by varying the free

mass parameters in the ranges indicated in the figure.

down-type fermion mass splitting, while the S parameter logarithmically grows with MH from the
SM contribution, prevailing over the opposite trend from the increasing mu4 . The shaded area
in Fig. 12 depicts the allowed region when letting the fourth generation quark (lepton) masses
free to vary within the interval [200, 1000]GeV ([100, 1000]GeV), and MH within [100, 1000]GeV.
For specific parameter settings the fourth generation model is in agreement with the experimental
data, and large values of MH are allowed.

Because the oblique parameters are mainly sensitive to the mass differences between the up-type
and down-type fermions instead of their absolute mass values, we have derived in Fig. 13 the 68%,
95% and 99% CL allowed regions in the (mu4 −md4 ,ml4 −mν4) plane. Shown are the constraints
obtained for, from the top left to the bottom right panel, increasing values of MH . Large MH

values of up to 1 TeV can be accommodated by the data if the negative T shift induced by MH is
cancelled by a corresponding positive shift from a large fermion mass splitting. The data prefer a
heavier charged lepton to counterweight the S increase from the increasing MH .

A sequential fourth generation of heavy quarks would increase the gluon fusion to Higgs production
cross section, dominantly mediated by a triangular top loop, by approximately a factor of nine,
hence increasing the experimental Higgs boson discovery and exclusion potential. The Tevatron
experiments [93], ATLAS [55] and CMS [56] have reinterpreted their negative Higgs boson search
results in the channel H → WW in terms of four generations obtaining the 95% CL exclusion
bounds 131 < MH < 204 GeV, 140 < MH < 185 GeV and 144 < MH < 207 GeV, respectively.
Inserting these bounds into Fig. 12 does not alter the allowed (S, T ) region of the fourth generation
model. It also does not affect the allowed fermion mass parameters shown in Fig. 12, which were
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In order to disentangle the impacts of the Higgs
searches and the electroweak precision observables we
perform a second fit, denoted as analysis A2. In this
analysis we only fit the Higgs data, ignoring the EWPOs
altogether. Here we only let m⌫4 and ml4 float, while
keeping mt0 fixed to 650GeV.

RESULTS

From Table I we see that the searches for V V ! H !
�� and pp̄ ! HV ! V bb̄ prefer an enhancement of the
SM signal while the searches for pp ! H ! WW ⇤ and
pp ! H ! ZZ⇤ prefer reduced signals. Thus, only
the pp ! H ! WW ⇤ and pp ! H ! ZZ⇤ searches
favour a large invisible Higgs decay width and our fits
must choose a neutrino mass that compromises between
the two tendencies. The result of our analysis A2 (fit-
ting Higgs signal strengths only) is m⌫4 = 59.5 GeV and
ml4 = 600 GeV (the latter being the upper end of the
range in which ml4 was allowed to float). So, the best-
fit neutrino mass is just below the H ! ⌫

4

⌫̄
4

threshold,
leading to B(H ! ⌫

4

⌫̄
4

) ⇡ 0.5. The minimum �2 value
in this fit is 14.8. This should be compared to the �2

value of 5.8, which is obtained in the SM3. These results
agree with a recent analysis of this type by Kuflik, Nir
and Volansky [46]. Their conversion of the �2 values to
confidence levels should however be taken with a grain of
salt since, in their analysis, some of the SM4 parameters
were scanned over but not counted as degrees of freedom
when converting �2 values into confidence levels. In gen-
eral, the number of degrees of freedom of a fit is ill-defined
when parameters are only allowed to float within a cer-
tain range (such as the fourth generation fermion masses)
and the relation between the �2 value and the confidence
level is no longer described by the normalised lower in-
complete gamma function. Due to the afore-mentioned
conceptual problems with the definition of a suitable test
statistic for the comparison of SM4 and SM3 we refrain
from converting our �2 values into p-values and only dis-
cuss the pulls of the individual signal strengths. We hope
to shed more light on the issue of a quantitative compar-
ison of the SM3 and SM4 in a future publication.

The best-fit charged lepton mass in the analysis A2 is
at the upper end of the range in which it was allowed
to float. Of course, such a large mass splitting within
the lepton doublet is ruled out by electroweak precision
data. In our analysis A1 (combination of EWPOs and
Higgs signal strengths) we obtain the following best-fit
values:

m⌫4 = 57.8 GeV , ml4 = 107.6 GeV ,

mt0 = 634 GeV , �2

SM4,min

= 30 . (4)

We see that the best-fit charged lepton mass is now
just above the LEP limit. The best-fit neutrino mass

gg ! H ! ��

V V ! H ! ��

pp ! H ! WW

pp ! H ! ZZ

pp̄ ! H ! bb̄

�3� �2� �1� +1� +2� +3�

Pulls of the Higgs signal strengths

SM3
SM4
SM4+EWPO

1

FIG. 1. Deviations (pulls) of the predicted signal strengths
from the measured signal strengths in units of the experimen-
tal errors. The pulls are shown for the SM3 and the two SM4
scenarios, corresponding to our analyses A1 (SM4 w. EWPO)
and A2 (SM4 w/o EWPO).

has moved to a slightly lower value, leading to B(H !
⌫
4

⌫̄
4

) ⇡ 0.7. The minimum �2 value should be compared
with the SM3 value �2

SM3,min

= 21.4.

Figure 1 shows the pulls of the signal strengths in the
SM3 and SM4 for our analyses A1 and A2. The pulls are
defined as (µ̂

pred

� µ̂
exp

)/�µ̂, where µ̂
exp

and �µ̂ are the
experimental values and errors of the signal strengths in
Table I and µ̂

pred

is obtained by removing the experimen-
tal input for the corresponding signal strength from the
fit and using the other observables to predict its value.
We see that the pulls for the analyses A1 and A2 are
essentially the same. This can be understood as follows:
the main e↵ect of including the EWPOs in the fit is that
the lepton mass is constrained to smaller values, but the
Higgs signal strengths are not sensitive enough to the
lepton mass for this to make a big di↵erence. With the
exception of pp ! H ! ZZ⇤, the pulls in the SM4 are
always bigger than in the SM3, their magnitude being
around 2�. For pp ! H ! ZZ⇤ the predicted SM4 sig-
nal strength is exactly equal to the measured one while
the pull in the SM3 is about 0.5�. This agreement of the
SM4 is however purely accidental.

In Fig. 2 we show the minimum �2 as a function of
m⌫4 and minimised with respect to the other parameters
in (2) for our analyses A1 and A2. The �2 value of the
SM3 is indicated by the dotted line. We see that the
SM3 has a smaller �2 value than the SM4 for any choice
of m⌫4 . In both analyses the best-fit value of m⌫4 is
near 60 GeV, i.e. just below the H ! ⌫

4

⌫̄
4

threshold.
For m⌫4 . 60 GeV the Higgs signal strengths favour
a small lepton mass while for m⌫4 & 60 GeV a large
charged lepton mass is preferred by direct Higgs searches.
Since EWPOs forbid too large mass splittings (of order
100 GeV or more) in the lepton doublet the increase of �2

at m⌫4 ⇡ 60 GeV is more pronounced in the analysis A1.

‣ after discovery of a SM-like  
Higgs boson:  
chiral 4th generation  
ruled out 
[O. Eberhard et al., PRL 109, 241802 (2012)]

‣ note: mostly from Higgs 
signal strength,  
small impact of EWPO



Observables included in HiggsSignals-1.2.0

H ! WW ! `⌫`⌫ (0/1 jet) [8 TeV]
H ! WW ! `⌫`⌫ (2 jet) [8 TeV]

V H ! VWW [8 TeV]
H ! ZZ ! 4` (VBF/VH like) [8 TeV]

H ! ZZ ! 4` (ggH like) [8 TeV]
H ! �� (conv.cntr. high pTt) [8 TeV]
H ! �� (conv.cntr. low pTt) [8 TeV]
H ! �� (conv.rest high pTt) [8 TeV]
H ! �� (conv.rest low pTt) [8 TeV]

H ! �� (unconv.cntr. high pTt) [8 TeV]
H ! �� (unconv.cntr. low pTt) [8 TeV]
H ! �� (unconv.rest high pTt) [8 TeV]
H ! �� (unconv.rest low pTt) [8 TeV]

H ! �� (conv.trans.) [8 TeV]
H ! �� (higH mass, 2 jet, loose) [8 TeV]
H ! �� (higH mass, 2 jet, tight) [8 TeV]

H ! �� (low mass, 2 jet) [8 TeV]
H ! �� (1`) [8 TeV]

H ! �� (ETmiss) [8 TeV]
H ! �� (conv.cntr. high pTt) [7 TeV]
H ! �� (conv.cntr. low pTt) [7 TeV]
H ! �� (conv.rest high pTt) [7 TeV]
H ! �� (conv.rest low pTt) [7 TeV]

H ! �� (unconv.cntr. high pTt) [7 TeV]
H ! �� (unconv.cntr. low pTt) [7 TeV]
H ! �� (unconv.rest high pTt) [7 TeV]
H ! �� (unconv.rest low pTt) [7 TeV]

H ! �� (conv.trans.) [7 TeV]
H ! �� (2 jet) [7 TeV]

H ! ⌧⌧ (boosted, hadhad) [8 TeV]
H ! ⌧⌧ (boosted, lephad) [8 TeV]
H ! ⌧⌧ (boosted, leplep) [8 TeV]
H ! ⌧⌧ (VBF, hadhad) [8 TeV]
H ! ⌧⌧ (VBF, lephad) [8 TeV]
H ! ⌧⌧ (VBF, leplep) [8 TeV]

V H ! V bb (0`) [8 TeV]
V H ! V bb (1`) [8 TeV]
V H ! V bb (2`) [8 TeV]

ATLAS

 �4.36

6.1!

10.44!

�1 0 1 2 3

H ! WW

H ! ��

H ! ⌧⌧

H ! bb

DØ
4.2!

�1 0 1 2 3

[8 TeV] H ! WW ! 2`2⌫ (0/1 jet)

[8 TeV] H ! WW ! 2`2⌫ (VBF)

[8 TeV] H ! WW! 2`2⌫ (VH)

[8 TeV] V H ! VWW (hadr. V )

[8 TeV] WH !WWW !3`3⌫

[8 TeV] H ! ZZ ! 4` (0/1 jet)

[8 TeV] H ! ZZ ! 4` (2 jet)

[8 TeV] H ! �� (untagged 0)

[8 TeV] H ! �� (untagged 1)

[8 TeV] H ! �� (untagged 2)

[8 TeV] H ! �� (untagged 3)

[8 TeV] H ! �� (2 jet, loose)

[8 TeV] H ! �� (2 jet, tight)

[8 TeV] H ! �� (ETmiss)

[8 TeV] H ! �� (e)

[8 TeV] H ! �� (µ)

[7 TeV] H ! �� (untagged 0)

[7 TeV] H ! �� (untagged 1)

[7 TeV] H ! �� (untagged 2)

[7 TeV] H ! �� (untagged 3)

[7 TeV] H ! �� (2 jet)

[8 TeV] H ! µµ

[8 TeV] H ! ⌧⌧ (0 jet)

[8 TeV] H ! ⌧⌧ (1 jet)

[8 TeV] H ! ⌧⌧ (VBF)

[8 TeV] V H ! ⌧⌧

[8 TeV] V H ! V bb

[8 TeV] ttH ! 2` (same sign)

[8 TeV] ttH ! 3`

[8 TeV] ttH ! 4`

[8 TeV] ttH ! tt(bb)

[8 TeV] ttH ! tt(��)

[8 TeV] ttH ! tt(⌧⌧)

CMS

4.25!

5.34!

5.3!

 �4.8

H ! WW

H ! ��

H ! ⌧⌧

V H ! V bb

ttH ! ttbbCDF

7.81!

9.49!

µ̂

in total: 80 signal rate + 4 mass measurements

T. Stefaniak (SCIPP, UCSC) HiggsBounds/HiggsSignals ATLAS Physics Jamboree 14 / 19
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[T. Stefaniak, Nov 2014]



‣ Study of potential deviations of Higgs couplings from SM
‣ Leading corrections only, parametrize deviations with effective couplings 
‣ LHC and Tevatron data included using HiggsSignals [P. Bechtle et al., JHEP11, 039 (2014)]
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Tree Level Higgs Couplings

32

‣No BSM contributions on tree-level to fermion or vector-boson coupling
‣ Stronger constraints on κW than on κZ 

‣Custodial symmetry holds, κW = κZ = κV

κW

κ F

κZ

κ F

[see Adam and  
 Chiara’s talks]



κV κV
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4 Status and prospects for the Higgs couplings determination

To test the validity of the SM and look for signs of new physics, precision measurements of the
properties of the Higgs boson are of critical importance. Key are the couplings to the SM fermions
and bosons, which are predicted to depend linearly on the fermion mass and quadratically on the
boson mass.

Modified Higgs couplings have been probed by ATLAS and CMS in various benchmark models [57–
64]. These employ an e↵ective theory approach, where higher-order modifiers to a phenomenolog-
ical Lagrangian are matched at tree-level to the SM Higgs boson couplings. In one popular model
all boson and all fermion couplings are modified in the same way, scaled by the constants V and
F , respectively, where V = F = 1 for the SM. This benchmark model uses the explicit assump-
tion that no other new physics is present, e.g., there are no additional loops in the production
or decay of the Higgs boson, and no invisible Higgs decays and undetectable contributions to its
decay width. For details see Ref. [65].

The combined analysis of electroweak precision data and Higgs signal-strength measurements has
been studied by several groups [5, 9, 66–71]. The main e↵ect of this model on the electroweak preci-
sion observables is from the modified Higgs coupling to gauge bosons, and manifests itself through
loop diagrams involving the longitudinal degrees of freedom of these bosons. The corrections to
the Z and W boson propagators can be expressed in terms of the S, T parameters [66],

S =
1

12⇡
(1� 2V ) ln

⇤2

M2
H

, T = � 3

16⇡ cos2✓`e↵
(1� 2V ) ln

⇤2

M2
H

, ⇤ =
�q

|1� 2V |
, (5)

and U = 0. The cut-o↵ scale ⇤ represents the mass scale of the new states that unitarise lon-
gitudinal gauge-boson scattering, as required in this model. Note that the less V deviates from
one, the higher the scale of new physics. Most BSM models with additional Higgs bosons giving
positive corrections to the W mass predict values of V smaller than 1. Here the nominator � is
varied between 1 and 10 TeV, and is nominally fixed to 3 TeV (4⇡v).

Figure 8 (top) shows the predictions for S and T , profiled over V and �, together with the allowed
regions for S and T from the current electroweak fit. The length of the predicted line covers a
variation in V between [0, 2], the width covers the variation in �.

The bottom panel of Fig. 8 shows V and F as obtained from a private combination of ATLAS
and CMS results using all publicly available information on the measured Higgs signal strength
modifiers µi. Also shown is the combined constraint on V (and F ) from the LHC experiments
and the electroweak fit.

The published Higgs coupling measurements of µggF+ttH versus µVBF+VH from ATLAS and CMS
used in this combination are summarised in Table 5. The measurements from the ATLAS Higgs to
di-boson channels are published likelihood scans [57]. The CMS results in Table 5 are approximate
values derived from public likelihood iso-contour lines. Correlations of the theory and detector
related uncertainties between the various µi are neglected in the combination, as these are not
provided by the experiments. We find that the individual experimental combinations of ATLAS and
CMS for V (and F ) are approximately reproduced by this simplified procedure. The measured
values from this combination are V = 1.026+0.042

�0.044 and F = 0.88+0.10
�0.09.
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values from this combination are V = 1.026+0.042
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To test the validity of the SM and look for signs of new physics, precision measurements of the
properties of the Higgs boson are of critical importance. Key are the couplings to the SM fermions
and bosons, which are predicted to depend linearly on the fermion mass and quadratically on the
boson mass.

Modified Higgs couplings have been probed by ATLAS and CMS in various benchmark models [57–
64]. These employ an e↵ective theory approach, where higher-order modifiers to a phenomenolog-
ical Lagrangian are matched at tree-level to the SM Higgs boson couplings. In one popular model
all boson and all fermion couplings are modified in the same way, scaled by the constants V and
F , respectively, where V = F = 1 for the SM. This benchmark model uses the explicit assump-
tion that no other new physics is present, e.g., there are no additional loops in the production
or decay of the Higgs boson, and no invisible Higgs decays and undetectable contributions to its
decay width. For details see Ref. [65].

The combined analysis of electroweak precision data and Higgs signal-strength measurements has
been studied by several groups [5, 9, 66–71]. The main e↵ect of this model on the electroweak preci-
sion observables is from the modified Higgs coupling to gauge bosons, and manifests itself through
loop diagrams involving the longitudinal degrees of freedom of these bosons. The corrections to
the Z and W boson propagators can be expressed in terms of the S, T parameters [66],
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, T = � 3
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M2
H

, ⇤ =
�q

|1� 2V |
, (5)

and U = 0. The cut-o↵ scale ⇤ represents the mass scale of the new states that unitarise lon-
gitudinal gauge-boson scattering, as required in this model. Note that the less V deviates from
one, the higher the scale of new physics. Most BSM models with additional Higgs bosons giving
positive corrections to the W mass predict values of V smaller than 1. Here the nominator � is
varied between 1 and 10 TeV, and is nominally fixed to 3 TeV (4⇡v).

Figure 8 (top) shows the predictions for S and T , profiled over V and �, together with the allowed
regions for S and T from the current electroweak fit. The length of the predicted line covers a
variation in V between [0, 2], the width covers the variation in �.

The bottom panel of Fig. 8 shows V and F as obtained from a private combination of ATLAS
and CMS results using all publicly available information on the measured Higgs signal strength
modifiers µi. Also shown is the combined constraint on V (and F ) from the LHC experiments
and the electroweak fit.

The published Higgs coupling measurements of µggF+ttH versus µVBF+VH from ATLAS and CMS
used in this combination are summarised in Table 5. The measurements from the ATLAS Higgs to
di-boson channels are published likelihood scans [57]. The CMS results in Table 5 are approximate
values derived from public likelihood iso-contour lines. Correlations of the theory and detector
related uncertainties between the various µi are neglected in the combination, as these are not
provided by the experiments. We find that the individual experimental combinations of ATLAS and
CMS for V (and F ) are approximately reproduced by this simplified procedure. The measured
values from this combination are V = 1.026+0.042

�0.044 and F = 0.88+0.10
�0.09.

Vκ
0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2

W
M

80.25

80.3

80.35

80.4

80.45

80.5
95% CL contours

 measurementVκ and Ww/o M
 = 10 TeVλ

 =  5 TeVλ

 =  1 TeVλ

σ 1± world comb. WM

68% and 95% CL contours for
 measurementsVκ and Wdirect M

σ 1± private LHC average Vκ

|2
Vκ|1-

λ = Λ

G fitter SM

Jul '14

‣Consider specific model in “κ parametrisation”:

• scaling of Higgs-vector boson (κV) and Higgs-fermion couplings (κF),  
with no invisible/undetectable widths

‣Main effect on EWPD due to modified Higgs coupling to gauge bosons (κV)  
[Espinosa et al. arXiv:1202.3697, Falkowski et al. arXiv:1303.1812], etc 

‣Correlation between κV and MW

• slightly smaller values of MW  
preferred



Roman Kogler The Electroweak Fit 

Higgs Coupling Results

Higgs coupling  
measurements: 
‣ κV = 0.99 ± 0.08
‣ κF = 1.01 ± 0.17

‣Combined result:  
‣ κV = 1.03 ± 0.02   

(λ = 3 TeV)

‣ Implies NP-scale of  
Λ ≥ 13 TeV

34

‣ Some dependency for κV in central value [1.02-1.04] and error [0.02-0.03] 
on cut-off scale λ [1-10 TeV]
• note: precision of κV for very special assumptions
• EW fit has positive deviation of κV from 1.0

- many BSM models: κV < 1
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68% 95% Correlations
W 1.00 ± 0.06 [0.88, 1.11] 1.00
Z 1.09 ± 0.10 [0.88, 1.27] �0.12 1.00
 f 0.94 ± 0.12 [0.72, 1.18] 0.35 �0.16 1.00

Table 10: SM-like solution in the fit of W , Z , and  f to the Higgs-
boson signal strengths.
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Figure 7: Two-dimensional probability distributions for W and  f
(left), for Z and  f (center), and for W and Z (right) at 68%, 95%,
and 99% (darker to lighter), obtained from the fit to the Higgs-boson
signal strengths.

power divergences in the oblique corrections. It means
that the detailed information on UV theory is necessary
for calculating the oblique corrections. The fit results
to the Higgs-boson signal strengths are summarized in
Table 10 and Fig. 7, which are consistent with custodial
symmetry.

We also consider the case where the universality in
the couplings to the fermions is relaxed by introducing
`, u and d for the couplings to the charged leptons,
to the up-type quarks, and to the down-type quarks. In
this case, the Higgs-boson signal strengths are symmet-
ric under the exchanges ` $ �` and/or {V , u, d}$
{�V , �u, �d}. Therefore, we consider only the pa-
rameter space where both V and ` are positive. The
constraints on the scale factors from the Higgs-boson
signal strengths are presented in Table 11 and Fig. 8.
By adding the EWPO to the fit, the constraints become
stronger as shown in Table 12 and Fig. 9.

5. Summary

We have updated the EW precision fits in the SM and
beyond taking into account the recent theoretical and
experimental developments. The results of the SM fit
are presented in Table 1, while the constraints on the
NP parameters (the oblique and epsilon parameters, and
the modified Zbb̄ and HVV couplings) are summarized
in Tables 2-7. Furthermore, we have performed fits of
the scale factors of the Higgs-boson couplings to the
Higgs-boson signal strengths and the EW precision data
as summarized in Tables 8-12. More detailed analyses
and results will be presented in a future publication [67].

68% 95% Correlations
V 1.07 ± 0.09 [0.87, 1.24] 1.00
` 1.13 ± 0.17 [0.80, 1.47] 0.54 1.00
u 0.89 ± 0.13 [0.65, 1.18] 0.37 0.36 1.00
d 1.01 ± 0.24 [0.52, 1.51] 0.79 0.60 0.75 1.00

Table 11: SM-like solution in the fit of V , `, u, and d to the Higgs-
boson signal strengths.
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d (bottom-right) at 68%, 95%, and 99% (darker to lighter), obtained
from the fit to the Higgs-boson signal strengths.

68% 95% Correlations
V 1.03 ± 0.02 [0.99, 1.07] 1.00
` 1.10 ± 0.14 [0.82, 1.38] 0.14 1.00
u 0.88 ± 0.12 [0.66, 1.15] 0.09 0.23 1.00
d 0.92 ± 0.15 [0.65, 1.26] 0.28 0.35 0.81 1.00

Table 12: Same as Table 11, but considering both the Higgs-boson
signal strengths and the EWPO.
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Figure 9: Same as Fig. 8, but considering both the Higgs-boson signal
strengths and the EWPO.
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‣Allowing for different 
couplings to up- and down-
type quarks κu and κd

‣ Stricter constraints due to 
EWPO, some gain also in 
the fermion sector

‣Also possible to constrain 
coefficients of dimension-6 
operators
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power divergences in the oblique corrections. It means
that the detailed information on UV theory is necessary
for calculating the oblique corrections. The fit results
to the Higgs-boson signal strengths are summarized in
Table 10 and Fig. 7, which are consistent with custodial
symmetry.

We also consider the case where the universality in
the couplings to the fermions is relaxed by introducing
`, u and d for the couplings to the charged leptons,
to the up-type quarks, and to the down-type quarks. In
this case, the Higgs-boson signal strengths are symmet-
ric under the exchanges ` $ �` and/or {V , u, d}$
{�V , �u, �d}. Therefore, we consider only the pa-
rameter space where both V and ` are positive. The
constraints on the scale factors from the Higgs-boson
signal strengths are presented in Table 11 and Fig. 8.
By adding the EWPO to the fit, the constraints become
stronger as shown in Table 12 and Fig. 9.

5. Summary

We have updated the EW precision fits in the SM and
beyond taking into account the recent theoretical and
experimental developments. The results of the SM fit
are presented in Table 1, while the constraints on the
NP parameters (the oblique and epsilon parameters, and
the modified Zbb̄ and HVV couplings) are summarized
in Tables 2-7. Furthermore, we have performed fits of
the scale factors of the Higgs-boson couplings to the
Higgs-boson signal strengths and the EW precision data
as summarized in Tables 8-12. More detailed analyses
and results will be presented in a future publication [67].
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u 0.89 ± 0.13 [0.65, 1.18] 0.37 0.36 1.00
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V 1.03 ± 0.02 [0.99, 1.07] 1.00
` 1.10 ± 0.14 [0.82, 1.38] 0.14 1.00
u 0.88 ± 0.12 [0.66, 1.15] 0.09 0.23 1.00
d 0.92 ± 0.15 [0.65, 1.26] 0.28 0.35 0.81 1.00

Table 12: Same as Table 11, but considering both the Higgs-boson
signal strengths and the EWPO.
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Table 10: SM-like solution in the fit of W , Z , and  f to the Higgs-
boson signal strengths.
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power divergences in the oblique corrections. It means
that the detailed information on UV theory is necessary
for calculating the oblique corrections. The fit results
to the Higgs-boson signal strengths are summarized in
Table 10 and Fig. 7, which are consistent with custodial
symmetry.

We also consider the case where the universality in
the couplings to the fermions is relaxed by introducing
`, u and d for the couplings to the charged leptons,
to the up-type quarks, and to the down-type quarks. In
this case, the Higgs-boson signal strengths are symmet-
ric under the exchanges ` $ �` and/or {V , u, d}$
{�V , �u, �d}. Therefore, we consider only the pa-
rameter space where both V and ` are positive. The
constraints on the scale factors from the Higgs-boson
signal strengths are presented in Table 11 and Fig. 8.
By adding the EWPO to the fit, the constraints become
stronger as shown in Table 12 and Fig. 9.

5. Summary

We have updated the EW precision fits in the SM and
beyond taking into account the recent theoretical and
experimental developments. The results of the SM fit
are presented in Table 1, while the constraints on the
NP parameters (the oblique and epsilon parameters, and
the modified Zbb̄ and HVV couplings) are summarized
in Tables 2-7. Furthermore, we have performed fits of
the scale factors of the Higgs-boson couplings to the
Higgs-boson signal strengths and the EW precision data
as summarized in Tables 8-12. More detailed analyses
and results will be presented in a future publication [67].
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u 0.89 ± 0.13 [0.65, 1.18] 0.37 0.36 1.00
d 1.01 ± 0.24 [0.52, 1.51] 0.79 0.60 0.75 1.00

Table 11: SM-like solution in the fit of V , `, u, and d to the Higgs-
boson signal strengths.
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u 0.88 ± 0.12 [0.66, 1.15] 0.09 0.23 1.00
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Table 12: Same as Table 11, but considering both the Higgs-boson
signal strengths and the EWPO.
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strengths and the EWPO.
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power divergences in the oblique corrections. It means
that the detailed information on UV theory is necessary
for calculating the oblique corrections. The fit results
to the Higgs-boson signal strengths are summarized in
Table 10 and Fig. 7, which are consistent with custodial
symmetry.

We also consider the case where the universality in
the couplings to the fermions is relaxed by introducing
`, u and d for the couplings to the charged leptons,
to the up-type quarks, and to the down-type quarks. In
this case, the Higgs-boson signal strengths are symmet-
ric under the exchanges ` $ �` and/or {V , u, d}$
{�V , �u, �d}. Therefore, we consider only the pa-
rameter space where both V and ` are positive. The
constraints on the scale factors from the Higgs-boson
signal strengths are presented in Table 11 and Fig. 8.
By adding the EWPO to the fit, the constraints become
stronger as shown in Table 12 and Fig. 9.

5. Summary

We have updated the EW precision fits in the SM and
beyond taking into account the recent theoretical and
experimental developments. The results of the SM fit
are presented in Table 1, while the constraints on the
NP parameters (the oblique and epsilon parameters, and
the modified Zbb̄ and HVV couplings) are summarized
in Tables 2-7. Furthermore, we have performed fits of
the scale factors of the Higgs-boson couplings to the
Higgs-boson signal strengths and the EW precision data
as summarized in Tables 8-12. More detailed analyses
and results will be presented in a future publication [67].
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Table 12: Same as Table 11, but considering both the Higgs-boson
signal strengths and the EWPO.
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strengths and the EWPO.
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W 1.00 ± 0.06 [0.88, 1.11] 1.00
Z 1.09 ± 0.10 [0.88, 1.27] �0.12 1.00
 f 0.94 ± 0.12 [0.72, 1.18] 0.35 �0.16 1.00

Table 10: SM-like solution in the fit of W , Z , and  f to the Higgs-
boson signal strengths.
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Figure 7: Two-dimensional probability distributions for W and  f
(left), for Z and  f (center), and for W and Z (right) at 68%, 95%,
and 99% (darker to lighter), obtained from the fit to the Higgs-boson
signal strengths.

power divergences in the oblique corrections. It means
that the detailed information on UV theory is necessary
for calculating the oblique corrections. The fit results
to the Higgs-boson signal strengths are summarized in
Table 10 and Fig. 7, which are consistent with custodial
symmetry.

We also consider the case where the universality in
the couplings to the fermions is relaxed by introducing
`, u and d for the couplings to the charged leptons,
to the up-type quarks, and to the down-type quarks. In
this case, the Higgs-boson signal strengths are symmet-
ric under the exchanges ` $ �` and/or {V , u, d}$
{�V , �u, �d}. Therefore, we consider only the pa-
rameter space where both V and ` are positive. The
constraints on the scale factors from the Higgs-boson
signal strengths are presented in Table 11 and Fig. 8.
By adding the EWPO to the fit, the constraints become
stronger as shown in Table 12 and Fig. 9.

5. Summary

We have updated the EW precision fits in the SM and
beyond taking into account the recent theoretical and
experimental developments. The results of the SM fit
are presented in Table 1, while the constraints on the
NP parameters (the oblique and epsilon parameters, and
the modified Zbb̄ and HVV couplings) are summarized
in Tables 2-7. Furthermore, we have performed fits of
the scale factors of the Higgs-boson couplings to the
Higgs-boson signal strengths and the EW precision data
as summarized in Tables 8-12. More detailed analyses
and results will be presented in a future publication [67].

68% 95% Correlations
V 1.07 ± 0.09 [0.87, 1.24] 1.00
` 1.13 ± 0.17 [0.80, 1.47] 0.54 1.00
u 0.89 ± 0.13 [0.65, 1.18] 0.37 0.36 1.00
d 1.01 ± 0.24 [0.52, 1.51] 0.79 0.60 0.75 1.00

Table 11: SM-like solution in the fit of V , `, u, and d to the Higgs-
boson signal strengths.
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Figure 8: Two-dimensional probability distributions for V and `
(top-left), for V and u (top-center), for V and d (top-right), for
` and u (bottom-left), for ` and d (bottom-center), and for u and
d (bottom-right) at 68%, 95%, and 99% (darker to lighter), obtained
from the fit to the Higgs-boson signal strengths.

68% 95% Correlations
V 1.03 ± 0.02 [0.99, 1.07] 1.00
` 1.10 ± 0.14 [0.82, 1.38] 0.14 1.00
u 0.88 ± 0.12 [0.66, 1.15] 0.09 0.23 1.00
d 0.92 ± 0.15 [0.65, 1.26] 0.28 0.35 0.81 1.00

Table 12: Same as Table 11, but considering both the Higgs-boson
signal strengths and the EWPO.
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Figure 9: Same as Fig. 8, but considering both the Higgs-boson signal
strengths and the EWPO.

only Higgs signal strength

+ EWPO

[Marco Ciuchini et al, arXiv:1410.6940]

[see Adam and  
 Chiara’s talks]
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‣ Extend the scalar sector by another doublet
‣ Studies of Z2 Type-1 and Type-2 2HDMs

• difference in the coupling to down-type quarks
• Type-2 related to MSSM, but less constrained
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5

Type I and Type II Type I Type II

Higgs CV CU CD CU CD

h sin(� � ↵) cos↵/ sin� cos↵/ sin� cos↵/ sin� �sin↵/ cos�

H cos(� � ↵) sin↵/ sin� sin↵/ sin� sin↵/ sin� cos↵/ cos�

A 0 cot� � cot� cot� tan�

TABLE I: Tree-level vector boson couplings CV (V = W,Z) and fermionic couplings CF (F = U,D)

normalized to their SM values for the Type I and Type II 2HDMs.

A. Scan ranges and procedures

As in [29], we employ a modified version of the code 2HDMC [33, 34] for our numerical

calculations. All relevant contributions to loop-induced processes are taken into account,

in particular those with heavy quarks (t and b), W± and H±. A number of di↵erent input

sets can be used in the 2HDMC context. We have chosen to use the “physical basis” in which

the inputs are the physical Higgs masses (mh,mH ,mA,mH±), the vacuum expectation value

ratio (tan �), and the CP -even Higgs mixing angle, ↵, supplemented by m2
12. The additional

parameters �6 and �7 are assumed to be zero as a result of a Z2 symmetry being imposed

on the dimension-4 operators under which H1 ! H1 and H2 ! �H2. m2
12 6= 0 is allowed as

a “soft” breaking of the Z2 symmetry. With the above inputs, �1,2,3,4,5 as well as m2
11 and

m2
22 are determined (the latter two via the minimization conditions for a minimum of the

vacuum) [7]. We scan over the following ranges:3

↵ 2 [�⇡/2,+⇡/2] , tan � 2 [0.5, 60] , m2
12 2 [�(2 TeV)2, (2 TeV)2] ,

mA 2 [5 GeV, 2 TeV] , mH± 2 [m⇤, 2 TeV] , (2)

where m⇤ is the lowest value of mH± allowed by LEP direct production limits and B physics

constraints. The LEP limits on the H± are satisfied by requiring mH± � 90 GeV. The lower

bounds from B physics are shown as a function of tan� in Fig. 15 of [8] in the case of the

Type II model (roughly m⇤ ⇠ 300 GeV in this case) and in Fig. 18 of [8] in the case of the

3 The upper and lower bounds on tan� are chosen to ensure that the bottom and top Yukawa couplings,

respectively, lie within the perturbative region. Unlike the Z2 symmetric 2HDM which constrains tan� .
7 [22], high tan� values are allowed when the Z2 symmetry is softly broken. A safe upper limit, as adopted

here, is tan�  60.

Preliminary ‣Constraints derived 
from EWPD using 
S,T,U formalism

‣ Lightest scalar  
Mh = 125.1 GeV

‣Weak constraints on 
masses, since tanβ 
and cos(β-α) are 
unconstrained

[see Rui’s talk]



‣Coupling measurements place important constraints on 2HDMs
‣ Predictions of BRs using 2HDMC [D. Eriksson et al., CPC 181, 189 (2010)]

‣ 7 additional, unconstraint parameters (4 masses, 2 angles, soft breaking scale):  
importance sampling with MultiNest [F. Feroz et al., arXiv:1306.2144]
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2HDM and H Coupling Measurements
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Figure 17.9.5. From (Lees, 2012j,o). Photon spectra in the
BABAR lepton-tagged fully-inclusive measurement: (top) in the
center-of-mass frame after background subtraction, uncor-
rected for e�ciency and resolution smearing, and (bottom) in
the B rest frame, after correcting for e�ciency and unfolding
the e↵ects of both calorimeter resolution and Doppler smear-
ing. The control regions (delineated by vertical red lines) were
used to check the backgrounds; all BB background corrections
were determined and applied before unblinding the signal re-
gion (1.8 to 2.9 GeV). The curve in the lower plot is based on
the kinetic-scheme computation of (Benson, Bigi, and Uralt-
sev, 2005), using the HFAG world-average determination of
HQE parameters (see Section 17.9.2.5).

17.9.2.3 BABAR fully inclusive with reconstructed-B tagging

As an alternative to the lepton-tag approach, BABAR (Au-
bert, 2008q) has also used the recoil-B technique (Sec-
tion 7.4), in which the signal (“recoil”) B meson is tagged
by fully reconstructing the non-signal B meson in a hadronic
decay mode. This technique (along with reconstruction in
semileptonic decay modes) has been widely used at the
B Factories to study rare decays with multiple neutrinos,
e.g., B ! ⌧⌫ and B ! K⌫⌫.

In BABAR’s reconstructed-B-tag analysis, based on
210 fb�1 of ⌥ (4S) data, more than 1000 di↵erent hadronic
final states are reconstructed, representing 5% of the de-
cay width of the B meson. This large number of final
states is essential in order to reach a maximal signal ef-
ficiency for B ! Xs�, although it is still only 0.3%. A
high-energy photon is required among the remaining par-
ticles in the event. After applying a ⇡0 veto, suppressing
continuum background using event-topology criteria, and
selecting events with �E of the hadronic B candidates in

a ±60 MeV window, fits are made to the mES distribution
of those candidates in bins of photon energy. These fits re-
move all the continuum and combinatorial B backgrounds,
leaving only signal events and those B decays with a sim-
ilar topology. These mostly contain photons from ⇡0 de-
cays which have survived the ⇡0 veto. The remaining B
backgrounds are estimated using similar techniques to the
untagged and lepton-tagged B ! Xs� analyses.

The hadronic tag has the advantage that it measures
the momentum of the tag B, which makes it possible to
calculate the photon energy in the recoiling signal-B rest
frame. It also identifies both the flavor and the charge of
the B in the B ! Xs� decay (apart from B0�B0 mixing).
Resulting asymmetries are presented in Section 17.9.5. Fi-
nally, the rest of the event that has not been used to form
the tagging B can be used to study the hadronic Xs sys-
tem associated with the b ! s� decay. It may eventually
be possible to separate out the 4% of B ! Xd� decays
using this information.

The BABAR analysis (Aubert, 2008q) obtains a B !
Xs� branching fraction

(3.66 ± 0.85 ± 0.60) ⇥ 10�4 (BABAR, E� > 1.9 GeV),

(17.9.25)

where the errors are statistical and systematic (including
some small model-dependence). Although this analysis is
currently statistically limited, it is a promising method
for the future, i.e., at a high-luminosity B Factory. The
dominant systematic uncertainties (e.g., from BB back-
grounds) may also be reduced significantly with a larger
data sample. (This is equally true for the untagged and
lepton-tag methods, despite the use in those cases of o↵-
resonance data.) An improvement might also be possible
by including semileptonic tags.

17.9.2.4 Sum of exclusive modes

An alternative technique to measure the inclusive branch-
ing fraction is to reconstruct the B ! Xs� decay chain
with the Xs final state as the sum of as many exclu-
sive modes as possible. This method is a development
of the “pseudoreconstruction” method used by CLEO for
the continuum background suppression, a �2 technique in
which an Xs candidate is required to have mES and �E
within broad ranges around expected values.

An early analysis by Belle (Abe, 2001a) has used 6 fb�1,
and explicitly reconstructed a set of 16 final states with
one kaon and 1 to 4 pions of which only one is allowed to be
a ⇡0. The Xs mass is restricted to be below 2.05 GeV/c2,
which corresponds to an E� threshold of 2.24 GeV. The
quoted branching fraction:

(3.36 ± 0.53 ± 0.42 +0.50
�0.54) ⇥ 10�4 (Belle, E� > 2.24 GeV)

(17.9.26)

is for the full energy range, where the errors are statisti-
cal, systematic and model-dependence, respectively. This
method has not been used by Belle with a larger dataset

Roman Kogler The Electroweak Fit 

Flavour Measurements

B → Xs γ 
‣ loop-induced decays

• sensitive probe to new physics
• sensitivity to |VtbVts|2

‣measurement relies on photon  
energy spectrum 

- need to correct for B → Xd contributions
‣ unfolded and background-subtracted 

after unblinding of signal region

‣HFAG average from Belle and BARBAR measurements:

‣ SM prediction:
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17.9 Radiative and electroweak penguin
decays

Editors:

Al Eisner, Stephen Playfer (BABAR)
Mikihiko Nakao (Belle)
Tobias Hurth (theory)

Additional section writers:
John Walsh

This section discusses radiative penguin B meson decays
with b ! s� and b ! d� transitions, and electroweak pen-
guin82 B meson decays with b ! s`+`�, b ! d`+`� and
b ! s⌫⌫̄ transitions. These B decay modes are considered
to be among the most sensitive probes for physics beyond
the SM, because they occur at loop level, and their rates
can be accurately predicted. In the SM the decays proceed
at lowest order through penguin loop and box diagrams in-
volving heavy virtual top quarks and weak W or Z bosons
as shown in Figure 17.9.1. Beyond the SM these could also
contain hypothetical heavy particles, e.g. supersymmetric
partners of quarks and bosons, or charged Higgs bosons.

At the B Factories many of these decays have been
studied. Inclusive and exclusive branching fractions have
been accurately determined for b ! s�, and measured for
the first time for b ! d� and b ! s`+`�. Here, an in-
clusive decay is denoted for example as B ! Xs�, where
Xs is the sum of the hadronic final states formed by the
recoiling s quark from b ! s� and the spectator u or d
quark, whereas an exclusive decay specifies the final state
hadron(s), for example, B ! K⇤(892)�. Time-integrated
and time-dependent CP asymmetries have also been mea-
sured. For b ! s`+`�, the decay amplitude depends on q2,
which is the invariant mass squared of the di-lepton sys-
tem, or the virtual momentum squared of the electroweak
boson in the case of the lowest order penguin diagram.
In addition, angular analyses, which are sensitive to the
interference between di↵erent terms in the decay ampli-
tudes, have been performed as functions of q2.

Theoretically, the SM predictions are at a similar level
of accuracy to the experimental precision for the inclusive
branching fractions. This is due to the presence of leptons
and photons in the final state which reduces the size of
non-perturbative QCD corrections.

This section (17.9) is organized into a short review
of the theoretical aspects (17.9.1), then discussions of in-
clusive and exclusive b ! s� (17.9.2 and 17.9.3) and
b ! d� (17.9.4) decays, separate subsections on rate
asymmetries (17.9.5) and time-dependent CP asymme-
try measurements (17.9.6), followed by subsections on
b ! s(d)`+`� (17.9.7) and b ! s⌫⌫̄ (17.9.8) decays.

82 In the literature these decays are also called semileptonic
rare decays. We do not adopt this term here to avoid confusion
with semileptonic B meson decays with b ! c`⌫ and b ! u`⌫.
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Figure 17.9.1. Examples of penguin loop diagram for b ! s�
(top), and loop and box diagrams for b ! s`+`� (bottom).

17.9.1 Theoretical framework

17.9.1.1 E↵ective electroweak Hamiltonian

Rare B decays are governed by an interplay between the
weak and strong interactions. This is especially the case
for inclusive B decay modes, where short-distance QCD
e↵ects are very important. In the decay B ! Xs� these ef-
fects lead to a rate enhancement by a factor of greater than
two. Such e↵ects are induced by hard-gluon exchanges
between the quark lines of the one-loop electroweak di-
agrams.

The perturbative QCD corrections that arise from hard
gluon exchange bring in large logarithms of the form

↵n
S (mb) logm(mb/M), (17.9.1)

where m  n (with n = 0, 1, 2, ...). M is the top or W
mass and mb the b quark mass. These large logarithms
are a natural feature in any process in which two di↵erent
mass scales are present. To obtain a reasonable result,
one must re-sum at least all the leading-log (LL) terms
with m = n, or ↵n

S (mb) logn(mb/M), with the help of
renormalization group techniques (Grinstein, Savage, and
Wise, 1989; Grinstein, Springer, and Wise, 1988, 1990).
Working to next-to-leading-log (NLL) or next-to-next-to-
leading-log (NNLL) precision means that one re-sums all
the terms with m = n � 1 or m = n � 2, too (Buchalla,
Buras, and Lautenbacher, 1996; Misiak, 1993).

A suitable framework in which to achieve the nec-
essary re-summations of the large logarithms is an ef-
fective low-energy theory with five quarks; this frame-
work is obtained by integrating out the heavy particles
i.e. by removing them from the theory as dynamical fields
(Buchalla, Buras, and Lautenbacher, 1996). These are the
electroweak bosons and the top quark in the SM. This ef-
fective field theory approach serves as a theoretical frame-
work for both inclusive and exclusive modes. The standard
method of the operator product expansion (OPE) (Wil-
son and Zimmermann, 1972) allows for a separation of
the B meson decay amplitude into two distinct parts, the
long-distance contributions contained in the operator ma-
trix elements and the short-distance physics described by

[A. J. Bevan, arXiv: 1406.6311]
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Bs → μμ 
‣ Successful conclusion after 30 years of searches 

for this rare decay
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Figure 2 | Weighted distribution of the dimuon invariant mass, mµ+µ�, for all cate-
gories. Superimposed on the data points in black are the combined fit (solid blue line) and its
components: the B0

s

(yellow shaded area) and B0 (light-blue shaded area) signal components; the
combinatorial background (dash-dotted green line); the sum of the semi-leptonic backgrounds
(dotted salmon line); and the peaking backgrounds (dashed violet line). The horizontal bar on
each histogram point denotes the size of the binning, while the vertical bar denotes the 68%
confidence interval. See main text for details on the weighting procedure.

interest, B(B0 ! µ+µ�) versus B(B0

s

! µ+µ�), are obtained by constructing the test
statistic �2�lnL from the di↵erence in log-likelihood (lnL) values between fits with fixed
values for the parameters of interest and the nominal fit. For each of the two branching
fractions, a one-dimensional profile likelihood scan is likewise obtained by fixing only the
single parameter of interest and allowing the other to vary during the fits. Additional fits
are performed where the parameters under consideration are the ratio of the branching

fractions relative to their SM predictions, S
B

0
(s)

SM

⌘ B(B0

(s)

! µ+µ�)/B(B0

(s)

! µ+µ�)
SM

,
or the ratio R of the two branching fractions.

The combined fit result is shown for all 20 categories in Extended Data Fig. 1. To
represent the result of the fit in a single dimuon invariant-mass spectrum, the mass dis-
tributions of all categories, weighted according to values of S/(S + B), where S is the
expected number of B0

s

signals and B is the number of background events under the B0

s

peak in that category, are added together and shown in Fig. 2. The result of the simulta-
neous fit is overlaid. An alternative representation of the fit to the dimuon invariant-mass
distribution for the six categories with the highest S/(S + B) value for CMS and LHCb,
as well as displays of events with high probability to be genuine signal decays, are shown
in the Extended Data Figs. 2–4.

The combined fit leads to the measurements B(B0

s

! µ+µ�) =
�
2.8 +0.7

�0.6

�
⇥ 10�9 and

B(B0 ! µ+µ�) =
�
3.9 +1.6

�1.4

�
⇥ 10�10, where the uncertainties include both statistical and

systematic sources, the latter contributing 35% and 18% of the total uncertainty for the
B0

s

and B0 signals, respectively. Using Wilks’ theorem29, the statistical significance in
unit of standard deviations, �, is computed to be 6.2 for the B0

s

! µ+µ� decay mode

6

[CMS, LHCb, arXiv:1411.4413]

/ |VtbVts|2

BR(Bs ! µ+µ�)SM = (3.65± 0.23)⇥ 10�9

BR(Bs ! µ+µ�)
exp

= 2.8+0.7
�0.6 ⇥ 10�9

12

The SM loop function Y
0

depends on the top mass and
is approximately Y

0

' 0.96. Note that the MSSM con-
tributions to Bs ! µ+µ� do not decouple with the scale
of the SUSY particles, but with the masses of the heavy
scalar and pseudoscalar Higgs bosons M2

H ' M2

A. Due to
the strong enhancement by tan3 �, the large tan� regime
of the MSSM is highly constrained by the current exper-
imental results on BR(Bs ! µ+µ�). We remark, how-
ever, that ✏

FC

in the numerator of (45) is a sum of several
terms (see (23)) each of which depend strongly on several
MSSM parameters. In addition, cancellations among the
di↵erent terms can occur in certain regions of parameter
space, rendering the Bs ! µ+µ� constraint very model
dependent, even in the restrictive framework of MFV.
Additional contributions to Bs ! µ+µ� can arise from
charged Higgs loops [187]. They interfere destructively
with the SM contribution and scale as (tan�)2/M2

H± .
Typically, their e↵ect is considerably smaller compared
to the SUSY contribution in (45).

We stress that there is a simple mathematical lower
bound of RBsµµ = 1/2 in (44) that is saturated for
A = 1/2. In this case, the SUSY contribution partially
cancels the SM amplitude, but simultaneously generates
a non-interfering piece that cannot be canceled. This
lower limit provides a significant threshold for experi-
ments searching for BR(Bs ! µ+µ�): not only is the
SM branching fraction a meaningful value to test experi-
mentally, but the potential observation of the branching
fraction below one half of the SM value would strongly
indicate NP and imply departure from the MSSM with
MFV. Note that the current 2� lower bound from LHCb
on the branching ratio is below 1/2 of the SM value and
therefore does not lead to constraints in our framework,
yet.

In Fig. 5, we show the constraints from Bs ! µ+µ� in
the MA–tan� plane. The red solid, dotted and dashed
contours correspond to scenarios (a), (b), and (c) of
Tab. I. The dash-dotted contour corresponds to scenario
(d), with all MSSM parameters as for the solid con-
tour, but with a negative sign for the trilinear coupling.
For comparison, the constraints from direct searches are
again shown in gray. As expected, we observe a very
strong dependence of the Bs ! µ+µ� bounds on the
choices of the remaining MSSM parameters, particularly
the sign of µAt. Note that in the considered scenarios,
we assume degenerate squarks such that the only term
entering ✏

FC

is from the irreducible Higgsino loop contri-
bution, ✏

˜H
b , whose sign is dictated by µAt. For positive

(negative) µAt the NP contribution interferes destruc-
tively (constructively) with the SM amplitude. Since the
lower bound on BR(Bs ! µ+µ�) from LHCb is still be-
low half of the SM value, destructively interfering NP is
much less constrained than constructively interfering NP.

The plots of Fig. 6 show in red the constraints from
Bs ! µ+µ� in the plane of the third generation squark
masses and the Higgsino mass parameter µ. The gray
horizontal band corresponds to the constraint from di-
rect searches of charginos at LEP that exclude |µ| .
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FIG. 5. Constraints in the MA–tan� plane from the Bs !
µ+µ� decay. The red solid, dotted, dashed and dash-dotted
contours correspond to scenarios (a), (b), (c) and (d), as de-
scribed in the text. The gray region is excluded by direct
searches of MSSM Higgs bosons in the H/A ! ⌧+⌧� chan-
nel.

100 GeV [184, 185]. In these plots, we fixMA = 800 GeV,
tan� = 45 (fully compatible with the B ! ⌧⌫ constraint
and not yet constrained by direct searches), and gaugino
masses with 6M

1

= 3M
2

= M
3

= 1.5 TeV. As in all the
other plots, we vary the trilinear couplings At = Ab = A⌧

throughout the plot such that the lightest Higgs mass is
Mh = 125 GeV. The values for At are indicated in the
plots by the vertical dotted contours. The two plots cor-
respond to positive and negative values of the A-terms.
In the gray region in the lower left corners of the plots, the
sbottom loop corrections to the lightest Higgs mass be-
come so large that the lightest Higgs mass is always below
Mh < 125 GeV for any value of At, taking into account
a 3 GeV theory uncertainty. We checked that varying
the light Higgs mass between 122 GeV < Mh < 128 GeV
can change the values of At by around 25% in each di-
rection and therefore can a↵ect the constraints derived
from Bs ! µ+µ� at a quantitative level. However, the
qualitative picture of the constraints and the interplay
of the SUSY contributions to Bs ! µ+µ�, as discussed
below, are una↵ected by this variation.

The solid contours are obtained under the assumption
that the masses of the first two generation squarks are
equal to the third generation, while for the dashed and
dotted contours we assume the first two generations to
be heavier by 50%. For the dashed contours, we as-
sume the splitting for the left-handed squarks to be fully
aligned in the up-sector, such that gaugino-squark loops
also contribute to ✏

FC

with ⇣ = 1 (see (23) and (25)).
We set ⇣ = 0.5 for the dotted contours, such that only
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We recently presented an update of the earlier mea-
surement [14] based on the full BABAR data sample [17].
This update included improvements to the event recon-
struction that increased the signal efficiency by more
than a factor of 3. In the following, we describe the anal-
ysis in greater detail, present the distributions of some
important kinematic variables, and expand the interpre-
tation of the results.

We choose to reconstruct only the purely leptonic de-
cays of the τ lepton, τ− → e−νeντ and τ− → µ−νµντ ,
so that B → D(∗)τ−ντ and B → D(∗)ℓ−νℓ decays are
identified by the same particles in the final state. This
leads to the cancellation of various detection efficiencies
and the reduction of related uncertainties on the ratios
R(D(∗)).

Candidate events originating from Υ (4S) → BB de-
cays are selected by fully reconstructing the hadronic de-
cay of one of the B mesons (Btag), and identifying the
semileptonic decay of the other B by a charm meson
(charged or neutral D or D∗ meson), a charged lepton
(either e or µ) and the missing momentum and energy in
the whole event.

Yields for the signal decays B → D(∗)τ−ντ and the
normalization decays B → D(∗)ℓ−νℓ are extracted by an
unbinned maximum-likelihood fit to the two-dimensional
distributions of the invariant mass of the undetected par-
ticles m2

miss = p2miss = (pe+e−−pBtag −pD(∗)−pℓ)2 (where
pe+e− , pBtag , pD(∗) , and pℓ refer to the four-momenta of
the colliding beams, the Btag, the D(∗), and the charged
lepton, respectively) versus the lepton three-momentum
in the B rest frame, |p∗

ℓ |. The m2
miss distribution for de-

cays with a single missing neutrino peaks at zero, whereas
signal events, which have three missing neutrinos, have a
broad m2

miss distribution that extends to about 9GeV2.
The observed lepton in signal events is a secondary par-
ticle from the τ decay, so its |p∗

ℓ | spectrum is softer than
for primary leptons in normalization decays.

The principal sources of background originate fromBB
decays and from continuum events, i.e., e+e− → ff(γ)
pair production, where f = u, d, s, c, τ . The yields and
distributions of these two background sources are derived
from selected data control samples. The background de-
cays that are most difficult to separate from signal decays
come from semileptonic decays to higher-mass, excited
charm mesons, since they can produce similar m2

miss and
|p∗

ℓ | values to signal decays and their branching fractions
and decay properties are not well known. Thus, their
impact on the signal yield is examined in detail.

The choice of the selection criteria and fit configura-
tion are based on samples of simulated and data events.
To avoid bias in the determination of the signal yield,
the signal region was blinded for data until the analysis
procedure was settled.

b c

q q

ντ

τ
−

}D(∗)
B{

W−/H−

FIG. 1. Parton level diagram for B → D(∗)τ−ντ decays.
The gluon lines illustrate the QCD interactions that affect
the hadronic part of the amplitude.

II. THEORY OF B → D(∗)τ−ντ DECAYS

A. Standard Model

Given that leptons are not affected by quantum chro-
modynamic (QCD) interactions (see Fig. 1), the matrix
element of B → D(∗)τ−ντ decays can be factorized in
the form [5]

Mλτ

λ
D(∗)

(q2, θτ ) =
GFVcb√

2

!

λW

ηλW
Lλτ

λW
(q2, θτ )H

λ
D(∗)

λW
(q2),

(2)

where Lλτ

λW
and H

λ
D(∗)

λW
are the leptonic and hadronic

currents defined as

Lλτ

λW
(q2, θτ ) ≡ ϵµ(λW ) ⟨τ ντ |τ γµ(1− γ5) ντ |0⟩ , (3)

H
λ
D(∗)

λW
(q2) ≡ ϵ∗µ(λW )

"

D(∗) |c γµ(1− γ5) b|B
#

. (4)

Here, the indices λ refer to the helicities of the W , D(∗),
and τ , q = pB−pD(∗) is the four-momentum of the virtual
W , and θτ is the angle between the τ and the D(∗) three-
momenta measured in the rest frame of the virtual W .
The metric factor η in Eq. 2 is η{±,0,s} = {1, 1,−1},
where λW = ±, 0, and s refer to the four helicity states
of the virtual W boson (s is the scalar state which, of
course, has helicity 0).
The leptonic currents can be calculated analytically

with the standard framework of electroweak interactions.
In the rest frame of the virtual W (W ∗), they take the
form [18]:

L−
± = −2

$

q2vd±, L+
± = ∓

√
2mτvd0, (5)

L−
0 = −2

$

q2vd0, L+
0 =

√
2mτv(d+ − d−), (6)

L−
s = 0, L+

s = −2mτv, (7)

with

v =

%

1−
m2

τ

q2
, d± =

1± cos θτ√
2

, d0 = sin θτ . (8)

Given that the average q2 in B → D(∗)τ−ντ decays is
about 8 GeV2, the fraction of τ− leptons with positive
helicity is about 30% in the SM.
Due to the nonperturbative nature of the QCD inter-

action at this energy scale, the hadronic currents cannot

The Electroweak Fit 

Flavour Measurements

B → Dτ−ντ 
‣measurement at e+e− colliders (Belle, BABAR)

‣ use Υ(4s)→BB for tag + probe

‣Width 

R(D) = BR(B → Dτν) / BR(B → Deν) 

‣ cancellation of |Vcb|2

‣ B → Deν not sensitive to H±

‣ profit from cancellation of  
experimental uncertainties

‣ not compatible with 2HDM Type-2
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combined significance ~ 4σ (HFAG)
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Figure 1 shows the m2
miss and |p∗

ℓ | projections of the fit
to the four D(∗)ℓ samples. The fit describes the data well
and the observed differences are consistent with the sta-
tistical and systematic uncertainties on the signal PDFs
and background distributions.
We extract the branching fraction ratios as R(D(∗)) =

(Nsig/Nnorm)/(εsig/εnorm), where Nsig and Nnorm refer
to the number of signal and normalization events, re-
spectively, and εsig/εnorm is the ratio of their efficiencies
derived from simulations. Table I shows the results of the
fits for the four individual samples as well as an additional
fit in which we impose the isospin relations R(D0) =
R(D+) ≡ R(D) and R(D∗0) = R(D∗+) ≡ R(D∗). The
statistical correlations are −0.59 for R(D0) and R(D∗0),
−0.23 for R(D+) and R(D∗+), and −0.45 for R(D) and
R(D∗). We have verified that the values of R(D(∗)) from
fits to samples corresponding to different run periods are
consistent. We repeated the analysis varying the selec-
tion criteria over a wide range corresponding to changes
in the signal-to-background ratios between 0.3 and 1.3,
and also arrive at consistent values of R(D(∗)).
The largest systematic uncertainty affecting the fit re-

sults is due to the poorly understood B → D∗∗(ℓ/τ)ν
background. The PDFs that describe this contribution
are impacted by the uncertainty on the branching frac-
tions of the four B → D∗∗ℓν decays, the relative π0/π±

efficiency, and the branching fraction ratio of B → D∗∗τν
to B → D∗∗ℓν decays. These effects contribute to an un-
certainty of 2.1% on R(D) and 1.8% on R(D∗). We also
repeated the fit including an additional floating compo-
nent with the distributions of B → D(∗)ηℓν, nonresonant
B → D(∗)π(π)ℓν, and B → D∗∗(→ D(∗)ππ)ℓν decays.
The B → D∗∗(ℓ/τ)ν background is tightly constrained
by the D(∗)π0ℓ samples, and, as a result, all these fits
yield similar values for R(D(∗)). We assign the observed
variation as a systematic uncertainty, 2.1% for R(D) and
2.6% for R(D∗).
We also account for the impact of the uncertainties

described above on the relative efficiency of the B →
D∗∗(ℓ/τ)ν contributions to the signal and D(∗)π0ℓ sam-
ples. In addition, the BDT selection introduces an un-
certainty that we estimate as 100% of the efficiency cor-
rection that we determined from control samples. These
effects result in uncertainties of 5.0% and 2.0% on R(D)
and R(D∗), respectively.
The largest remaining uncertainties are due to the con-

tinuum and BB backgrounds [4.9% onR(D) and 2.7% on
R(D∗)], and the PDFs for the signal and normalization
decays (4.3% and 2.1%). The uncertainties in the effi-
ciency ratios εsig/εnorm are 2.6% and 1.6%; they do not
affect the significance of the signal and are dominated by
the limited size of the MC samples. Uncertainties due
to the FFs, particle identification, final-state radiation,
soft-pion reconstruction, and others related to the detec-
tor performance largely cancel in the ratio, contributing
only about 1%. The individual systematic uncertainties

0 0.2 0.4 0.6 0.8 1

0.2

0.4

0.6

0.8

0 0.2 0.4 0.6 0.8 1
0.2

0.3

0.4

R
(D

)
R
(D

∗
)

tanβ/mH+ (GeV−1)

FIG. 2. (Color online) Comparison of the results of this anal-
ysis (light gray, blue) with predictions that include a charged
Higgs boson of type II 2HDM (dark gray, red). The SM cor-
responds to tanβ/mH+ = 0.

are added in quadrature to define the total systematic
uncertainty, reported in Table I.
There is a positive correlation between some of the

systematic uncertainties on R(D) and R(D∗), and, as a
result the correlation of the total uncertainties is reduced
to −0.48 forR(D0) andR(D∗0), to −0.15 forR(D+) and
R(D∗+), and to −0.27 for R(D) and R(D∗).
The statistical significance of the signal is determined

as Σstat =
!

2∆(lnL), where ∆(lnL) is the change in the
log-likelihood between the nominal fit and the no-signal
hypothesis. The statistical and dominant systematic un-
certainties are Gaussian. We estimate the overall signifi-

cance as Σtot = Σstat × σstat/
"

σ2
stat + σ∗2

syst, where σstat
is the statistical uncertainty and σ∗

syst is the total system-
atic uncertainty affecting the fit. The significance of the
B → Dτ−ντ signal is 6.8σ, the first such measurement
exceeding 5σ.
To compare the measured R(D(∗)) with the SM pre-

dictions we have updated the calculations in Refs. [8, 31]
taking into account recent FF measurements. Averaged
over electrons and muons, we find R(D)SM = 0.297 ±
0.017 and R(D∗)SM = 0.252±0.003. At this level of pre-
cision, additional uncertainties could contribute [8], but
the experimental uncertainties are expected to dominate.
Our measurements exceed the SM predictions for

R(D) and R(D∗) by 2.0σ and 2.7σ, respectively. The
combination of these results, including their −0.27 cor-
relation, yields χ2 = 14.6 for 2 degrees of freedom, corre-
sponding to a p value of 6.9×10−4. Thus, the possibility
of both the measuredR(D) and R(D∗) agreeing with the
SM predictions is excluded at the 3.4σ level [32].
Figure 2 shows the effect that a charged Higgs bo-

son of the type II 2HDM [7, 33] would have on R(D)
and R(D∗) in terms of the ratio of the vacuum expecta-

[B
A

R
B

A
R

, 
 arX
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(g − 2)μ

E821 Experiment at Brookhaven 

‣ Experimental precision:  Δaμ = 63 × 10−11

42

14m diameter ring
B = 1.45 T
pμ = 3.1 GeV

Fitting Supersymmetric Models

The E821 Experiment at Brookhaven

P. Bechtle: Excluding the cMSSM SFB 676 Kolloquium Hamburg 16.12.2015 14
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(g − 2)μ
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Fitting Supersymmetric Models

The E821 Experiment at Brookhaven

P. Bechtle: Excluding the cMSSM SFB 676 Kolloquium Hamburg 16.12.2015 14

aµ = aQED
µ + aQCD

µ + aEW
µ

2

1 The muon gyromagnetic factor and
“anomalous” moment

As a result of more than three decades of intense
e↵orts to validate every corner of the standard
model (SM) of elementary particles and their in-
teractions, and to submit it to a redundant metrol-
ogy with an always increasing precision, the SM
has only become more and more “standard”, with
some very few exceptions that include the “ten-
sion” between the theoretical prediction and the
unique precise experimental measurement of the
“anomalous” magnetic moment of the muon, aµ,
which is the relative deviation of the gyromagnetic
factor, gµ, from the value of g = 2 for a pointlike
Dirac particle, i.e. aµ ⌘ (gµ � 2)/2.

2 aµ: predictions and measurement

Since the first measurement (for the electron) [1]
and its interpretation within the QED framework
[2], both the prediction and the measurement of a
have undergone a tremendous improvement in pre-
cision, to the point that hadronic vacuum polar-

ization (VP) i.e. modifications of the photon prop-
agator, hadronic light-by-light scattering (LbL)
and weak interactions must be taken into account
(Fig. 1). Understanding the value of aµ necessi-

1rst 2nd 3rd 4th 5th

VP LbL Weak

Figure 1: Examples of diagrams contributing to
the calculation of aµ. Top: QED diagrams of var-
ious orders in ↵. Bottom: Hadronic Vacuum Po-
larisation (VP), Hadronic light-by-light scattering
(LbL) and weak-interaction contributions [10].

tates a precise knowledge of the value of the fine
structure constant ↵. From the development [3]
of ae and of aµ (I have truncated the numerical
factors),

ae =
↵

2⇡
� 0.3

✓
↵

⇡

◆2

+ 1.2
✓
↵

⇡

◆3

� 1.9
✓
↵

⇡

◆4

+ 9.2
✓
↵

⇡

◆5

+ 1.7⇥ 10�12(QCD + weak),

aµ =
↵

2⇡
+ 0.8

✓
↵

⇡

◆2

+ 24.
✓
↵

⇡

◆3

� 131.
✓
↵

⇡

◆4

+ 753.
✓
↵

⇡

◆5

+ 7.1⇥ 10�8(QCD + weak),

we see that due to the µ-to-e mass di↵er-
ence, the development for ae converges extremely
rapidly and that the non-QED contributions are
very small: a precise value of ↵ can be extracted
from ae and then injected in the calculation of aµ.
The value of aµ so obtained has a very small uncer-
tainty and is compatible with that obtained using
a value of ↵ from atomic physics (Table 1): the
QED contribution, which has been computed up
to the 5th order in ↵ [3], is under excellent control.
Table 2 presents the sizable contributions to the
prediction and the comparison with experiment as
of 2014 [4]:

• The QED contribution is the main contribu-
tor to the value of aµ, while the uncertainty

Table 1: Values of aQED
µ computed using values

of ↵ extracted from the measured value of ae and
from atomic physics measurements [3].

↵ from a

QED
µ (10�10)

ae 11 658 471.885 ± 0.004

Rubidium Rydberg constant 11 658 471.895 ± 0.008

is dominated by the hadronic contributions
(VP and LbL);

• The uncertainties of the prediction and of the
measurement are of similar magnitude;
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Impact of (g − 2)μ

Include aμ in EW Fit: 
‣ p-values:  

•   5%      (Δαhad from e+e− + τ decays)
•   2%      (Δαhad from e+e−)
• 12%      (Δαhad from τ decays)
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Figure 7: Predictions of the value of aµ [9–16]
after the experimental value (Cyan) [5] is sub-
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function-based; Black: e+e� and ⌧ combinations.

500 510 520 530 540 550 560

CMD2 506.6 +- 3.9 +- 0.9

SND 505.1 +- 6.7 +- 0.9

BaBar 514.1 +- 3.8 +- 1.0

a
µ

ππ,LO (10
-10

)

360 370 380 390 400 410 420

KLOE 08 368.1 +- 0.4 +- 2.3 +- 2.2

BaBar 09 376.7 +- 2.0 +- 1.9

KLOE 10 365.3 +- 0.9 +- 2.3 +- 2.2

KLOE 12 366.7 +- 1.2 +- 2.4 +- 0.8

BES III 368.2 +- 2.5 +- 3.3

a
µ

ππ,LO(0.6-0.9 GeV)  (10
-10

)

Figure 8: Measurements of a⇡
+⇡�

µ : top, full energy
range, adapted from [13]; bottom, (0.6 – 0.9 GeV),
adapted from [19].

6 What about aµ then ?

The time evolution of the prediction of aµ with
the availability of experimental results of increas-

[D. Bernard, arXiv: 1607.07181]

Include aμ in 2HDM Fit: 
‣ exclude tanβ < 0.2
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Flavour Constraints in Type-1 2HDM

45

tanβ > 1.5 for MH± < 500 GeV 
‣ Strong constraints from Bs → μμ and ΔMBs, ΔMBd

• weak dependence on MH±
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Flavour Constraints in Type-2 2HDM

46

MH± > 330 GeV, tighter constraints for high tanβ 
‣ Strongest constraints from B → Xsγ 
‣ BR(B → Dτν) / BR(B → Deν): deviation from SM prediction 

- can not be described within the Type-2 2HDM 
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‣ For given MH± tight constraints from H coupling measurements and EWPD
‣ Expect improvements from direct searches

Roman Kogler The Electroweak Fit 
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Dimension 6 Operators

48

[Engler, RK, Schulz, Spannowsky,  
arXiv:1511.05170]



The future of coupling fits: The Effective Field Theory approach

Highly complex: 59 operators (flavor blind)

All operators respecting gauge invariance, the SM gauge group and particle content

Agnostic operator basis complex: 2499 non-redundant parameters at dim-6

Oxford                     Seminar      Michael Spannowsky             19.11.2015                   8
Roman Kogler The Electroweak Fit

What’s Possible?
‣ All operators respecting gauge invariance, the SM gauge group and 

particle content 

‣ Agnostic operator basis: 2499 non-redundant parameters at dim-6 

‣ Flavour blind: 59 operators (still highly complex) 
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Roman Kogler The Electroweak Fit

What’s Feasible?
‣ SILH basis, focus on operators with Higgs involvement 

‣ Do not consider operators constrained by electroweak precision 
measurements

‣ 8 operators of interest
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narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 44, 45])
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In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 22, 46])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [22, 47].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [48]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [49], which we have
cross checked and introduced in [50]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [51] that inter-

faces FeynArts, FormCalc, and LoopTools [52, 53]
using a model file output by FeynRules [54–56] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.

Results for linearised LO EFT approach
[Englert, Kogler, Schulz, MS ’15]
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branching ratios in the dimension six extended Standard
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of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
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definite in this expansion, but negative bin entries pro-
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Focus on linear contribution 
of EFT for theory prediction:

Included production 
and decay modes:

6

tt̄H HZ HW H incl. H + j H + 2j

H ! bb̄ 80 25 40 100 100 150
H ! �� 60 70 30 10 10 20

H ! ⌧+⌧� 100 75 75 80 80 30
H ! 4l 70 30 30 20 20 30

H ! 2l2⌫ 70 100 100 20 20 30
H ! Z� 100 100 100 100 100 100

H ! µ+µ� 100 100 100 100 100 100

TABLE III: Relative systematic uncertainties for each pro-
duction times decay channel in %.

production process decay process

pp ! H 14.7 H ! bb̄ 6.1
pp ! H + j 15 H ! �� 5.4
pp ! H + 2j 15 H ! ⌧+⌧� 2.8
pp ! HZ 5.1 H ! 4l 4.8
pp ! HW 3.7 H ! 2l2⌫ 4.8
pp ! tt̄H 12 H ! µ+µ� 2.8

TABLE IV: Theoretical uncertainties for each production and
decay channel in %.

son coe�cients are set to zero. We construct expected
signal strength measurements for all accessible produc-
tion and decay modes. Additionally, di↵erential cross
sections as function of the Higgs transverse momentum
are simulated with a bin size of 100 GeV. Comparing
our predictions for the signal strength measurements for
14 TeV using an integrated luminosity of L14 = 300 fb�1

and L14 = 3000 fb�1, with the expectations published by
ATLAS [89, 90] and CMS [91, 92], we find good agree-
ment with the publicly available channels.

Theory uncertainties included in the fit are listed in
Tab. IV and have been obtained by the Higgs cross sec-
tion working group [65–67]. We assume the same size of
theory uncertainties for the SM predictions as for calcu-
lations using the EFT framework.

A. Results for Run 1

In the following we will evaluate the status of the e↵ec-
tive Lagrangian Eq. (3) in light of available run 1 analy-
ses. Similar analyses have been performed by a number
of groups , see e.g. [19, 21, 23, 93]. Comparing the above
fit-procedure to these results not only allows us to vali-
date the highly non-trivial fitting procedure against other
approaches, but also to extend these results by includ-
ing additional measurements which have become avail-
able in the meantime. We include experimental analy-
ses using HiggsSignals v1.4 [94, 95], based on Higgs-
Bounds v4.2.1 [96–99].

Specifically we include the following analyses. Higgs
decays to bosons have been measured in the channels
H ! �� [72, 74], H ! ZZ(⇤) ! 4l [79, 86] and
H ! WW (⇤) ! 2l2⌫ [80, 81, 87, 100]. These analy-
ses have sensitivity to the gluon-fusion, H + 2j and V H

production modes. The coupling to leptons has been
probed in the H ! ⌧+⌧� channel [77, 78], with some
evidence for H ! bb̄ in V H production [73, 101] and
a search for H ! µ+µ� [85]. The coupling to top
quarks has been addressed through tt̄H production in
the H ! bb̄ decay [68, 69] and in leptonic decays, sensi-
tive to the H ! ZZ(⇤), H ! WW (⇤) and H ! ⌧+⌧�

channels [69, 102]. This results in a total of 77 mea-
surements included in the fit. Correlations between the
measurements are introduced due to the acceptance of
a given experimental measurement to a number of pro-
duction and decay modes. These correlations are taken
into account. Also, the theoretical uncertainties from the
normalisation of the signal strength measurements to the
SM prediction, as included in the experimental results,
are taken to be fully correlated among the experimental
measurements [94, 95]. Correlations due to theory un-
certainties in the calculations with dimension six e↵ects
are included as well.
The results are shown in Fig. 2. We note that we are

in good agreement with [21]; with slight di↵erences that
can be understood from working under di↵erent assump-
tions (specifically the strict linearisation of dimension six
e↵ects) as well as including more analyses. The fit con-
verges with a minimum value of �2 of 87.9 for 69 degrees
of freedom (ndof), corresponding to a p-value of about
0.06. Without theory uncertainties the value of �2 in-
creases to 96.8. The goodness-of-fit is slightly worse than
the result of a �2 test of the SM hypothesis, which gives a
minimum value of �2/ndof = 91.3/77 = 1.19, or a p-value
of 0.13. The smaller p-value for the dimension-six fit with
respect to the SM result can be understood because of
the addition of free parameters not needed to describe
the data, in other words, some dimension-six coe�cients
are not constrained by the current data.

Let us compare these limits to the SM to get an
estimate of how big these constraints are if we move
away from the bar convention. The limits on, e.g.,
c̄g . 0.03 ⇥ 10�3 can be compared for instance against
the e↵ective ggH operator that arises from integrating
out the top quark in the limit mt ! 1. The e↵ective
operator for this limit, using low energy e↵ective theo-
rems [103–105] reads

↵s

12⇡
Ga

µ⌫G
aµ⌫ log(1 +H/v)

' ↵s

12⇡v
Ga

µ⌫G
aµ⌫H + . . . (9)

Matching this operator onto SILH convention of Eq. (3),
we obtain |c̄g(e↵ective SM)| ' 0.23 ⇥ 10�3. So in this
sense, new physics is constrained to a O(10%) deviation
relative to the SM from inclusive observables. The rela-
tive deviations in the tails for this operator can easily be
as big as factors of two (see e.g. [47, 54, 55]), which high-
lights the necessity to resolve this deviation with energy
or momentum dependent observables during run 2 and
the high luminosity phase to best constrain the presence
of non-resonant physics using high momentum transfers.

(incl.theory 
uncertainties) 4

and the luminosity L of the particular analysis:

Nth = �(H +X)⇥ BR(H ! Y Y )

⇥ L⇥ BR(X,Y ! final state) (7)

This number is then multiplied by the e�ciency to mea-
sure the production channel ✏p and the e�ciency to mea-
sure the decay products ✏d, to obtain the measured num-
ber of events

Nev = ✏p✏dNth. (8)

For the e�ciency to reconstruct a specific final state, we
rely on experimental results from run 1, where avail-
able. The e�ciencies used are ✏p,tt̄h = 0.10 [68–71],
✏p,ZH = 0.12, ✏p,WH = 0.04, ✏p,VBF = 0.30 [4, 72–74].
We assume a value of ✏p,H+j = 0.5 [75] (see also [76])
where no experimental results targeting this production
mode are available so far. In order to simplify the as-
sumptions and the background estimates, we consider
only leptonic channels for the V H and tt̄H production
modes. Here only final states with electrons and muons
are used. These are however allowed to originate from
⌧ -decays. In case of the gluon fusion production mode,
analyses targeting di↵erent final states have di↵erent re-
construction e�ciencies. We use the following e�ciencies
for the process pp ! H: ✏p,GF = 0.4 for H ! �� [72, 74],
✏p,GF = 0.01 for H ! ⌧+⌧� [77, 78], ✏p,GF = 0.25 for
H ! 4l [4, 79], ✏p,GF = 0.10 for H ! 2l2⌫ [80, 81],
✏p,GF = 0.10 for H ! Z� [82, 83], and ✏p,GF = 0.50 for
H ! µµ [84, 85]. The H ! bb̄ decay is not considered for
the gluon fusion production mode. Taking a conservative
approach we assume the same reconstruction e�ciencies
for measurements at 14 TeV, independent of the Higgs
transverse momentum.

In the reconstruction of the Higgs boson we include
reconstruction and identification e�ciencies of the final
state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤ ! 4l: We consider Z decays into electrons
and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧+⌧� 15
pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ+µ� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤ ! 2l2⌫: Only lepton decays into electrons
and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�
: Each muon is assumed to have a reconstruc-

tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

pL8/L14 for a given integrated luminosity at
14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-

Number of predicted events:

Each channel has own prod. and decay efficiencies:
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✏p,GF = 0.01 for H ! ⌧+⌧� [77, 78], ✏p,GF = 0.25 for
H ! 4l [4, 79], ✏p,GF = 0.10 for H ! 2l2⌫ [80, 81],
✏p,GF = 0.10 for H ! Z� [82, 83], and ✏p,GF = 0.50 for
H ! µµ [84, 85]. The H ! bb̄ decay is not considered for
the gluon fusion production mode. Taking a conservative
approach we assume the same reconstruction e�ciencies
for measurements at 14 TeV, independent of the Higgs
transverse momentum.

In the reconstruction of the Higgs boson we include
reconstruction and identification e�ciencies of the final
state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤ ! 4l: We consider Z decays into electrons
and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧+⌧� 15
pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ+µ� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤ ! 2l2⌫: Only lepton decays into electrons
and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�
: Each muon is assumed to have a reconstruc-

tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

pL8/L14 for a given integrated luminosity at
14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-
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narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 42, 43])
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2v2
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(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.

Focus on linear contribution 
of EFT for theory prediction:

Included production 
and decay modes:

6

tt̄H HZ HW H incl. H + j H + 2j

H ! bb̄ 80 25 40 100 100 150
H ! �� 60 70 30 10 10 20

H ! ⌧+⌧� 100 75 75 80 80 30
H ! 4l 70 30 30 20 20 30

H ! 2l2⌫ 70 100 100 20 20 30
H ! Z� 100 100 100 100 100 100

H ! µ+µ� 100 100 100 100 100 100

TABLE III: Relative systematic uncertainties for each pro-
duction times decay channel in %.

production process decay process

pp ! H 14.7 H ! bb̄ 6.1
pp ! H + j 15 H ! �� 5.4
pp ! H + 2j 15 H ! ⌧+⌧� 2.8
pp ! HZ 5.1 H ! 4l 4.8
pp ! HW 3.7 H ! 2l2⌫ 4.8
pp ! tt̄H 12 H ! µ+µ� 2.8

TABLE IV: Theoretical uncertainties for each production and
decay channel in %.

son coe�cients are set to zero. We construct expected
signal strength measurements for all accessible produc-
tion and decay modes. Additionally, di↵erential cross
sections as function of the Higgs transverse momentum
are simulated with a bin size of 100 GeV. Comparing
our predictions for the signal strength measurements for
14 TeV using an integrated luminosity of L14 = 300 fb�1

and L14 = 3000 fb�1, with the expectations published by
ATLAS [89, 90] and CMS [91, 92], we find good agree-
ment with the publicly available channels.

Theory uncertainties included in the fit are listed in
Tab. IV and have been obtained by the Higgs cross sec-
tion working group [65–67]. We assume the same size of
theory uncertainties for the SM predictions as for calcu-
lations using the EFT framework.

A. Results for Run 1

In the following we will evaluate the status of the e↵ec-
tive Lagrangian Eq. (3) in light of available run 1 analy-
ses. Similar analyses have been performed by a number
of groups , see e.g. [19, 21, 23, 93]. Comparing the above
fit-procedure to these results not only allows us to vali-
date the highly non-trivial fitting procedure against other
approaches, but also to extend these results by includ-
ing additional measurements which have become avail-
able in the meantime. We include experimental analy-
ses using HiggsSignals v1.4 [94, 95], based on Higgs-
Bounds v4.2.1 [96–99].

Specifically we include the following analyses. Higgs
decays to bosons have been measured in the channels
H ! �� [72, 74], H ! ZZ(⇤) ! 4l [79, 86] and
H ! WW (⇤) ! 2l2⌫ [80, 81, 87, 100]. These analy-
ses have sensitivity to the gluon-fusion, H + 2j and V H

production modes. The coupling to leptons has been
probed in the H ! ⌧+⌧� channel [77, 78], with some
evidence for H ! bb̄ in V H production [73, 101] and
a search for H ! µ+µ� [85]. The coupling to top
quarks has been addressed through tt̄H production in
the H ! bb̄ decay [68, 69] and in leptonic decays, sensi-
tive to the H ! ZZ(⇤), H ! WW (⇤) and H ! ⌧+⌧�

channels [69, 102]. This results in a total of 77 mea-
surements included in the fit. Correlations between the
measurements are introduced due to the acceptance of
a given experimental measurement to a number of pro-
duction and decay modes. These correlations are taken
into account. Also, the theoretical uncertainties from the
normalisation of the signal strength measurements to the
SM prediction, as included in the experimental results,
are taken to be fully correlated among the experimental
measurements [94, 95]. Correlations due to theory un-
certainties in the calculations with dimension six e↵ects
are included as well.
The results are shown in Fig. 2. We note that we are

in good agreement with [21]; with slight di↵erences that
can be understood from working under di↵erent assump-
tions (specifically the strict linearisation of dimension six
e↵ects) as well as including more analyses. The fit con-
verges with a minimum value of �2 of 87.9 for 69 degrees
of freedom (ndof), corresponding to a p-value of about
0.06. Without theory uncertainties the value of �2 in-
creases to 96.8. The goodness-of-fit is slightly worse than
the result of a �2 test of the SM hypothesis, which gives a
minimum value of �2/ndof = 91.3/77 = 1.19, or a p-value
of 0.13. The smaller p-value for the dimension-six fit with
respect to the SM result can be understood because of
the addition of free parameters not needed to describe
the data, in other words, some dimension-six coe�cients
are not constrained by the current data.

Let us compare these limits to the SM to get an
estimate of how big these constraints are if we move
away from the bar convention. The limits on, e.g.,
c̄g . 0.03 ⇥ 10�3 can be compared for instance against
the e↵ective ggH operator that arises from integrating
out the top quark in the limit mt ! 1. The e↵ective
operator for this limit, using low energy e↵ective theo-
rems [103–105] reads

↵s

12⇡
Ga

µ⌫G
aµ⌫ log(1 +H/v)

' ↵s

12⇡v
Ga

µ⌫G
aµ⌫H + . . . (9)

Matching this operator onto SILH convention of Eq. (3),
we obtain |c̄g(e↵ective SM)| ' 0.23 ⇥ 10�3. So in this
sense, new physics is constrained to a O(10%) deviation
relative to the SM from inclusive observables. The rela-
tive deviations in the tails for this operator can easily be
as big as factors of two (see e.g. [47, 54, 55]), which high-
lights the necessity to resolve this deviation with energy
or momentum dependent observables during run 2 and
the high luminosity phase to best constrain the presence
of non-resonant physics using high momentum transfers.

(incl.theory 
uncertainties) 4

and the luminosity L of the particular analysis:

Nth = �(H +X)⇥ BR(H ! Y Y )

⇥ L⇥ BR(X,Y ! final state) (7)

This number is then multiplied by the e�ciency to mea-
sure the production channel ✏p and the e�ciency to mea-
sure the decay products ✏d, to obtain the measured num-
ber of events

Nev = ✏p✏dNth. (8)

For the e�ciency to reconstruct a specific final state, we
rely on experimental results from run 1, where avail-
able. The e�ciencies used are ✏p,tt̄h = 0.10 [68–71],
✏p,ZH = 0.12, ✏p,WH = 0.04, ✏p,VBF = 0.30 [4, 72–74].
We assume a value of ✏p,H+j = 0.5 [75] (see also [76])
where no experimental results targeting this production
mode are available so far. In order to simplify the as-
sumptions and the background estimates, we consider
only leptonic channels for the V H and tt̄H production
modes. Here only final states with electrons and muons
are used. These are however allowed to originate from
⌧ -decays. In case of the gluon fusion production mode,
analyses targeting di↵erent final states have di↵erent re-
construction e�ciencies. We use the following e�ciencies
for the process pp ! H: ✏p,GF = 0.4 for H ! �� [72, 74],
✏p,GF = 0.01 for H ! ⌧+⌧� [77, 78], ✏p,GF = 0.25 for
H ! 4l [4, 79], ✏p,GF = 0.10 for H ! 2l2⌫ [80, 81],
✏p,GF = 0.10 for H ! Z� [82, 83], and ✏p,GF = 0.50 for
H ! µµ [84, 85]. The H ! bb̄ decay is not considered for
the gluon fusion production mode. Taking a conservative
approach we assume the same reconstruction e�ciencies
for measurements at 14 TeV, independent of the Higgs
transverse momentum.

In the reconstruction of the Higgs boson we include
reconstruction and identification e�ciencies of the final
state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤ ! 4l: We consider Z decays into electrons
and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧+⌧� 15
pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ+µ� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤ ! 2l2⌫: Only lepton decays into electrons
and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�
: Each muon is assumed to have a reconstruc-

tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

pL8/L14 for a given integrated luminosity at
14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-

Number of predicted events:

Each channel has own prod. and decay efficiencies:

4

and the luminosity L of the particular analysis:

Nth = �(H +X)⇥ BR(H ! Y Y )

⇥ L⇥ BR(X,Y ! final state) (7)

This number is then multiplied by the e�ciency to mea-
sure the production channel ✏p and the e�ciency to mea-
sure the decay products ✏d, to obtain the measured num-
ber of events

Nev = ✏p✏dNth. (8)

For the e�ciency to reconstruct a specific final state, we
rely on experimental results from run 1, where avail-
able. The e�ciencies used are ✏p,tt̄h = 0.10 [68–71],
✏p,ZH = 0.12, ✏p,WH = 0.04, ✏p,VBF = 0.30 [4, 72–74].
We assume a value of ✏p,H+j = 0.5 [75] (see also [76])
where no experimental results targeting this production
mode are available so far. In order to simplify the as-
sumptions and the background estimates, we consider
only leptonic channels for the V H and tt̄H production
modes. Here only final states with electrons and muons
are used. These are however allowed to originate from
⌧ -decays. In case of the gluon fusion production mode,
analyses targeting di↵erent final states have di↵erent re-
construction e�ciencies. We use the following e�ciencies
for the process pp ! H: ✏p,GF = 0.4 for H ! �� [72, 74],
✏p,GF = 0.01 for H ! ⌧+⌧� [77, 78], ✏p,GF = 0.25 for
H ! 4l [4, 79], ✏p,GF = 0.10 for H ! 2l2⌫ [80, 81],
✏p,GF = 0.10 for H ! Z� [82, 83], and ✏p,GF = 0.50 for
H ! µµ [84, 85]. The H ! bb̄ decay is not considered for
the gluon fusion production mode. Taking a conservative
approach we assume the same reconstruction e�ciencies
for measurements at 14 TeV, independent of the Higgs
transverse momentum.

In the reconstruction of the Higgs boson we include
reconstruction and identification e�ciencies of the final
state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤ ! 4l: We consider Z decays into electrons
and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧+⌧� 15
pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ+µ� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤ ! 2l2⌫: Only lepton decays into electrons
and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�
: Each muon is assumed to have a reconstruc-

tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

pL8/L14 for a given integrated luminosity at
14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-
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Results from Run 1 
‣ Include all available Higgs measurements from ATLAS and CMS
‣ 77 signal strength measurements included
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Results for linearised LO EFT approach
[Englert, Kogler, Schulz, MS ’15]

2

narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 42, 43])

LSILH =
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(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.

Focus on linear contribution 
of EFT for theory prediction:

Included production 
and decay modes:

6

tt̄H HZ HW H incl. H + j H + 2j

H ! bb̄ 80 25 40 100 100 150
H ! �� 60 70 30 10 10 20

H ! ⌧+⌧� 100 75 75 80 80 30
H ! 4l 70 30 30 20 20 30

H ! 2l2⌫ 70 100 100 20 20 30
H ! Z� 100 100 100 100 100 100

H ! µ+µ� 100 100 100 100 100 100

TABLE III: Relative systematic uncertainties for each pro-
duction times decay channel in %.

production process decay process

pp ! H 14.7 H ! bb̄ 6.1
pp ! H + j 15 H ! �� 5.4
pp ! H + 2j 15 H ! ⌧+⌧� 2.8
pp ! HZ 5.1 H ! 4l 4.8
pp ! HW 3.7 H ! 2l2⌫ 4.8
pp ! tt̄H 12 H ! µ+µ� 2.8

TABLE IV: Theoretical uncertainties for each production and
decay channel in %.

son coe�cients are set to zero. We construct expected
signal strength measurements for all accessible produc-
tion and decay modes. Additionally, di↵erential cross
sections as function of the Higgs transverse momentum
are simulated with a bin size of 100 GeV. Comparing
our predictions for the signal strength measurements for
14 TeV using an integrated luminosity of L14 = 300 fb�1

and L14 = 3000 fb�1, with the expectations published by
ATLAS [89, 90] and CMS [91, 92], we find good agree-
ment with the publicly available channels.

Theory uncertainties included in the fit are listed in
Tab. IV and have been obtained by the Higgs cross sec-
tion working group [65–67]. We assume the same size of
theory uncertainties for the SM predictions as for calcu-
lations using the EFT framework.

A. Results for Run 1

In the following we will evaluate the status of the e↵ec-
tive Lagrangian Eq. (3) in light of available run 1 analy-
ses. Similar analyses have been performed by a number
of groups , see e.g. [19, 21, 23, 93]. Comparing the above
fit-procedure to these results not only allows us to vali-
date the highly non-trivial fitting procedure against other
approaches, but also to extend these results by includ-
ing additional measurements which have become avail-
able in the meantime. We include experimental analy-
ses using HiggsSignals v1.4 [94, 95], based on Higgs-
Bounds v4.2.1 [96–99].

Specifically we include the following analyses. Higgs
decays to bosons have been measured in the channels
H ! �� [72, 74], H ! ZZ(⇤) ! 4l [79, 86] and
H ! WW (⇤) ! 2l2⌫ [80, 81, 87, 100]. These analy-
ses have sensitivity to the gluon-fusion, H + 2j and V H

production modes. The coupling to leptons has been
probed in the H ! ⌧+⌧� channel [77, 78], with some
evidence for H ! bb̄ in V H production [73, 101] and
a search for H ! µ+µ� [85]. The coupling to top
quarks has been addressed through tt̄H production in
the H ! bb̄ decay [68, 69] and in leptonic decays, sensi-
tive to the H ! ZZ(⇤), H ! WW (⇤) and H ! ⌧+⌧�

channels [69, 102]. This results in a total of 77 mea-
surements included in the fit. Correlations between the
measurements are introduced due to the acceptance of
a given experimental measurement to a number of pro-
duction and decay modes. These correlations are taken
into account. Also, the theoretical uncertainties from the
normalisation of the signal strength measurements to the
SM prediction, as included in the experimental results,
are taken to be fully correlated among the experimental
measurements [94, 95]. Correlations due to theory un-
certainties in the calculations with dimension six e↵ects
are included as well.
The results are shown in Fig. 2. We note that we are

in good agreement with [21]; with slight di↵erences that
can be understood from working under di↵erent assump-
tions (specifically the strict linearisation of dimension six
e↵ects) as well as including more analyses. The fit con-
verges with a minimum value of �2 of 87.9 for 69 degrees
of freedom (ndof), corresponding to a p-value of about
0.06. Without theory uncertainties the value of �2 in-
creases to 96.8. The goodness-of-fit is slightly worse than
the result of a �2 test of the SM hypothesis, which gives a
minimum value of �2/ndof = 91.3/77 = 1.19, or a p-value
of 0.13. The smaller p-value for the dimension-six fit with
respect to the SM result can be understood because of
the addition of free parameters not needed to describe
the data, in other words, some dimension-six coe�cients
are not constrained by the current data.

Let us compare these limits to the SM to get an
estimate of how big these constraints are if we move
away from the bar convention. The limits on, e.g.,
c̄g . 0.03 ⇥ 10�3 can be compared for instance against
the e↵ective ggH operator that arises from integrating
out the top quark in the limit mt ! 1. The e↵ective
operator for this limit, using low energy e↵ective theo-
rems [103–105] reads

↵s

12⇡
Ga

µ⌫G
aµ⌫ log(1 +H/v)

' ↵s

12⇡v
Ga

µ⌫G
aµ⌫H + . . . (9)

Matching this operator onto SILH convention of Eq. (3),
we obtain |c̄g(e↵ective SM)| ' 0.23 ⇥ 10�3. So in this
sense, new physics is constrained to a O(10%) deviation
relative to the SM from inclusive observables. The rela-
tive deviations in the tails for this operator can easily be
as big as factors of two (see e.g. [47, 54, 55]), which high-
lights the necessity to resolve this deviation with energy
or momentum dependent observables during run 2 and
the high luminosity phase to best constrain the presence
of non-resonant physics using high momentum transfers.

(incl.theory 
uncertainties) 4

and the luminosity L of the particular analysis:

Nth = �(H +X)⇥ BR(H ! Y Y )

⇥ L⇥ BR(X,Y ! final state) (7)

This number is then multiplied by the e�ciency to mea-
sure the production channel ✏p and the e�ciency to mea-
sure the decay products ✏d, to obtain the measured num-
ber of events

Nev = ✏p✏dNth. (8)

For the e�ciency to reconstruct a specific final state, we
rely on experimental results from run 1, where avail-
able. The e�ciencies used are ✏p,tt̄h = 0.10 [68–71],
✏p,ZH = 0.12, ✏p,WH = 0.04, ✏p,VBF = 0.30 [4, 72–74].
We assume a value of ✏p,H+j = 0.5 [75] (see also [76])
where no experimental results targeting this production
mode are available so far. In order to simplify the as-
sumptions and the background estimates, we consider
only leptonic channels for the V H and tt̄H production
modes. Here only final states with electrons and muons
are used. These are however allowed to originate from
⌧ -decays. In case of the gluon fusion production mode,
analyses targeting di↵erent final states have di↵erent re-
construction e�ciencies. We use the following e�ciencies
for the process pp ! H: ✏p,GF = 0.4 for H ! �� [72, 74],
✏p,GF = 0.01 for H ! ⌧+⌧� [77, 78], ✏p,GF = 0.25 for
H ! 4l [4, 79], ✏p,GF = 0.10 for H ! 2l2⌫ [80, 81],
✏p,GF = 0.10 for H ! Z� [82, 83], and ✏p,GF = 0.50 for
H ! µµ [84, 85]. The H ! bb̄ decay is not considered for
the gluon fusion production mode. Taking a conservative
approach we assume the same reconstruction e�ciencies
for measurements at 14 TeV, independent of the Higgs
transverse momentum.

In the reconstruction of the Higgs boson we include
reconstruction and identification e�ciencies of the final
state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤ ! 4l: We consider Z decays into electrons
and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧+⌧� 15
pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ+µ� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤ ! 2l2⌫: Only lepton decays into electrons
and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�
: Each muon is assumed to have a reconstruc-

tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

pL8/L14 for a given integrated luminosity at
14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-

Number of predicted events:

Each channel has own prod. and decay efficiencies:

4
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✏p,GF = 0.01 for H ! ⌧+⌧� [77, 78], ✏p,GF = 0.25 for
H ! 4l [4, 79], ✏p,GF = 0.10 for H ! 2l2⌫ [80, 81],
✏p,GF = 0.10 for H ! Z� [82, 83], and ✏p,GF = 0.50 for
H ! µµ [84, 85]. The H ! bb̄ decay is not considered for
the gluon fusion production mode. Taking a conservative
approach we assume the same reconstruction e�ciencies
for measurements at 14 TeV, independent of the Higgs
transverse momentum.

In the reconstruction of the Higgs boson we include
reconstruction and identification e�ciencies of the final
state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤ ! 4l: We consider Z decays into electrons
and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧+⌧� 15
pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ+µ� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤ ! 2l2⌫: Only lepton decays into electrons
and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�
: Each muon is assumed to have a reconstruc-

tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

pL8/L14 for a given integrated luminosity at
14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-
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narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 42, 43])
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(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.

Focus on linear contribution 
of EFT for theory prediction:

Included production 
and decay modes:

6

tt̄H HZ HW H incl. H + j H + 2j

H ! bb̄ 80 25 40 100 100 150
H ! �� 60 70 30 10 10 20

H ! ⌧+⌧� 100 75 75 80 80 30
H ! 4l 70 30 30 20 20 30

H ! 2l2⌫ 70 100 100 20 20 30
H ! Z� 100 100 100 100 100 100

H ! µ+µ� 100 100 100 100 100 100

TABLE III: Relative systematic uncertainties for each pro-
duction times decay channel in %.

production process decay process

pp ! H 14.7 H ! bb̄ 6.1
pp ! H + j 15 H ! �� 5.4
pp ! H + 2j 15 H ! ⌧+⌧� 2.8
pp ! HZ 5.1 H ! 4l 4.8
pp ! HW 3.7 H ! 2l2⌫ 4.8
pp ! tt̄H 12 H ! µ+µ� 2.8

TABLE IV: Theoretical uncertainties for each production and
decay channel in %.

son coe�cients are set to zero. We construct expected
signal strength measurements for all accessible produc-
tion and decay modes. Additionally, di↵erential cross
sections as function of the Higgs transverse momentum
are simulated with a bin size of 100 GeV. Comparing
our predictions for the signal strength measurements for
14 TeV using an integrated luminosity of L14 = 300 fb�1

and L14 = 3000 fb�1, with the expectations published by
ATLAS [89, 90] and CMS [91, 92], we find good agree-
ment with the publicly available channels.

Theory uncertainties included in the fit are listed in
Tab. IV and have been obtained by the Higgs cross sec-
tion working group [65–67]. We assume the same size of
theory uncertainties for the SM predictions as for calcu-
lations using the EFT framework.

A. Results for Run 1

In the following we will evaluate the status of the e↵ec-
tive Lagrangian Eq. (3) in light of available run 1 analy-
ses. Similar analyses have been performed by a number
of groups , see e.g. [19, 21, 23, 93]. Comparing the above
fit-procedure to these results not only allows us to vali-
date the highly non-trivial fitting procedure against other
approaches, but also to extend these results by includ-
ing additional measurements which have become avail-
able in the meantime. We include experimental analy-
ses using HiggsSignals v1.4 [94, 95], based on Higgs-
Bounds v4.2.1 [96–99].

Specifically we include the following analyses. Higgs
decays to bosons have been measured in the channels
H ! �� [72, 74], H ! ZZ(⇤) ! 4l [79, 86] and
H ! WW (⇤) ! 2l2⌫ [80, 81, 87, 100]. These analy-
ses have sensitivity to the gluon-fusion, H + 2j and V H

production modes. The coupling to leptons has been
probed in the H ! ⌧+⌧� channel [77, 78], with some
evidence for H ! bb̄ in V H production [73, 101] and
a search for H ! µ+µ� [85]. The coupling to top
quarks has been addressed through tt̄H production in
the H ! bb̄ decay [68, 69] and in leptonic decays, sensi-
tive to the H ! ZZ(⇤), H ! WW (⇤) and H ! ⌧+⌧�

channels [69, 102]. This results in a total of 77 mea-
surements included in the fit. Correlations between the
measurements are introduced due to the acceptance of
a given experimental measurement to a number of pro-
duction and decay modes. These correlations are taken
into account. Also, the theoretical uncertainties from the
normalisation of the signal strength measurements to the
SM prediction, as included in the experimental results,
are taken to be fully correlated among the experimental
measurements [94, 95]. Correlations due to theory un-
certainties in the calculations with dimension six e↵ects
are included as well.
The results are shown in Fig. 2. We note that we are

in good agreement with [21]; with slight di↵erences that
can be understood from working under di↵erent assump-
tions (specifically the strict linearisation of dimension six
e↵ects) as well as including more analyses. The fit con-
verges with a minimum value of �2 of 87.9 for 69 degrees
of freedom (ndof), corresponding to a p-value of about
0.06. Without theory uncertainties the value of �2 in-
creases to 96.8. The goodness-of-fit is slightly worse than
the result of a �2 test of the SM hypothesis, which gives a
minimum value of �2/ndof = 91.3/77 = 1.19, or a p-value
of 0.13. The smaller p-value for the dimension-six fit with
respect to the SM result can be understood because of
the addition of free parameters not needed to describe
the data, in other words, some dimension-six coe�cients
are not constrained by the current data.

Let us compare these limits to the SM to get an
estimate of how big these constraints are if we move
away from the bar convention. The limits on, e.g.,
c̄g . 0.03 ⇥ 10�3 can be compared for instance against
the e↵ective ggH operator that arises from integrating
out the top quark in the limit mt ! 1. The e↵ective
operator for this limit, using low energy e↵ective theo-
rems [103–105] reads

↵s

12⇡
Ga

µ⌫G
aµ⌫ log(1 +H/v)

' ↵s

12⇡v
Ga

µ⌫G
aµ⌫H + . . . (9)

Matching this operator onto SILH convention of Eq. (3),
we obtain |c̄g(e↵ective SM)| ' 0.23 ⇥ 10�3. So in this
sense, new physics is constrained to a O(10%) deviation
relative to the SM from inclusive observables. The rela-
tive deviations in the tails for this operator can easily be
as big as factors of two (see e.g. [47, 54, 55]), which high-
lights the necessity to resolve this deviation with energy
or momentum dependent observables during run 2 and
the high luminosity phase to best constrain the presence
of non-resonant physics using high momentum transfers.

(incl.theory 
uncertainties) 4

and the luminosity L of the particular analysis:

Nth = �(H +X)⇥ BR(H ! Y Y )

⇥ L⇥ BR(X,Y ! final state) (7)

This number is then multiplied by the e�ciency to mea-
sure the production channel ✏p and the e�ciency to mea-
sure the decay products ✏d, to obtain the measured num-
ber of events

Nev = ✏p✏dNth. (8)

For the e�ciency to reconstruct a specific final state, we
rely on experimental results from run 1, where avail-
able. The e�ciencies used are ✏p,tt̄h = 0.10 [68–71],
✏p,ZH = 0.12, ✏p,WH = 0.04, ✏p,VBF = 0.30 [4, 72–74].
We assume a value of ✏p,H+j = 0.5 [75] (see also [76])
where no experimental results targeting this production
mode are available so far. In order to simplify the as-
sumptions and the background estimates, we consider
only leptonic channels for the V H and tt̄H production
modes. Here only final states with electrons and muons
are used. These are however allowed to originate from
⌧ -decays. In case of the gluon fusion production mode,
analyses targeting di↵erent final states have di↵erent re-
construction e�ciencies. We use the following e�ciencies
for the process pp ! H: ✏p,GF = 0.4 for H ! �� [72, 74],
✏p,GF = 0.01 for H ! ⌧+⌧� [77, 78], ✏p,GF = 0.25 for
H ! 4l [4, 79], ✏p,GF = 0.10 for H ! 2l2⌫ [80, 81],
✏p,GF = 0.10 for H ! Z� [82, 83], and ✏p,GF = 0.50 for
H ! µµ [84, 85]. The H ! bb̄ decay is not considered for
the gluon fusion production mode. Taking a conservative
approach we assume the same reconstruction e�ciencies
for measurements at 14 TeV, independent of the Higgs
transverse momentum.

In the reconstruction of the Higgs boson we include
reconstruction and identification e�ciencies of the final
state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤ ! 4l: We consider Z decays into electrons
and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧+⌧� 15
pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ+µ� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤ ! 2l2⌫: Only lepton decays into electrons
and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�
: Each muon is assumed to have a reconstruc-

tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

pL8/L14 for a given integrated luminosity at
14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-

Number of predicted events:

Each channel has own prod. and decay efficiencies:
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state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤ ! 4l: We consider Z decays into electrons
and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧+⌧� 15
pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ+µ� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤ ! 2l2⌫: Only lepton decays into electrons
and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�
: Each muon is assumed to have a reconstruc-

tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

pL8/L14 for a given integrated luminosity at
14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-
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narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 42, 43])
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2v2
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(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.

Focus on linear contribution 
of EFT for theory prediction:

Included production 
and decay modes:

6

tt̄H HZ HW H incl. H + j H + 2j

H ! bb̄ 80 25 40 100 100 150
H ! �� 60 70 30 10 10 20

H ! ⌧+⌧� 100 75 75 80 80 30
H ! 4l 70 30 30 20 20 30

H ! 2l2⌫ 70 100 100 20 20 30
H ! Z� 100 100 100 100 100 100

H ! µ+µ� 100 100 100 100 100 100

TABLE III: Relative systematic uncertainties for each pro-
duction times decay channel in %.

production process decay process

pp ! H 14.7 H ! bb̄ 6.1
pp ! H + j 15 H ! �� 5.4
pp ! H + 2j 15 H ! ⌧+⌧� 2.8
pp ! HZ 5.1 H ! 4l 4.8
pp ! HW 3.7 H ! 2l2⌫ 4.8
pp ! tt̄H 12 H ! µ+µ� 2.8

TABLE IV: Theoretical uncertainties for each production and
decay channel in %.

son coe�cients are set to zero. We construct expected
signal strength measurements for all accessible produc-
tion and decay modes. Additionally, di↵erential cross
sections as function of the Higgs transverse momentum
are simulated with a bin size of 100 GeV. Comparing
our predictions for the signal strength measurements for
14 TeV using an integrated luminosity of L14 = 300 fb�1

and L14 = 3000 fb�1, with the expectations published by
ATLAS [89, 90] and CMS [91, 92], we find good agree-
ment with the publicly available channels.

Theory uncertainties included in the fit are listed in
Tab. IV and have been obtained by the Higgs cross sec-
tion working group [65–67]. We assume the same size of
theory uncertainties for the SM predictions as for calcu-
lations using the EFT framework.

A. Results for Run 1

In the following we will evaluate the status of the e↵ec-
tive Lagrangian Eq. (3) in light of available run 1 analy-
ses. Similar analyses have been performed by a number
of groups , see e.g. [19, 21, 23, 93]. Comparing the above
fit-procedure to these results not only allows us to vali-
date the highly non-trivial fitting procedure against other
approaches, but also to extend these results by includ-
ing additional measurements which have become avail-
able in the meantime. We include experimental analy-
ses using HiggsSignals v1.4 [94, 95], based on Higgs-
Bounds v4.2.1 [96–99].

Specifically we include the following analyses. Higgs
decays to bosons have been measured in the channels
H ! �� [72, 74], H ! ZZ(⇤) ! 4l [79, 86] and
H ! WW (⇤) ! 2l2⌫ [80, 81, 87, 100]. These analy-
ses have sensitivity to the gluon-fusion, H + 2j and V H

production modes. The coupling to leptons has been
probed in the H ! ⌧+⌧� channel [77, 78], with some
evidence for H ! bb̄ in V H production [73, 101] and
a search for H ! µ+µ� [85]. The coupling to top
quarks has been addressed through tt̄H production in
the H ! bb̄ decay [68, 69] and in leptonic decays, sensi-
tive to the H ! ZZ(⇤), H ! WW (⇤) and H ! ⌧+⌧�

channels [69, 102]. This results in a total of 77 mea-
surements included in the fit. Correlations between the
measurements are introduced due to the acceptance of
a given experimental measurement to a number of pro-
duction and decay modes. These correlations are taken
into account. Also, the theoretical uncertainties from the
normalisation of the signal strength measurements to the
SM prediction, as included in the experimental results,
are taken to be fully correlated among the experimental
measurements [94, 95]. Correlations due to theory un-
certainties in the calculations with dimension six e↵ects
are included as well.
The results are shown in Fig. 2. We note that we are

in good agreement with [21]; with slight di↵erences that
can be understood from working under di↵erent assump-
tions (specifically the strict linearisation of dimension six
e↵ects) as well as including more analyses. The fit con-
verges with a minimum value of �2 of 87.9 for 69 degrees
of freedom (ndof), corresponding to a p-value of about
0.06. Without theory uncertainties the value of �2 in-
creases to 96.8. The goodness-of-fit is slightly worse than
the result of a �2 test of the SM hypothesis, which gives a
minimum value of �2/ndof = 91.3/77 = 1.19, or a p-value
of 0.13. The smaller p-value for the dimension-six fit with
respect to the SM result can be understood because of
the addition of free parameters not needed to describe
the data, in other words, some dimension-six coe�cients
are not constrained by the current data.

Let us compare these limits to the SM to get an
estimate of how big these constraints are if we move
away from the bar convention. The limits on, e.g.,
c̄g . 0.03 ⇥ 10�3 can be compared for instance against
the e↵ective ggH operator that arises from integrating
out the top quark in the limit mt ! 1. The e↵ective
operator for this limit, using low energy e↵ective theo-
rems [103–105] reads

↵s

12⇡
Ga

µ⌫G
aµ⌫ log(1 +H/v)

' ↵s

12⇡v
Ga

µ⌫G
aµ⌫H + . . . (9)

Matching this operator onto SILH convention of Eq. (3),
we obtain |c̄g(e↵ective SM)| ' 0.23 ⇥ 10�3. So in this
sense, new physics is constrained to a O(10%) deviation
relative to the SM from inclusive observables. The rela-
tive deviations in the tails for this operator can easily be
as big as factors of two (see e.g. [47, 54, 55]), which high-
lights the necessity to resolve this deviation with energy
or momentum dependent observables during run 2 and
the high luminosity phase to best constrain the presence
of non-resonant physics using high momentum transfers.

(incl.theory 
uncertainties) 4

and the luminosity L of the particular analysis:

Nth = �(H +X)⇥ BR(H ! Y Y )

⇥ L⇥ BR(X,Y ! final state) (7)

This number is then multiplied by the e�ciency to mea-
sure the production channel ✏p and the e�ciency to mea-
sure the decay products ✏d, to obtain the measured num-
ber of events

Nev = ✏p✏dNth. (8)

For the e�ciency to reconstruct a specific final state, we
rely on experimental results from run 1, where avail-
able. The e�ciencies used are ✏p,tt̄h = 0.10 [68–71],
✏p,ZH = 0.12, ✏p,WH = 0.04, ✏p,VBF = 0.30 [4, 72–74].
We assume a value of ✏p,H+j = 0.5 [75] (see also [76])
where no experimental results targeting this production
mode are available so far. In order to simplify the as-
sumptions and the background estimates, we consider
only leptonic channels for the V H and tt̄H production
modes. Here only final states with electrons and muons
are used. These are however allowed to originate from
⌧ -decays. In case of the gluon fusion production mode,
analyses targeting di↵erent final states have di↵erent re-
construction e�ciencies. We use the following e�ciencies
for the process pp ! H: ✏p,GF = 0.4 for H ! �� [72, 74],
✏p,GF = 0.01 for H ! ⌧+⌧� [77, 78], ✏p,GF = 0.25 for
H ! 4l [4, 79], ✏p,GF = 0.10 for H ! 2l2⌫ [80, 81],
✏p,GF = 0.10 for H ! Z� [82, 83], and ✏p,GF = 0.50 for
H ! µµ [84, 85]. The H ! bb̄ decay is not considered for
the gluon fusion production mode. Taking a conservative
approach we assume the same reconstruction e�ciencies
for measurements at 14 TeV, independent of the Higgs
transverse momentum.

In the reconstruction of the Higgs boson we include
reconstruction and identification e�ciencies of the final
state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤ ! 4l: We consider Z decays into electrons
and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧+⌧� 15
pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ+µ� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤ ! 2l2⌫: Only lepton decays into electrons
and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�
: Each muon is assumed to have a reconstruc-

tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

pL8/L14 for a given integrated luminosity at
14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-

Number of predicted events:

Each channel has own prod. and decay efficiencies:
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H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
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into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧+⌧� 15
pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ+µ� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤ ! 2l2⌫: Only lepton decays into electrons
and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�
: Each muon is assumed to have a reconstruc-

tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

pL8/L14 for a given integrated luminosity at
14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-
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‣ Included production and 
decay modes:  
(with theory unc.)

‣Number of predicted events:

‣ Each channel has its own prod. and decay efficiencies:  
(and uncertainties)
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Og

“Hgg”
Oγ

“Hγγ”

Ou3

“Htt”
OW

“HWW”

No constraints on Ou3 and OW with L = 3000 3000 fb−1 ??

L = 300 fb−1
36 meas. points

L = 3000 fb−1
46 meas. points
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“Flat Directions”
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We generated pseudo-data for the extrapolation to 300 and 3000 ifb
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FIG. 1: New Physics interpretation of constraint on new op-
erators C(ΛNP)⟨ÔNP⟩ ∼ (gNP/ΛNP)

2 (black line). The red
vertical line indicates the validity cut-off of the effective the-
ory. Only the parameter space captured the by green-shaded
area is constrained using the effective theory approach.

est new particle mass, but if this mass scale is resolved
by the LHC, the only theoretically correct way to con-
strain models is to include the full model dependence on
the propagating degrees of freedom. While the numer-
ical effects can be small depending on the model, their
full inclusion is well possible given the state-of-the-art of
current Monte Carlo event generators.

IV. DIJETS AND CONTACT INTERACTIONS
AT THE LHC

Let us come back to the contact interaction model in-
troduced in Sec. II. To make our discussion transparent,
we use these results for all contributing quark flavour-
changing partonic subprocesses (and neglect the factor
GF /

√
2 in the operator definitions). We define the new

physics scale and the resulting EFT at (i) ΛNP = 14 TeV,
outside the kinematic LHC coverage of the run 2 start-
up energy

√
s = 13 TeV and (ii) at the maximum energy

of a low statistics phase during run 2 following Sec. III
in a toy MC analysis. To take into account the opera-
tor mixing and to reflect the energy dependence of the
Wilson coefficients when probed at different centre-of-
mass energies

√
ŝ, we can solve the RGE resulting from

Eqs. (8) and (10) and evaluate the effective Lagrangian at
a specific energy scale on an event-by-event basis. Setting
the correct scale at which we evaluate {Ci(µ)} involves
some freedom, similar to choosing an appropriate scale,
at which we evaluate the running of αs in SM-like sim-
ulations of hadron collider processes. In this particular
case we choose µ =

√
ŝ, which is also chosen to be the

relevant scale for parton densities and the running of the
strong coupling.
In Fig. 2 we display the differential impact of taking

into account the RGE-improved separation of ΛNP =
14 TeV from the scale at which the effective Lagrangian
is probed as a function of the jets’ transverse momentum
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√
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,j
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]
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FIG. 2: Transverse momentum distribution of dijet events at
the LHC with

√
s = 13 TeV. We show the SM and two scenar-

ios including the effective operators of Sec. II. Scenario 1 (2)
refers to a choice of the Wilson coefficient of C1 = C2 = 10.
“fixed” refers to the non-RGE improved distributions and
“RGE” refers to distributions obtained by fixing the effective
Lagrangian at Λ = 14 TeV and using the RGEs to consis-
tently resum QCD effects to the measurement scale

√
ŝ. The

ratio panel gives the differential impact of including the RGE
running, displaying the ratio of “fixed” and “RGE”.

pT,j .¶

Generally the absolute effects dominated over the RGE
improved event simulation as becomes obvious from the
logarithmic plot in Fig. 2. The induced relative difference
turns out to be of order O(10%) in this particular exam-
ple. Depending on the size of the data sample and the
systematic uncertainty this could in principle be the level
at which the LHC will be able to probe jet distributions
at large luminosities during run 2.
Obviously, for our choice of ΛNP, the impact of RGE

effects are not very large and will not account for the
dominant uncertainties on non-standard interactions at
the beginning of run 2 (see Refs. [24, 25] for a discus-
sion of systematic uncertainties of jet measurements at
the LHC). Given the 10% relative impact of a theoreti-
cally clean separation of new physics and measurement
scale as demonstrated in Fig. 2, we can turn the argu-

¶These results have been obtained with a modified version of MadE-
vent/MadGraph v5 [21], inputting a Ufo [22] model file generated
with FeynRules [23]. We select jets in |ηj | ≤ 2.5 using the Monte
Carlo’s default settings. The toy model could be thought of in
terms of an already constrained very massive W ′ boson. We have
checked that an analogous Z′ model leads to similar results.

Validity and Relevance of EFT

⇢X,Y =

E[(X � E[X])(Y � E[Y ])]

�x�y
(193)

gggh(mh) > gggh,SM (194)

b¯bb¯b (195)

pT,H . 2mt (196)

2mt . pT,H . 2m
NP

(197)

2m
NP

. pT,H (198)

H ! ⌧+⌧� (199)

H ! WW ⇤ (200)

H ! ZZ⇤ (201)

L = L
SM

+

X

i

g2i
⇤

2

NP

Oi (202)

14

Lagrangian dim-6:
EFT used to set limits on UV models from non-observation of new physics

[Englert, MS 1408.5147]
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Multi-parameter fit 
‣Combinations of coefficients ci can result 

in same signal strength
‣No sensitivity without fixing some to 0 

(but which ones?)

Solution 
‣Different behaviour at high energies
‣ Include differential measurements of pT,H 
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3−10× L = 3000 fb−1

only signal strength (46 meas. points) 

including pT,H measurements (123 meas. points)

‣ Strong correlations between coefficients are lifted
‣ Simultaneous constraints on all parameters possible!
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Differential Cross Section Measurements 
‣Measure production and decay in all 

possible channels
‣Only way to constrain full parameter 

space of dim-6 operator expansion

[see Chiara’s talk]

constrain full  
(UV complete) models



Paradigm change 
‣ From the discovery of the Higgs 

boson to a probe of new physics 

‣MH and two-loop calculations  
unprecedented precision of EW fit

‣Cannot know MW and sin2θleff  
precise enough

‣ BSM: 2HDM, dim-6 Ops, …

• differential measurements

LHC 14 / 300 fb−1 
‣ΔMW (indirect) = 5.5 MeV  
ΔMW (exp)       = 8 MeV 

ILC with GigaZ 
‣Δmt (exp) = 100 MeV → ΔMW (indirect) = 2 MeV  

measurement of MZ will become important again (Δαhad as well)
Roman Kogler The global electroweak fit 

Summary

57

More information and latest results:  
www.cern.ch/gfitter
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‣ theoretical uncertainties reduced by a factor of 4 (esp. MW and sin2θleff)
• implies three-loop calculations!
• exception: δtheo mt (LHC) = 0.25 GeV (factor 2)
‣ central values of input measurements adjusted to MH = 125 GeV

Roman Kogler The Electroweak Fit

Future Improvements

60

3 Prospects of the electroweak fit with the LHC and ILC/GigaZ 13

Experimental input [±1�
exp

] Indirect determination [±1�
exp

, ±1�
theo

]

Parameter Present LHC ILC/GigaZ Present LHC ILC/GigaZ

MH [GeV] 0.2 < 0.1 < 0.1 +31
�26 ,

+10
�8

+20
�18 ,

+3.9
�3.2

+6.8
�6.5 ,

+2.5
�2.4

MW [MeV] 15 8 5 6.0, 5.0 5.2, 1.8 1.9, 1.3

MZ [MeV] 2.1 2.1 2.1 11, 4 7.0, 1.4 2.5, 1.0

mt [GeV] 0.8 0.6 0.1 2.4, 0.6 1.5, 0.2 0.7, 0.2

sin2✓`e↵ [10�5] 16 16 1.3 4.5, 4.9 2.8, 1.1 2.0, 1.0

�↵5
had(M

2
Z) [10�5] 10 4.7 4.7 42, 13 36, 6 5.6, 3.0

R0
l [10�3] 25 25 4 – – –

↵S(M2
Z) [10�4] – – – 40, 10 39, 7 6.4, 6.9

S|U=0 – – – 0.094, 0.027 0.086, 0.006 0.017, 0.006

T |U=0 – – – 0.083, 0.023 0.064, 0.005 0.022, 0.005

V (� = 3TeV) 0.05 0.03 0.01 0.02 0.02 0.01

Table 3: Current and extrapolated future uncertainties in the input observables (left), and the precision
obtained for the fit prediction (right). Where two uncertainties are given, the first is experimental and the
second theoretical. The value of ↵S(M2

Z) is not used directly as input in the fit. The uncertainty in the
direct MH measurements is not relevant for the fit and therefore not quoted. For all indirect determinations
shown (including the present MH determination) the assumed central values of the input measurements
have been adjusted to obtain a common fit value of MH = 125 GeV. The simplified fit setup used to derive
the numbers in this table leads in some cases to reduced constraints on observables as can be seen by
comparing the uncertainties of the present scenarios (fifth column) with the last column of Table 2. See
text for more details.

For both future scenarios we assume that the uncertainty in �↵
(5)
had(M

2
Z) will reduce from currently

10 · 10�5 down to 4.7 · 10�5. The improvement is expected due to updated e+e� ! hadrons cross
section measurements below the charm threshold from the completion of ongoing BABAR and
VEPP-2000 analyses, improved charmonium resonance data from BES-III, and a better knowledge
of ↵S from reliable Lattice QCD predictions [56].

The present and projected experimental uncertainties for the observables used in the simplified
electroweak fit are summarised in the left columns of Table 3.

To match the experimental precision significant theoretical progress is required. Leaving aside the
ambiguity in mt discussed above, the presently most important theoretical uncertainties a↵ecting
the fit are those related to the predictions of MW and sin2✓fe↵ . For the future scenarios, we assume

that the present uncertainties of �theoMW = 4 MeV and �theo sin2✓
f
e↵ = 4.7 · 10�5 reduce to 1 MeV

and 10�5, respectively. This reduction will require ambitious three-loop electroweak calculations.
The leading theoretical uncertainties on the partial Z decay widths, �0

had, and the radiator functions
play a smaller role in the present fit. For the future scenarios the uncertainty estimates given in
Table 1 are assumed to be reduced by a factor of four, similar to the uncertainties on MW and
sin2✓fe↵ .

δA0,fLR : 10−3 →10−4
tt threshold scan

low energy data, better αs

high statistics on Z-pole

WW threshold
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Table 3: Current and extrapolated future uncertainties in the input observables (left), and the precision
obtained for the fit prediction (right). Where two uncertainties are given, the first is experimental and the
second theoretical. The value of ↵S(M2

Z) is not used directly as input in the fit. The uncertainty in the
direct MH measurements is not relevant for the fit and therefore not quoted. For all indirect determinations
shown (including the present MH determination) the assumed central values of the input measurements
have been adjusted to obtain a common fit value of MH = 125 GeV. The simplified fit setup used to derive
the numbers in this table leads in some cases to reduced constraints on observables as can be seen by
comparing the uncertainties of the present scenarios (fifth column) with the last column of Table 2. See
text for more details.

For both future scenarios we assume that the uncertainty in �↵
(5)
had(M

2
Z) will reduce from currently

10 · 10�5 down to 4.7 · 10�5. The improvement is expected due to updated e+e� ! hadrons cross
section measurements below the charm threshold from the completion of ongoing BABAR and
VEPP-2000 analyses, improved charmonium resonance data from BES-III, and a better knowledge
of ↵S from reliable Lattice QCD predictions [56].

The present and projected experimental uncertainties for the observables used in the simplified
electroweak fit are summarised in the left columns of Table 3.

To match the experimental precision significant theoretical progress is required. Leaving aside the
ambiguity in mt discussed above, the presently most important theoretical uncertainties a↵ecting
the fit are those related to the predictions of MW and sin2✓fe↵ . For the future scenarios, we assume

that the present uncertainties of �theoMW = 4 MeV and �theo sin2✓
f
e↵ = 4.7 · 10�5 reduce to 1 MeV

and 10�5, respectively. This reduction will require ambitious three-loop electroweak calculations.
The leading theoretical uncertainties on the partial Z decay widths, �0

had, and the radiator functions
play a smaller role in the present fit. For the future scenarios the uncertainty estimates given in
Table 1 are assumed to be reduced by a factor of four, similar to the uncertainties on MW and
sin2✓fe↵ .

direct measurement of BRs

[Baak et al, arXiv:1310.6708]

LHC = LHC with 300 fb−1

ILC/GigaZ = future e+e− 
collider, option to run on  
Z-pole (w polarized beams)
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Z) is not used directly as input in the fit. The uncertainty in the
direct MH measurements is not relevant for the fit and therefore not quoted. For all indirect determinations
shown (including the present MH determination) the assumed central values of the input measurements
have been adjusted to obtain a common fit value of MH = 125 GeV. The simplified fit setup used to derive
the numbers in this table leads in some cases to reduced constraints on observables as can be seen by
comparing the uncertainties of the present scenarios (fifth column) with the last column of Table 2. See
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For both future scenarios we assume that the uncertainty in �↵
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had(M

2
Z) will reduce from currently

10 · 10�5 down to 4.7 · 10�5. The improvement is expected due to updated e+e� ! hadrons cross
section measurements below the charm threshold from the completion of ongoing BABAR and
VEPP-2000 analyses, improved charmonium resonance data from BES-III, and a better knowledge
of ↵S from reliable Lattice QCD predictions [56].

The present and projected experimental uncertainties for the observables used in the simplified
electroweak fit are summarised in the left columns of Table 3.

To match the experimental precision significant theoretical progress is required. Leaving aside the
ambiguity in mt discussed above, the presently most important theoretical uncertainties a↵ecting
the fit are those related to the predictions of MW and sin2✓fe↵ . For the future scenarios, we assume

that the present uncertainties of �theoMW = 4 MeV and �theo sin2✓
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e↵ = 4.7 · 10�5 reduce to 1 MeV

and 10�5, respectively. This reduction will require ambitious three-loop electroweak calculations.
The leading theoretical uncertainties on the partial Z decay widths, �0

had, and the radiator functions
play a smaller role in the present fit. For the future scenarios the uncertainty estimates given in
Table 1 are assumed to be reduced by a factor of four, similar to the uncertainties on MW and
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V (� = 3TeV) 0.05 0.03 0.01 0.02 0.02 0.01

Table 3: Current and extrapolated future uncertainties in the input observables (left), and the precision
obtained for the fit prediction (right). Where two uncertainties are given, the first is experimental and the
second theoretical. The value of ↵S(M2

Z) is not used directly as input in the fit. The uncertainty in the
direct MH measurements is not relevant for the fit and therefore not quoted. For all indirect determinations
shown (including the present MH determination) the assumed central values of the input measurements
have been adjusted to obtain a common fit value of MH = 125 GeV. The simplified fit setup used to derive
the numbers in this table leads in some cases to reduced constraints on observables as can be seen by
comparing the uncertainties of the present scenarios (fifth column) with the last column of Table 2. See
text for more details.

For both future scenarios we assume that the uncertainty in �↵
(5)
had(M

2
Z) will reduce from currently

10 · 10�5 down to 4.7 · 10�5. The improvement is expected due to updated e+e� ! hadrons cross
section measurements below the charm threshold from the completion of ongoing BABAR and
VEPP-2000 analyses, improved charmonium resonance data from BES-III, and a better knowledge
of ↵S from reliable Lattice QCD predictions [56].

The present and projected experimental uncertainties for the observables used in the simplified
electroweak fit are summarised in the left columns of Table 3.

To match the experimental precision significant theoretical progress is required. Leaving aside the
ambiguity in mt discussed above, the presently most important theoretical uncertainties a↵ecting
the fit are those related to the predictions of MW and sin2✓fe↵ . For the future scenarios, we assume

that the present uncertainties of �theoMW = 4 MeV and �theo sin2✓
f
e↵ = 4.7 · 10�5 reduce to 1 MeV

and 10�5, respectively. This reduction will require ambitious three-loop electroweak calculations.
The leading theoretical uncertainties on the partial Z decay widths, �0

had, and the radiator functions
play a smaller role in the present fit. For the future scenarios the uncertainty estimates given in
Table 1 are assumed to be reduced by a factor of four, similar to the uncertainties on MW and
sin2✓fe↵ .
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 [GeV]WM
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σ1

σ2

σ3

σ4

σ5
Present SM fit
Prospects for LHC
Prospects for ILC/GigaZ
Direct measurement (present/LHC/ILC)

G fitter SM

Jul ’14

LHC-300 Scenario 
‣moderate improvement 

(~30%) of indirect 
constraint

• theoretical uncertainties 
already important

ILC Scenario 
‣ improvement of factor 3 

possible, similar to direct 
measurement

Fit Results:

Measurement uncertainty for ILC: 5 MeV

�MW = 1.3
theo

� 1.9
exp

MeV = 2.3
tot

MeV

�MW = 1.7MZ � 0.1mt � 1.2sin2 ✓f
eff

� 0.6�↵had � 0.3↵s MeV
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 [GeV]tm
166 168 170 172 174 176 178 180

2 χ
∆

0
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4

5

6

7

8

9

10

σ1

σ2

σ3Present SM fit
Prospect for LHC

Prospect for ILC/GigaZ

 world average [arXiv:1403.4427]kin
tm

G fitter SM

Jul '15LHC-300 Scenario 
‣ improvement due to 

improved precision on MW

ILC Scenario 
‣Comparable precision due to 

MW and sin2θleff measurements 
(MW :     δmt = 1 GeV  
 sin2θleff : δmt = 0.9 GeV)

Fit Results:

�mt = 0.2
theo

� 0.7
exp

GeV = 0.8
tot

GeV

‣ similar precision as present world average of mtkin from hadron colliders
‣ still dominated by experimental precision

�mt = 0.6MW � 0.5MZ � 0.3sin2 ✓f
eff

� 0.4�↵had � 0.2↵s GeV
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2,5
1,6

5,1
4,3

2,5 2,6
0,8

4,8
3,5

2,5

                                                     

0,3
0,6

1,2 0,1

1,7

δMZ δΔαhadδmtop δsin2(θleff) δαs

Today 

δmeas  = 15 MeV

δfit     =   8 MeV

δfittheo =   5 MeV

LHC-300 

δmeas  =   8 MeV

δfit     =   6 MeV

δfittheo =   2 MeV

ILC/GigaZ 

δmeas  =   5 MeV

δfit     =   2 MeV

δfittheo =   1 MeV

Impact of individual uncertainties on δMW in fit (numbers in MeV)

Improved theoretical precision needed already for the LHC-300!

Uncertainties on MW
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Accuracy of mt ? 
‣ kinematic top mass definition

• factorization: hard function, universal  
jet-function, non-pert.  
soft function [Moch et al, arXiv:1405.4781]

• MC mass is (may be) related to the  
low scale short-distance mass 
in the jet function

• but: no quantitative statement available
• relating mtkin to mtpole : Δmt ≥ ΛQCD

‣ colour structure and hadronisation
• partly included in experimental uncertainties
• study on kinematic dependencies of mt

‣ calculating mt(mt) from mtpole

• QCD (three-loop): Δmt ≈ 0.02 GeV
• EW (two-loop): Δmt ≈ 0.1 GeV  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Interpreteation of mt measurements
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Definition of mtop

If Γtop were < 1 GeV, top would 
hadronize before decaying. Same as b-
quark

T
p1

pn

t

q

m2
T =

0

@
X

i=1,...,n

pi

1

A
2

But Γtop is > 1 GeV, top decays before 
hadronizing. Extra antiquarks must be 
added to the top-quark decay final state 
in order to produce the physical state 
whose mass will be measured

As a result, Mexp is not equal to mpoletop, 
and will vary in each event, depending 
on the way the event has evolved. 

The top mass extracted in hadron 
collisions is not well defined below a 
precision of O(Γtop)~ 1 GeV

pn

b

Wt

B
p1

q

q
_

_

t
_

g

M2
exp

=

0

@
X

i=1,...,n

p
i

1

A
2

Goal: 
- correctly quantify the systematic uncertainty
- identify observables that allow to validate the 
theoretical modeling of hadronization in top 
decays
- identify observables less sensitive to these 
effects

q

q
_

mt = Flattice/potential models (mT, αQCD)

[M. Mangano]

[CMS-TOP-12-029]

[Kniehl et al., arXiv:1401.1844]
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SM Fit Results
‣ no individual value exceeds 3σ
‣ largest deviations in b-sector:

• A0,bFB with 2.5σ 
→ largest contribution to χ2

‣ Small pulls for MH, MZ, mc, mb 
• input accuracies exceed fit requirements

‣Goodness of fit, p-value:  
χ2min= 17.8  Prob(χ2min, 14) = 21%  
Pseudo experiments: 21 ± 2 (theo)%

‣ Small changes from switching between  
1 and 2-loop calc. for partial Z widths  
and small MW correction:
• χ2min(Z widths in 1-loop) = 18.0
• χ2min(no O(αmtαs3) MW correction) = 17.4
• χ2min(no theory uncertainties) = 18.2
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Δχ2 profile vs sin2θleff 
‣ all measurements directly  

sensitive to sin2θleff  
removed from fit  
(asymmetries, partial widths)

• good agreement with min input

‣MH measurement allows for  
precise constraint

‣ fit result for indirect determination of sin2θleff :  

2 Update of the global electroweak fit 8

fit results (fourth column of Tab. 2) with the direct measurements (first column of Tab. 2) in units
of the measurement uncertainty. Also shown is the impact of the two-loop result for the Z partial
widths and the O(↵t↵

3
s) correction to MW , compared to the calculations previously used5 [8]. The

right-hand panel of Fig. 1 displays the comparison of both the global fit result and the direct
measurements with the indirect determination (fifth column of Tab. 2) for each observable in units
of the total uncertainty, defined as the uncertainty of the direct measurement and the indirect
determination added in quadrature. Note that in the case of ↵s(M2

Z) the direct measurement
displayed is the world average value [45], which is otherwise not used in the fit.

The availability of the two-loop corrections to the Z partial widths and �0
had allows the determi-

nation of ↵s(M2
Z) to full NNLO and partial NNNLO level. We find

↵s(M
2
Z) = 0.1196± 0.0028 exp ± 0.0006�

theo

RV,A
± 0.0006�

theo

�i
± 0.0002�

theo

�0

had

= 0.1196± 0.0030 tot , (1)

where the theoretical uncertainties due to missing higher order contributions are significantly larger
than previously estimated [8]. This is largely due to the variation of the full O(↵4

s) terms in the
radiator functions, and to the uncertainties on the Z partial widths and �0

had, not assigned before.

The fit indirectly determines the W mass to be

MW = 80.3584± 0.0046mt ± 0.0030�
theo

mt ± 0.0026MZ
± 0.0018�↵

had

± 0.0020↵S ± 0.0001MH
± 0.0040�

theo

MW
GeV ,

= 80.358± 0.008tot GeV . (2)

providing a result which exceeds the precision of the direct measurement. The di↵erent uncertainty
contributions originate from the uncertainties on the input values of the fit, as quoted in the second
column in Table 2. Simple error-propagation is applied to evaluate their impact on the prediction
of MW . At present, the largest uncertainties are due to mt, both experimental and theoretical,
followed by the theory and MZ uncertainties.

Likewise, the indirect determination of the e↵ective leptonic weak mixing angle, sin2✓`e↵ , gives

sin2✓`e↵ = 0.231488± 0.000024mt ± 0.000016�
theo

mt ± 0.000015MZ
± 0.000035�↵

had

± 0.000010↵S ± 0.000001MH
± 0.000047

�
theo

sin2✓f
e↵

,

= 0.23149± 0.00007tot , (3)

where the largest uncertainty is theoretical followed by the uncertainties on �↵
(5)
had(M

2
Z) and mt.

An important consistency test of the SM is the simultaneous indirect determination of mt and
MW . A scan of the confidence level (CL) profile of MW versus mt is shown in Fig. 2 (top) for
the scenarios where the direct MH measurement is included in the fit (blue) or not (grey). Both
contours agree with the direct measurements (green bands and ellipse for two degrees of freedom).
The bottom panel of Fig. 2 displays the corresponding CL profile for the observable pair sin2✓`e↵ and
MW . The coloured ellipses indicate: green for the direct measurements; grey for the electroweak

5With the exception of R0

b , which was previously taken from [26] and was later corrected. For this comparison
the one-loop result [33] is used.
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The effective weak mixing angle

66

more precise than determination from LEP/SLD (1.6×10-4)



Δχ2 profile vs αs(MZ) 
‣ determination of αs 

at full NNLO and partial NNNLO
‣ also shown: minimal input with  

two most sensitive  
measurements: Rl, σ0had

‣MH has no (visible) impact  

2 Update of the global electroweak fit 8

fit results (fourth column of Tab. 2) with the direct measurements (first column of Tab. 2) in units
of the measurement uncertainty. Also shown is the impact of the two-loop result for the Z partial
widths and the O(↵t↵

3
s) correction to MW , compared to the calculations previously used5 [8]. The

right-hand panel of Fig. 1 displays the comparison of both the global fit result and the direct
measurements with the indirect determination (fifth column of Tab. 2) for each observable in units
of the total uncertainty, defined as the uncertainty of the direct measurement and the indirect
determination added in quadrature. Note that in the case of ↵s(M2

Z) the direct measurement
displayed is the world average value [45], which is otherwise not used in the fit.

The availability of the two-loop corrections to the Z partial widths and �0
had allows the determi-

nation of ↵s(M2
Z) to full NNLO and partial NNNLO level. We find

↵s(M
2
Z) = 0.1196± 0.0028 exp ± 0.0006�

theo

RV,A
± 0.0006�

theo

�i
± 0.0002�

theo

�0

had

= 0.1196± 0.0030 tot , (1)

where the theoretical uncertainties due to missing higher order contributions are significantly larger
than previously estimated [8]. This is largely due to the variation of the full O(↵4

s) terms in the
radiator functions, and to the uncertainties on the Z partial widths and �0

had, not assigned before.

The fit indirectly determines the W mass to be

MW = 80.3584± 0.0046mt ± 0.0030�
theo

mt ± 0.0026MZ
± 0.0018�↵

had

± 0.0020↵S ± 0.0001MH
± 0.0040�

theo

MW
GeV ,

= 80.358± 0.008tot GeV . (2)

providing a result which exceeds the precision of the direct measurement. The di↵erent uncertainty
contributions originate from the uncertainties on the input values of the fit, as quoted in the second
column in Table 2. Simple error-propagation is applied to evaluate their impact on the prediction
of MW . At present, the largest uncertainties are due to mt, both experimental and theoretical,
followed by the theory and MZ uncertainties.

Likewise, the indirect determination of the e↵ective leptonic weak mixing angle, sin2✓`e↵ , gives

sin2✓`e↵ = 0.231488± 0.000024mt ± 0.000016�
theo

mt ± 0.000015MZ
± 0.000035�↵

had

± 0.000010↵S ± 0.000001MH
± 0.000047

�
theo

sin2✓f
e↵

,

= 0.23149± 0.00007tot , (3)

where the largest uncertainty is theoretical followed by the uncertainties on �↵
(5)
had(M

2
Z) and mt.

An important consistency test of the SM is the simultaneous indirect determination of mt and
MW . A scan of the confidence level (CL) profile of MW versus mt is shown in Fig. 2 (top) for
the scenarios where the direct MH measurement is included in the fit (blue) or not (grey). Both
contours agree with the direct measurements (green bands and ellipse for two degrees of freedom).
The bottom panel of Fig. 2 displays the corresponding CL profile for the observable pair sin2✓`e↵ and
MW . The coloured ellipses indicate: green for the direct measurements; grey for the electroweak

5With the exception of R0

b , which was previously taken from [26] and was later corrected. For this comparison
the one-loop result [33] is used.
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67

q

q q

q
g g

g

q

q

Z/γ Z/γ Z/γ

More accurate estimation of theo. uncertainties 
(previously: δtheo = 0.0001 from scale variations)

good agreement with WA, dominated by exp. uncertainty



Max Baak (CERN) 

Modified Higgs couplings 

!  Study of potential deviations of Higgs couplings from SM. 
!  BSM modeled as extension of SM through effective Lagrangian. 

•  Consider leading corrections only. 

!  Popular benchmark model: 
•  Scaling of Higgs-vector boson (κV)  

and Higgs-fermion couplings (κF)  
•  No additional loops in the  

production or decay of the Higgs,  
no invisible Higgs decays and undetectable width. 

!  Main effect on EWPO due to  
modified Higgs coupling  
to gauge bosons (κV) 

•  Involving the longitudinal d.o.f. 

!  Most BSM models: κV < 1 
•  Additional Higgses typically give positive contribution to MW. 

The ElectroWeak fit of Standard Model 36 
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Modified Higgs Couplings

Study of potential deviations of Higgs couplings from SM 

‣ BSM modelled as extension of  
SM through effective Lagrangian
• Leading corrections only

‣ Benchmark model:
• Scaling of Higgs-vector boson (κV)  

and Higgs-fermion couplings (κF)
• No additional loops in the production or decay of the Higgs,  

no invisible Higgs decays and undetectable width

‣Main effect on EWPO due to modified  
Higgs coupling to gauge bosons (κV)
• Involving the longitudinal d.o.f.

‣Most BSM models: κV < 1

‣Additional Higgses typically give positive contribution to MW

68
Max Baak (CERN) 

Modified Higgs couplings 

!  Study of potential deviations of Higgs couplings from SM. 
!  BSM modeled as extension of SM through effective Lagrangian. 

•  Consider leading corrections only. 

!  Popular benchmark model: 
•  Scaling of Higgs-vector boson (κV)  

and Higgs-fermion couplings (κF)  
•  No additional loops in the  

production or decay of the Higgs,  
no invisible Higgs decays and undetectable width. 

!  Main effect on EWPO due to  
modified Higgs coupling  
to gauge bosons (κV) 

•  Involving the longitudinal d.o.f. 

!  Most BSM models: κV < 1 
•  Additional Higgses typically give positive contribution to MW. 
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Higgs Couplings in Loops
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‣New physics may show up in loops, contributing to gg and γγ channels

‣Charged SUSY particles or additional charged scalars

‣Neglect modifications 
to tree level couplings
‣ Simultaneous fit:

• κg = 0.99 ± 0.15
• κγ = 1.08 ± 0.21

κγ

κ g
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Future: Higgs Mass
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‣ Logarithmic dependency on MH → cannot compete with direct MH meas.
• no theory uncertainty:                  MH = 125 ± 7 GeV
• future theory uncertainty (Rfit):    MH = 125 +10 GeV
• present day theory uncertainty:     MH = 125 +20 GeV

‣ If EWPO central values unchanged (94 GeV), ~5σ discrepancy with 
measured Higgs mass

 −9

 −17

125 GeV 94 GeV

MHmeas = 125 GeV
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Future: Higgs Mass

70

‣ Logarithmic dependency on MH → cannot compete with direct MH meas.
• no theory uncertainty:                  MH = 125 ± 7 GeV
• future theory uncertainty (Rfit):    MH = 125 +10 GeV
• present day theory uncertainty:     MH = 125 +20 GeV

‣ If EWPO central values unchanged (94 GeV), ~5σ discrepancy with 
measured Higgs mass

 −9

 −17

present theory uncertaintypresent theory uncertainty

compromised by present theory uncertainty!

125 GeV 94 GeV

MHmeas = 125 GeV
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Future: Effective Weak Mixing Angle
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� sin2 ✓f
e↵

= (1.0
theo

� 2.0
exp

) · 10�5 = (2.3
tot

) · 10�5

LHC-300 Scenario 
‣ large improvement of indirect 

constraint

• compromised by today’s  
theoretical uncertainties

ILC Scenario 
‣ Indirect constraint and direct 

measurement comparable 
precision

Fit Results:

Measurement uncertainty for ILC: 1.3⋅10−5

� sin2 ✓fe↵ = (1.7MW � 1.2MZ � 0.1mt � 1.5�↵had � 0.1↵s) · 10�5
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Future: the Strong Coupling αs(MZ)

72

Promises most precise measurement of αs(MZ)

LHC-300 Scenario 
‣ no improvement

ILC Scenario 
‣ improvement of factor 4  

or better possible
•needs improvement  

from theory
•present uncertainties: 

factor of 2.5 only

Fit Results:

�↵s = (6.5
exp

� 2.5�
theo

�i � 2.3�
theo

RV,A) · 10�4

�↵s = (7.0
tot

) · 10�4  (present theory uncertainty: 12.2⋅10−4)
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Prospects of EW Fit

73

‣ competitive results between EW fit and Higgs coupling measurements!
• precision of about 1%
‣ ILC/GigaZ offers fantastic possibilities to test the SM and constrain NP 



3 Prospects of the electroweak fit with the LHC and ILC/GigaZ 13

Experimental input [±1�
exp

] Indirect determination [±1�
exp

, ±1�
theo

]

Parameter Present LHC ILC/GigaZ Present LHC ILC/GigaZ

MH [GeV] 0.2 < 0.1 < 0.1 +31
�26 ,

+10
�8

+20
�18 ,

+3.9
�3.2

+6.8
�6.5 ,

+2.5
�2.4

MW [MeV] 15 8 5 6.0, 5.0 5.2, 1.8 1.9, 1.3

MZ [MeV] 2.1 2.1 2.1 11, 4 7.0, 1.4 2.5, 1.0

mt [GeV] 0.8 0.6 0.1 2.4, 0.6 1.5, 0.2 0.7, 0.2

sin2✓`e↵ [10�5] 16 16 1.3 4.5, 4.9 2.8, 1.1 2.0, 1.0

�↵5
had(M

2
Z) [10�5] 10 4.7 4.7 42, 13 36, 6 5.6, 3.0

R0
l [10�3] 25 25 4 – – –

↵S(M2
Z) [10�4] – – – 40, 10 39, 7 6.4, 6.9

S|U=0 – – – 0.094, 0.027 0.086, 0.006 0.017, 0.006

T |U=0 – – – 0.083, 0.023 0.064, 0.005 0.022, 0.005

V (� = 3TeV) 0.05 0.03 0.01 0.02 0.02 0.01

Table 3: Current and extrapolated future uncertainties in the input observables (left), and the precision
obtained for the fit prediction (right). Where two uncertainties are given, the first is experimental and the
second theoretical. The value of ↵S(M2

Z) is not used directly as input in the fit. The uncertainty in the
direct MH measurements is not relevant for the fit and therefore not quoted. For all indirect determinations
shown (including the present MH determination) the assumed central values of the input measurements
have been adjusted to obtain a common fit value of MH = 125 GeV. The simplified fit setup used to derive
the numbers in this table leads in some cases to reduced constraints on observables as can be seen by
comparing the uncertainties of the present scenarios (fifth column) with the last column of Table 2. See
text for more details.

For both future scenarios we assume that the uncertainty in �↵
(5)
had(M

2
Z) will reduce from currently

10 · 10�5 down to 4.7 · 10�5. The improvement is expected due to updated e+e� ! hadrons cross
section measurements below the charm threshold from the completion of ongoing BABAR and
VEPP-2000 analyses, improved charmonium resonance data from BES-III, and a better knowledge
of ↵S from reliable Lattice QCD predictions [56].

The present and projected experimental uncertainties for the observables used in the simplified
electroweak fit are summarised in the left columns of Table 3.

To match the experimental precision significant theoretical progress is required. Leaving aside the
ambiguity in mt discussed above, the presently most important theoretical uncertainties a↵ecting
the fit are those related to the predictions of MW and sin2✓fe↵ . For the future scenarios, we assume

that the present uncertainties of �theoMW = 4 MeV and �theo sin2✓
f
e↵ = 4.7 · 10�5 reduce to 1 MeV

and 10�5, respectively. This reduction will require ambitious three-loop electroweak calculations.
The leading theoretical uncertainties on the partial Z decay widths, �0

had, and the radiator functions
play a smaller role in the present fit. For the future scenarios the uncertainty estimates given in
Table 1 are assumed to be reduced by a factor of four, similar to the uncertainties on MW and
sin2✓fe↵ .
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Summary of Indirect Predictions
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3 Prospects of the electroweak fit with the LHC and ILC/GigaZ 13

Experimental input [±1�
exp

] Indirect determination [±1�
exp

, ±1�
theo

]

Parameter Present LHC ILC/GigaZ Present LHC ILC/GigaZ

MH [GeV] 0.2 < 0.1 < 0.1 +31
�26 ,

+10
�8

+20
�18 ,

+3.9
�3.2

+6.8
�6.5 ,

+2.5
�2.4

MW [MeV] 15 8 5 6.0, 5.0 5.2, 1.8 1.9, 1.3

MZ [MeV] 2.1 2.1 2.1 11, 4 7.0, 1.4 2.5, 1.0

mt [GeV] 0.8 0.6 0.1 2.4, 0.6 1.5, 0.2 0.7, 0.2

sin2✓`e↵ [10�5] 16 16 1.3 4.5, 4.9 2.8, 1.1 2.0, 1.0

�↵5
had(M

2
Z) [10�5] 10 4.7 4.7 42, 13 36, 6 5.6, 3.0

R0
l [10�3] 25 25 4 – – –

↵S(M2
Z) [10�4] – – – 40, 10 39, 7 6.4, 6.9

S|U=0 – – – 0.094, 0.027 0.086, 0.006 0.017, 0.006

T |U=0 – – – 0.083, 0.023 0.064, 0.005 0.022, 0.005

V (� = 3TeV) 0.05 0.03 0.01 0.02 0.02 0.01

Table 3: Current and extrapolated future uncertainties in the input observables (left), and the precision
obtained for the fit prediction (right). Where two uncertainties are given, the first is experimental and the
second theoretical. The value of ↵S(M2

Z) is not used directly as input in the fit. The uncertainty in the
direct MH measurements is not relevant for the fit and therefore not quoted. For all indirect determinations
shown (including the present MH determination) the assumed central values of the input measurements
have been adjusted to obtain a common fit value of MH = 125 GeV. The simplified fit setup used to derive
the numbers in this table leads in some cases to reduced constraints on observables as can be seen by
comparing the uncertainties of the present scenarios (fifth column) with the last column of Table 2. See
text for more details.

For both future scenarios we assume that the uncertainty in �↵
(5)
had(M

2
Z) will reduce from currently

10 · 10�5 down to 4.7 · 10�5. The improvement is expected due to updated e+e� ! hadrons cross
section measurements below the charm threshold from the completion of ongoing BABAR and
VEPP-2000 analyses, improved charmonium resonance data from BES-III, and a better knowledge
of ↵S from reliable Lattice QCD predictions [56].

The present and projected experimental uncertainties for the observables used in the simplified
electroweak fit are summarised in the left columns of Table 3.

To match the experimental precision significant theoretical progress is required. Leaving aside the
ambiguity in mt discussed above, the presently most important theoretical uncertainties a↵ecting
the fit are those related to the predictions of MW and sin2✓fe↵ . For the future scenarios, we assume

that the present uncertainties of �theoMW = 4 MeV and �theo sin2✓
f
e↵ = 4.7 · 10�5 reduce to 1 MeV

and 10�5, respectively. This reduction will require ambitious three-loop electroweak calculations.
The leading theoretical uncertainties on the partial Z decay widths, �0

had, and the radiator functions
play a smaller role in the present fit. For the future scenarios the uncertainty estimates given in
Table 1 are assumed to be reduced by a factor of four, similar to the uncertainties on MW and
sin2✓fe↵ .
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‣ Theory uncertainty needs to be reduced if we want to achieve the 
ultimate precision with the LHC!
‣ Future e+e− collider: fantastic possibilities for consistency tests of the SM 

on loop level and NP constraints
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‣ Full EW one- and two-loop 
calculation of fermionic and bosonic 
contributions

‣ One- and two-loop QCD 
corrections and leading terms of 
higher order corrections

‣ Results for Δr include terms of order  
O(α), O(ααs), O(ααs2), O(α2ferm), 
O(α2bos), O(α2αsmt4), O(α3mt6) 

‣ Uncertainty estimate:
• missing terms of order O(α2αs): 

about 3 MeV (from O(α2αsmt4))
• electroweak three-loop  

correction O(α3): < 2 MeV 
• three-loop QCD corrections 

O(ααs3): < 2 MeV
• Total: δMW ≈ 4 MeV

Calculation of MW

[M Awramik et al., Phys. Rev. D69, 053006 (2004)]

[M Awramik et al., Phys. Rev. Lett. 89, 241801 (2002)]A. Freitas et al. / Physics Letters B 495 (2000) 338–346 341

Fig. 2. Two-loop vertex diagrams containing a triangle subgraph,
which require a careful treatment of γ5 in D dimensions.

a finite contribution, so that it can be evaluated in
four dimensions without further complications. 1 The
fermion line appearing in the second loop also yields
an ϵ-tensor contribution, which results, after contrac-
tion with the ϵ-tensor from the triangle subgraph, in a
non-vanishing contribution to the result for #r .
As mentioned above, we perform the renormaliza-

tion within the on-shell scheme. It involves a one-loop
subrenormalization of the Faddeev–Popov ghost sec-
tor of the theory, which is associated with the gauge-
fixing part. The gauge-fixing part is kept invariant un-
der renormalization. For technical convenience, we
manage this by a renormalization of the gauge pa-
rameters in such a way that it precisely cancels the
renormalization of the parameters and fields in the
gauge-fixing Lagrangian. 2 To this end we have al-
lowed two different bare gauge parameters for both W
and Z, ξW,Z

1 and ξ
W,Z
2 , and also mixing gauge parame-

ters, ξγZ and ξZγ . The renormalized parameters com-
ply with the Rξ gauge, with one free gauge parameter
for each gauge boson. With this prescription no coun-

1 For recent discussions of practical ways of treating γ5 in
higher-order calculations, see also Refs. [28,29].
2 An alternative way of achieving that the gauge-fixing sector

does not give rise to counterterm contributions would have been to
add the gauge-fixing part to the Lagrangian only after renormaliza-
tion, in which case the renormalized gauge transformations would
have to be used.

terterm contributions arise from the gauge-fixing sec-
tor. Starting at the two-loop level, counterterm contri-
butions from the ghost sector have to be taken into ac-
count in the calculation of physical amplitudes. They
follow from the variation of the gauge-fixing terms Fa

under infinitesimal gauge transformations. We have
derived all the counterterms arising from the ghost
sector (extending the results of Ref. [30] to a gen-
eral Rξ gauge) and implemented them into the pro-
gram FeynArts. In this way we could verify the finite-
ness of individual (gauge-parameter-dependent) build-
ing blocks (e.g., the W- and the Z-boson self-energy)
as a further check of the calculation.
Concerning the mass renormalization of unstable

particles, from two-loop order on it makes a difference
whether the mass is defined according to the real part
of the complex pole of the S matrix,

(4)M2 = !M2 − i !M !Γ ,

or according to the pole of the real part of the
propagator. In Eq. (4) M denotes the complex pole
of the S matrix and !M , !Γ the corresponding mass and
width of the unstable particle. We use the symbol !M
for the real pole.
In the context of the present calculation, these

considerations are relevant to the renormalization of
the gauge-boson masses, MW and MZ. The two-loop
mass counterterms according to the definition of the
mass as the real part of the complex pole are given by

δ !M2
W,(2) =Re

"
ΣW
T,(2)

#
M2
W

$%
− δM2

W,(1) δZ
W
(1)

(5)+ Im
"
ΣW′
T,(1)

#
M2
W

$%
Im

"
ΣW
T,(1)

#
M2
W

$%
,

δ !M2
Z,(2) =Re"ΣZZ

T,(2)
#
M2
Z
$% − δM2

Z,(1) δZ
ZZ
(1)

+ M2
Z
4

#
δZ

γZ
(1)

$2 +
#
Im

"
Σ

γZ
T,(1)

#
M2
Z
$%$2

M2
Z

(6)+ Im
"
ΣZZ′
T,(1)

#
M2
Z
$%
Im

"
ΣZZ
T,(1)

#
M2
Z
$%

,

where ΣT,(1), ΣT,(2) denote the transverse parts of
the one-loop and two-loop self-energies (the terms
from subloop renormalization are understood to be
contained in the two-loop self-energies), and Σ ′

T,(1)
means the derivative of the one-loop self-energy with
respect to the external momentum squared. Field
renormalization constants are indicated as δZV . The
relations to the mass counterterms according to the
real-pole definition, δ !M2

W,(2) and δ !M2
Z,(2), are given

A. Freitas et al. / Physics Letters B 495 (2000) 338–346 343

contains the following contributions

!r = !r(α) + !r(ααs) + !r(αα2s )

(9)+ !r(Nfα
2) + !r(N2

f α
2),

where !r(α) is the one-loop result, Eq. (3), !r(ααs)

and !r(αα2s ) are the two-loop [10] and three-loop [11]
QCD corrections, while !r(Nfα

2) is the new elec-
troweak two-loop result. The notation (Nfα

2) symbol-
izes the contribution of all diagrams containing one
fermion loop, where Nf stands both for the top/bottom
contribution and for all light-fermion species. The
term !r(N2

f α
2) contains the pure fermion-loop contri-

butions in two-loop order. Since the pure fermion-loop
contributions in three- and four-loop order have been
found to be numerically small, as a consequence of
accidental numerical cancellations, with a net effect of
only about 1 MeV in MW (using the real-pole defi-
nition of the gauge-boson masses) [17], we have not
included them here.
In Fig. 3 the different contributions to!r are shown

as a function of MH. Here MW is kept fixed at its
experimental central value, MW = 80.419 GeV, and
mt = 174.3 GeV [34] is used. The effects of the QCD

corrections, of the two-loop corrections induced by a
resummation of !α, and of the purely electroweak
fermionic two-loop corrections are shown separately.
The purely electroweak two-loop contributions are
sizeable and amount to about 10% of the one-loop
result. We have compared the Higgs-mass dependence
of !r with the result previously obtained in Ref. [15]
and found perfect agreement.
The prediction for MW is obtained from the input

parameters by solving Eq. (2). Since!r itself depends
on MW this is technically done using an iterative
procedure. The prediction forMW based on the results
of Eq. (9) is shown in Fig. 4 as a function of MH
for mt = 174.3± 5.1 GeV [34] and !α = 0.05954±
0.00065 [35]. The current experimental value,Mexp

W =
80.419 ± 0.038 GeV [4], and the experimental 95%
C.L. lower bound on MH (MH = 107.9 GeV [36])
from the direct search are also indicated. The plot
shows the well-known preference for a light Higgs
boson within the SM. Confronting the theoretical
prediction (allowing a variation ofmt, which at present
dominates the theoretical uncertainty, and !α within
1σ ) with the 1σ region of M

exp
W and the 95% C.L.

lower bound on MH, only a rather small region in the

Fig. 3. Different contributions to !r as a function of MH. The one-loop contribution, !r(α) , is supplemented by the two-loop and three-loop
QCD corrections, !r

(α)
QCD ≡ !r(ααs) + !r(αα2s ), and the fermionic electroweak two-loop contributions, !r(α2) ≡ !r(Nfα

2) + !r(N2f α2). For

comparison, the effect of the two-loop corrections induced by a resummation of !α, !r
(α2)
!α , is shown separately.

A Freitas et al., Phys. Lett. B495, 338 (2000)]

loop momenta. When both momenta are ‘‘soft’’ (! MW),
as in Fig. 1(b), the propagators of the W and Z bosons are
expanded leading to a correction of order !=M4

W in the
effective theory. For one momentum soft and one ‘‘hard’’
("MW), as in Figs. 1(c) and 1(d), corrections of either
order, !=M2

W or 1=M4
W in the effective theory, are gen-

erated. The contribution to the matching coefficient
comes only from the region where both momenta are
hard, as in Fig. 1(e). In this case, all of the light particle
masses and momenta should be put to zero. By these
arguments it can be shown that !r can be obtained by
simply taking the sum of all the diagrams and putting all
external momenta and light masses to zero. The proce-
dure should generate no spurious infrared divergences,
while the physical divergences connected with the photon
should be contained in the corrections of the effective
theory. As is known, the Fermi theory corrections are
finite; therefore, the !r correction obtained as above
should also be finite.

Previous calculations of !r have been based on a
different method of factorization originally devised in
[11]. This procedure consists of subtracting from the
infrared divergent SM diagrams the respective Fermi
theory diagrams in Pauli-Villars regularization. The dif-
ference is well defined in the limit of zero light masses
and external momenta. It turns out, however, that the
QEDWard identity, which is responsible for the finiteness
of the corrections in the Fermi theory, implies in this case
the vanishing of the sum of the subtracted diagrams. This
proves that both procedures are equivalent.

The evaluation of two loop corrections to a four-
fermion process requires the full second order renormali-
zation of the SM Lagrangian in all but the Higgs sector,
where first order suffices. The comparison with experi-
ment imposes the use of on-shell parameters for the final
result. Throughout this work the on-shell scheme was

used, with a procedure similar to the one described in
[5]. The only substantial difference concerns the treat-
ment of tadpoles.

It is known that gauge invariance of mass counterterms
requires inclusion of tadpoles [12,13] (at the two loop
level this has been explicitly shown in [14]). In this case,
however, one cannot use one-particle-irreducible (1PI)
Green functions. In order to have gauge invariant counter-
terms and 1PI Green functions only, a special procedure
was designed. An additional renormalization constant for
the bare vacuum expectation value v0, denoted Zv, has
been introduced and explicitly split from the bare masses

v0 ! v0Z
1=2
v ; (4)

M0
W;Z ! M0

W;ZZ
1=2
v : (5)

The term linear in the Higgs field H in the Lagrangian

T0H0 # M0
Ws

0
W

e0
$M0

H%2Z1=2
v $Zv & 1%H0 (6)

is then used to determine Zv, through the requirement that
tadpoles are canceled. It can be proved [12,15] that the
bare masses are gauge invariant in this case (an equiva-
lent procedure which makes use of the effective potential
has been used in [16]).

The calculation of the two loop bosonic contributions
to muon decay was performed by means of a completely
automated system. The diagram generation stage was
done by the C'' library DiaGen [17]. The tensor reduc-
tion of two loop propagator diagrams was accomplished
with the algorithm described in [18], whereas vacuum
diagrams were treated with integration by parts identities
[19]. For algebraic manipulations, the program FORM [20]
was used. The two loop two-point integrals were numeri-
cally evaluated with single integral representations of
the package S2LSE [21]. The latter was modified for qua-
druple precision, which was needed due to large cancel-
lations (independent terms grow as M8

H, while the result
behaves as M2

H).
The size of the software required several tests. The

following algebraic checks were performed: ultraviolet
and infrared finiteness, by cancellation of poles in dimen-
sional regularization; gauge invariance, by independence
of the three gauge parameters of the general R" gauge for
the SM; Slavnov-Taylor identities for two-point func-
tions, as given in [18], both for on-shell integrals and
by expansion in the external momentum to second order.

Several numerical tests were also done: (i) All of
the master integrals were evaluated independently by
means of deep mass difference and large-mass expan-
sions. (ii) Each of the two-point on-shell diagrams was
calculated separately with the help of small-momentum
and different large-mass expansions. (iii) The result of
[14] for the W and Z mass counterterms was reproduced
to precision dictated by the order of the expansions

FIG. 1. A typical muon decay diagram (a) and the contribu-
tions to its large mass expansion according to the momenta
(b) k1-soft, k2-soft; (c) soft-hard; (d) hard-soft; (e) hard-hard.
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‣ Effective mixing angle:  

‣ Two-loop EW and QCD correction 
to Δκ known, leading terms of higher 
order QCD corrections

‣ fermionic two-loop correction about 
10−3, whereas bosonic one 10−5

‣ Uncertainty estimate obtained with 
different methods, geometric 
progression:

Calculation of sin2(θleff)

JHEP11(2006)048

(a)

γ,Z,W

(b)
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W
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(d)
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H

Z

Figure 1: Genuine fermionic two-loop Zl+l− vertex diagrams contributing to sin2 θlept
eff .

contributions to the ρ parameter of O(G3
µm6

t ) and O(G2
µαsm4

t ) for large top-quark mass

[14], as well as O(G3
µM4

H) for large Higgs mass [15] have been computed.

Higher order QCD corrections to sin2 θlept
eff have been calculated at O(ααs) [16] and for

the top-bottom contributions at O(αα2
s ) [17] and O(αα3

s ) [18]. The O(αα2
s ) contributions

with light quarks in the loops can be derived from eqs. (29)–(31) in [19] and turn out to

be completely negligible. For the electroweak two-loop contributions, only partial results

using large mass expansions in the Higgs mass [20] and top-quark mass [21 – 23] have

been known previously. Concerning the expansion in mt, the formally leading term of

O(G2
µm4

t ) [21, 22] and the next-to-leading term of O(G2
µm2

tM
2
Z) [23] were found to be

numerically significant and of similar magnitude. Therefore, a complete calculation of

electroweak two-loop corrections to sin2 θlept
eff beyond the leading terms of expansions is

desirable.

As a first step in this direction, exact results have been obtained for the Higgs-mass

dependence (i.e. the quantity sin2 θlept
eff,sub(MH) ≡ sin2 θlept

eff (MH)−sin2 θlept
eff (MH = 65 GeV))

of the two-loop corrections with at least one closed fermion loop to the precision observ-

ables [13, 24]. They were shown to agree well with the previous results of the top-quark

mass expansion [25].

This paper discusses the complete computation of all electroweak two-loop corrections

to sin2 θlept
eff . In addition to the corrections to the prediction of the W -boson mass, which

have been analyzed before [4, 5], this includes all two-loop diagrams contributing to the

Zl+l− vertex on the Z pole. The diagrams can be conveniently divided into two groups;

fermionic contributions with at least one closed fermion loop, and bosonic contributions

without closed fermion loops. The genuine fermionic two-loop vertex diagrams are repre-

sented by the generic topologies in figure 1 and some examples of bosonic two-loop diagrams

are given in figure 2.

Results for the complete two-loop corrections have been presented first in Ref. [26, 27].

– 3 –

JHEP11(2006)048

(a)

γ,Z

W

W

(b)

W
W

W

H

(c)

γ,Z,W

(d)
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Figure 2: Examples of bosonic two-loop Zl+l− vertex diagrams contributing to sin2 θlept
eff .

The results for the fermionic contributions have been confirmed in Ref. [28] and partial

results for the bosonic contributions were also obtained in Ref. [29]. This paper describes

the computational methods and analysis in more detail.

The paper is organized as follows. In section 2, the process e+e− → l+l− is analyzed

at next-to-next-to-leading order near the Z-boson pole and the O(α2) definition of the

sin2 θlept
eff is extracted. Furthermore the general strategies for the calculation of two-loop

contributions to the form factor ∆κ are discussed. Sections 3 and 4 explain the calculation

of the fermionic and bosonic two-loop diagrams in detail. For two-loop vacuum and self-

energy diagrams, well-established techniques exist and have been used for the computation

of MW [4 – 6]. The new part in this project are the two-loop vertex topologies, which have

been treated with two conceptually independent methods. A discussion of the numerical

results and remaining theoretical uncertainties due to unknown higher orders can be found

in section 5. In addition to the effective leptonic weak mixing angle, results are given also

for the effective weak mixing angle for other final state flavors, i.e. for couplings of the Z

boson to other fermions. Finally the implementation of our new results into the program

Zfitter is described.

2. Outline of the calculation

The two-loop corrections to the effective weak mixing angle sin2 θf
eff are part of the next-

to-next-to-leading order corrections to the process e+e− → f f̄ for center-of-mass energies

near the Z-boson mass,
√

s ≈ MZ. To set the scene for this calculation, a framework

for the next-to-next-to-leading order analysis of f f̄ production needs to be established.

Furthermore it has to be checked whether sin2 θf
eff is a well-defined, i.e. gauge-invariant

and finite, quantity at this order in perturbation theory.

– 4 –
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contributions to the ρ parameter of O(G3
µm6

t ) and O(G2
µαsm4

t ) for large top-quark mass

[14], as well as O(G3
µM4

H) for large Higgs mass [15] have been computed.

Higher order QCD corrections to sin2 θlept
eff have been calculated at O(ααs) [16] and for

the top-bottom contributions at O(αα2
s ) [17] and O(αα3

s ) [18]. The O(αα2
s ) contributions

with light quarks in the loops can be derived from eqs. (29)–(31) in [19] and turn out to

be completely negligible. For the electroweak two-loop contributions, only partial results

using large mass expansions in the Higgs mass [20] and top-quark mass [21 – 23] have

been known previously. Concerning the expansion in mt, the formally leading term of

O(G2
µm4

t ) [21, 22] and the next-to-leading term of O(G2
µm2

tM
2
Z) [23] were found to be

numerically significant and of similar magnitude. Therefore, a complete calculation of

electroweak two-loop corrections to sin2 θlept
eff beyond the leading terms of expansions is

desirable.

As a first step in this direction, exact results have been obtained for the Higgs-mass

dependence (i.e. the quantity sin2 θlept
eff,sub(MH) ≡ sin2 θlept

eff (MH)−sin2 θlept
eff (MH = 65 GeV))

of the two-loop corrections with at least one closed fermion loop to the precision observ-

ables [13, 24]. They were shown to agree well with the previous results of the top-quark

mass expansion [25].

This paper discusses the complete computation of all electroweak two-loop corrections

to sin2 θlept
eff . In addition to the corrections to the prediction of the W -boson mass, which

have been analyzed before [4, 5], this includes all two-loop diagrams contributing to the

Zl+l− vertex on the Z pole. The diagrams can be conveniently divided into two groups;

fermionic contributions with at least one closed fermion loop, and bosonic contributions

without closed fermion loops. The genuine fermionic two-loop vertex diagrams are repre-

sented by the generic topologies in figure 1 and some examples of bosonic two-loop diagrams

are given in figure 2.

Results for the complete two-loop corrections have been presented first in Ref. [26, 27].
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from asymmetries measured at center-of-mass energies away from the Z pole, requiring

a theoretical extrapolation in order to match it to sin2 θlept
eff on the Z pole. The current

experimental accuracy, sin2 θlept
eff = 0.23147 ± 0.00017 [1], could be improved by an order

of magnitude at a future high-luminosity linear collider running in a low-energy mode at

the Z boson pole (GigaZ) [2]. This offers the prospect for highly sensitive tests of the

electroweak theory [3], provided that the accuracy of the theoretical prediction matches

the experimental precision.

Typically, the theoretical prediction of sin2 θlept
eff within the Standard Model is given in

terms of the following input parameters: the fine structure constant α, the Fermi constant

Gµ, the Z-boson mass MZ and the top-quark mass mt (and other fermion masses whenever

they are numerically relevant). The W -boson mass MW is calculated from the Fermi

constant, which is precisely derived from the muon decay lifetime. As a consequence, the

computation of sin2 θlept
eff involves two major parts: the radiative corrections to the relation

between Gµ and MW, and the corrections to the Z-lepton vertex form factors. The latter

can be incorporated into the quantity κ = 1 + ∆κ, defined in the on-shell scheme,

sin2 θlept
eff =

!

1 − M2
W/M2

Z

"

(1 + ∆κ) , (1.2)

At tree-level, ∆κ = 0 and the sine of the effective mixing angle is identical to the sine of

the on-shell weak mixing angle sin2 θW ≡ sW = 1 − M2
W/M2

Z. The quantity ∆κ is only

weakly sensitive to MW.

For the computation of the W -boson mass, the complete electroweak two-loop correc-

tions, including partial higher-order corrections, have been carried out in Ref. [4 – 7]. In

this report, the calculation of the corresponding contributions for the form factor ∆κ and

combined predictions for sin2 θlept
eff will be discussed.

The quantum corrections to sin2 θlept
eff have been under extensive theoretical study over

the last two decades. The one-loop result [8, 9] involves large fermionic contributions from

the leading contribution to the ρ parameter, ∆ρ, which is quadratically dependent on the

top-quark mass mt, resulting from the top-bottom mass splitting [10]. The correction ∆ρ

enters both in the computation of MW from the Fermi constant (for a discussion see e.g.

Ref. [4, 5]), as well as into the vertex correction factor ∆κ,

1 + ∆κ(α) = 1 +
c2
W

s2
W

∆ρ + ∆κrem(MH), (1.3)

with c2
W = M2

W/M2
Z, s2

W = 1−M2
W/M2

Z. The remainder part ∆κrem contains in particular

the dependence on the Higgs-boson mass, MH.

Beyond the one-loop order, resummations of the leading one-loop contribution ∆ρ

have been derived [11, 12]. They correctly take into account the terms of the form (∆ρ)2

and (∆α∆ρ). Here ∆α is the shift in the fine structure constant due to light fermions,

∆α ∝ log mf , which enters through the corrections to the relation between Gµ and MW,

since ∆κ = ∆κ(MW) is a function of MW. These resummation results have been confirmed

and extended by an explicit calculation of the pure fermion-loop corrections at O(α2)

(i.e. contributions containing two fermion loops) [13]. Recently, the leading three-loop
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Figure 8: Contribution of several orders of radiative corrections to the effective leptonic weak

mixing angle sin2 θlept
eff as a function of the Higgs mass MH. The tree-level value is not shown.

(a)

MH
!

∆ sin2 θlept
eff

"

ZFITTER

!

∆ sin2 θlept
eff

"

[70]

[GeV] [10−4] [10−4]

100 -0.45 -0.40

200 -0.69 -0.72

600 -1.17 -0.94

1000 -1.60 -1.28

(b)

mt,MH ∆[m4
t ] ∆[m2

t ] ∆[m−4
t ]

[GeV]

175,400 20% 4.3% 0.02%

800,1800 5% 1.9% 0.00002%

Table 3: (a) Difference between the new result of eq. (5.3) and the previous result from ref. [23],
as implemented in Zfitter (left column) and from the fitting formula in ref. [70] (right column).
(b) Convergence of the expansion in m−2

t for the two-loop diagrams with top propagators. Here
∆[mk

t ] = [sin2 θlept
eff ](α2mk

t
)/[sin2 θlept

eff ](α2exact) − 1 is the relative difference between the exact and
the expanded result at the given order.

Ref. [23] introduces higher-order terms that can be sizeable. Here it is important to note

that the OSI scheme in Ref. [23], which is the basis for the implementation of these cor-
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Geometric progression Scale dependence Leading mt terms

O(α2αs) beyond leading m4
t 3.3 . . . 2.8 × 10−5 0.8 . . . 2.1 × 10−5 1.2 . . . 4.3 × 10−5

O(αα3
s ) 1.5 . . . 1.4 0.3 . . . 0.2

O(α3) beyond leading m6
t 2.5 . . . 3.5 0.3 . . . 0.8

Sum 4.4 . . . 4.7 × 10−5

Table 4: Estimation of the uncertainty from different higher order contributions for sin2 θlept
eff , with

the quadratic sum of all error sources. Where applicable, two or three different methods for the
error estimate have been used.

the highest available perturbation order. By varying thus the scale µ of mt,MS in the

O(α2) contributions between m2
t/2 < µ2 < 2m2

t one obtains an error estimate for the

O(α2αs) contributions between 0.1 and 3.9 × 10−5, depending on the value of MH for

10 GeV < MH < 1000 GeV. Similarly, by varying αs(µ) in the O(αα2
s ) corrections between

m2
t/2 < µ2 < 2m2

t leads to an error estimate for the O(αα3
s ) contributions of less than 10−6,

see Tab. 4.

An independent third estimate of the error of the O(α2αs) and O(α3) contributions

can be obtained from the existing leading terms in the expansion for large top quark mass.

Experience from the O(α2) corrections suggests that for moderate values of MH, the leading

mt-term and the remaining non-leading terms are of similar order. These contributions are

shown in the last column of Tab. 4.

As evident from the table, all methods give results of similar order of magnitude, while

the geometric progression method tends to lead to the largest error evaluation. The total

estimated error is therefore computed by summing in quadrature the error from different

contributions obtained by this method. It is found to amount to δthsin2 θlept
eff = 4.7× 10−5.

5.3 Parametrization formulae

Following Ref. [26], the numerical results are expressed in terms of a fitting formula, which

reproduces the exact calculation with maximal and average deviations of 4.5 × 10−6 and

1.2 × 10−6, respectively, as long as the input parameters stay within their 2σ ranges and

the Higgs boson mass in the range 10 GeV ≤ MH ≤ 1 TeV. For the sake of comparability

with the result of Ref. [26], the slightly outdated central values for the experimental input

parameters used there are also kept in the formula

sin2 θf
eff = s0 + d1LH + d2L

2
H + d3L

4
H + d4(∆

2
H − 1) + d5∆α

+ d6∆t + d7∆
2
t + d8∆t(∆H − 1) + d9∆αs + d10∆Z ,

(5.5)

with

LH = log

!

MH

100 GeV

"

, ∆H =
MH

100 GeV
, ∆α =

∆α

0.05907
− 1,

∆t =
# mt

178.0 GeV

$2
− 1, ∆αs =

αs(MZ)

0.117
− 1, ∆Z =

MZ

91.1876 GeV
− 1.

(5.6)
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Total: δsin2θleff ≈ 4.7 10−5
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rections in ZFITTER, uses the MS definition for ∆ρ, which is numerically larger than the

leading m2
t term, so that the resummation effects of ∆ρMS are rather large. Finally, Zfit-

ter versions before 6.40 use an outdated implementation of the QCD corrections. Since

all these contributions are non-negligible at the current level of precision, it is interesting

to study them separately.

In particular, using the results of section 3.1 the effect of the truncated top-mass

expansion is shown in Tab. 3 (b)2. It turns out that the expansion converges quite well

for realistic values of mt and MH. However, the terms beyond the order m2
t induce a

difference of 4.3% in the two-loop corrections with top-bottom loops, corresponding to a

shift of about 0.2 × 10−4 in sin2 θlept
eff , which is roughly a quarter of the total difference

reported in Tab. 3 (a). As a cross-check, also the result for very large values of mt and MH

are shown in Tab. 3 (b), to illustrate that in this case the series converges much faster.

5.2 Error estimate

While the inclusion of the fermionic two-loop corrections is a substantial improvement of

the prediction of sin2 θlept
eff in the Standard Model, uncertainties from missing higher order

contributions can still be sizeable. Here we try to give an estimate of the error induced

by these unknown contributions. The most relevant missing higher order contributions are

corrections of the order O(α2αs) beyond the leading m4
t term, O(α3) beyond the leading

m6
t term and O(αα3

s ). Since the final prediction for sin2 θlept
eff is based on Gµ as input, the

loop effects in the both quantities ∆r (for the computation of MW) and ∆κ (for the Zl+l−

vertex corrections) need to be considered.

When combining the two form factors, it turns out that there are some cancellations

between the known corrections to MW and the Z vertex. It is expected that similar

cancellations occur when adding an additional QCD loop, since QCD corrections enter

with the same relative sign in the corrections to MW and the Z vertex. Since the dominant

missing higher order effects are contributions with an additional QCD loop, it is assumed in

the following that these cancellations are natural and it is justified to study the theoretical

error of both quantities ∆r and ∆κ in conjunction.

A simple method to estimate the higher order uncertainties is based on the assumption

that the perturbation series follows roughly a geometric progression. This presumption

implies relations like

O(α2αs) =
O(α2)

O(α)
O(ααs). (5.4)

From this one obtains the error estimates in the second column of Tab. 4 for the different

higher order contributions, which are given for a range of the Higgs MH mass between 10

GeV and 1000 GeV. To account for possible deviations from the geometric series behavior,

an ad-hoc overall factor
√

2 was included in all error determined via this method.

Alternatively, the error from a higher-order QCD loop can be assessed by varying the

scale of the strong coupling constant αs or the top-quark mass mt in the MS scheme in

2As a by-product of this comparison, we found a typo in Ref. [45], where a term 3

2
m2

t/(M
2
Zs2

W) log c2
W is

missing in the expression for MH ≫ mt.
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[M Awramik et al, Phys. Rev. Lett. 93, 201805 (2004)]

[M Awramik et al., JHEP 11, 048 (2006)]
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‣ Calculation of sin2θeff  for b-quarks 
more involved, because of top quark 
propagators in the Z→bb vertex

‣ Investigation of known discrepancy 
between sin2θeff from leptonic and 
hadronic asymmetry measurements

‣ Two-loop EW correction only 
recently completed, effect of O(10−4)

‣ Now sin2θbbeff known at the same 
order as sin2θeff for leptons and light 
quarks

‣ Uncertainty assumed to be of same 
size as for sin2θeff :

Calculation of sin2(θbbeff)
[M Awramik et al, Nucl. Phys. B813, 174 (2009)]

178 M. Awramik et al. / Nuclear Physics B 813 (2009) 174–187

Fig. 1. Set of Feynman diagrams required for the calculation of the fermionic two-loop corrections to the Zbb̄ vertex, but
absent in the sin2 θ

lept
eff case. Thick solid lines denote top-quark propagators, while thin lines represent light fermions.

For any two-loop problem, there are four regions to consider. Let k1 and k2 represent the internal
momenta in the loops and p stand for any external momentum, while m generically denotes all
masses that are small compared to mt , m < mt . In our case, m = MW,MZ . Then the four regions
can be identified as follows:

(1) k1 ∼ mt and k2 ∼ mt (expansions in small parameters: p and m),
(2) k1 ∼ m and k2 ∼ mt (expansions in small parameters: p, k1 and m),
(3) k1 ∼ mt and k2 ∼ m (expansions in small parameters: p, k2 and m),
(4) k1 ∼ m and k2 ∼ m (expansions in small parameters: p, k1, k2 and m).

This method allows us to represent two-loop vertex diagrams by a sum of simpler integrals,
namely two-loop propagator and vacuum integrals, plus one-loop integrals. However, higher
orders in the expansion lead to higher powers of propagator denominators in these integrals.
This is not a problem for one-loop or vacuum integrals, as analytic relations are well known;
for relations and references, see, for example, Ref. [16]. For two-loop propagator integrals, we
employ the Laporta algorithm, as proposed in Ref. [22]. This algorithm allows us to automatically
reduce complicated multi-loop integrals with non-trivial numerators to a smaller set of master
integrals with unit numerators. In addition to the well-known integration by parts relations [23],
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Calculation of R0b

Full two-loop calculation of Z→bb ¯

‣ The branching ratio R0b:  partial decay width of Z→bb and Z→qq¯ ¯
The branching ratio Rb is defined as the ratio of the partial decay widths of the Z-boson

decay into bottom quarks and into all quarks:

Rb ≡
Γb

Γhad
=

Γb

Γd + Γu + Γs + Γc + Γb
=

1

1 + 2(Γd + Γu)/Γb
, (3)

where Γf stands for the partial decay width into the f f̄ final state. In the last step in (3), the
relationships Γu ≈ Γc and Γd ≈ Γs have been used, which hold to very good approximation.

Up to next-to-next-to-leading order (q = u, d),

Γq

Γb
=

G(0)
q

G(0)
b

+
2

(G(0)
b )2

ℜe
!

G(0)
b G(1)

q −G(0)
q G(1)

b

"

+
1

(G(0)
b )2

#

G(0)
b R(1)

q −G(0)
q R(1)

b

$

+
1

(G(0)
b )3

ℜe
!

(G(0)
b )2

#

2G(2)
q + (a(1)q )2 + (v(1)q )2

$

−G(0)
b G(0)

q

#

2G(2)
b + (a(1)b )2 + (v(1)b )2

$

− 4G(0)
b G(1)

q G(1)
b + 4G(0)

q (G(1)
b )2

"

+
1

(G(0)
b )2

#

G(0)
b R(2)

q −G(0)
q R(2)

b −G(0)
b R(1)

q R(1)
b +G(0)

q (R(1)
b )2

$

(4)

+
2

(G(0)
b )3

#

(G(0)
b )2(a(0)q a(1)q R(1)

q,A + v(0)q v(1)q R(1)
q,V)−G(0)

b G(1)
b R(1)

q

+G(0)
q G(1)

b R(1)
b +G(0)

q a(0)b v(0)b (a(0)b v(1)b + v(0)b a(1)b )(R(1)
b,A −R(1)

b,V)

−G(0)
b G(1)

q R(1)
b

$

,

with
G(n)

q = a(0)q a(n)q + v(0)q v(n)q , R(n)
q = (a(0)q )2R(n)

q,A + (v(0)q )2R(n)
q,V. (5)

Here R(n)
q,V and R(n)

q,A incorporate the n-loop QED and QCD corrections to the vector and
axial-vector form factors, which have been calculated already several years ago [23, 24], see
also Ref. [25]. The relevant parts for this calculation are given by

R(1)
d,V = R(1)

d,A = R(1)
b,V = α

12π + αs

π , (6)

R(1)
u,V = R(1)

u,A = α
3π + αs

π , (7)

R(1)
b,A = R(1)

b,V − 6
m2

b

M2
Z

, (8)

R(2)
d,V = − ααs

36π2 + C2

%

αs

π

&2
+ C3

%

αs

π

&3
, (9)

R(2)
d,A = R(2)

d,V − I2
%M2

Z

m2
t

& %

αs

π

&2
− I3

%M2
Z

m2
t

& %

αs

π

&3
, (10)

R(2)
u,V = R(2)

d,V − ααs

12π2 , (11)

R(2)
u,A = R(2)

d,A − ααs

12π2 , (12)

R(2)
b,V = R(2)

d,V + 12
m2

b

M2
Z

αs

π +O(m4
bαs, m

2
bα

2
s ), (13)

R(2)
b,A = R(2)

d,A − 22
m2

b

M2
Z

αs

π − 6
m4

b

M4
Z

+O(m4
bαs, m

2
bα

2
s ). (14)

3

‣ Two-loop corrections small compared to experimental uncertainty (6.6⋅10−4)

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 selfenergies

[A. Freitas et al., JHEP 1208, 050 (2012)
 Erratum ibid. 1305 (2013) 074]

‣ Contribution of same terms as in the calculation of sin2θbbeff  
→ cross-check the two results, found good agreement

MH O(α) + FSRα,αs,α2
s

O(α2
ferm) O(α2

ferm) + FSRα3
s ,ααs,m2

b
αs,m4

b
O(ααs,αα2

s)
[GeV] [10−4] [10−4] [10−4] [10−4]

100 −35.66 −0.856 −2.496 −0.407

200 −35.85 −0.851 −2.488 −0.407

400 −36.09 −0.846 −2.479 −0.406

600 −36.24 −0.836 −2.468 −0.406

1000 −36.45 −0.813 −2.441 −0.406

Table 3: Results for electroweak one- and two-loop corrections to Rb, as defined in eqs. (3,4),
for different values of MH. The other input values are taken from Tab. 1, with a fixed value
for MW. Also shown are the effects of two- and three-loop QCD corrections to the final state
(fourth column) and to gauge-boson selfenergies (fifth column). Here “FSR” stands for the
final-state radiative QCD and QED corrections described by the radiator functions R(n).

tree-level +O(α) O(α2
ferm) + FSRα3

s ,ααs,m2
b
αs,m4

b

MH + FSRα,αs,α2
s

+O(ααs,αα2
s) total

[GeV] [10−4]

100 0.21569 −1.923 0.21549

200 0.21570 −1.919 0.21551

400 0.21572 −1.916 0.21553

600 0.21573 −1.918 0.21554

1000 0.21574 −1.927 0.21555

Table 4: Results for Rb, as in Table 3, but now with MW calculated from Gµ using the SM
prediction. The other input values are taken from Tab. 1.

by a simple parametrization formula:

Rb = R0
b + c1LH + c2L

2
H + c3L

4
H + c4(∆

2
H − 1) + c5∆α

+ c6∆t + c7∆tLH + c8∆αs
+ c9∆

2
αs

+ c10∆Z ,
(21)

with

LH = ln
MH

100 GeV
, ∆H =

MH

100 GeV
, ∆t =

! mt

173.2 GeV

"2
− 1,

∆α =
∆α

0.05900
− 1, ∆αs

=
αs(MZ)

0.1184
− 1, ∆Z =

MZ

91.1876 GeV
− 1. (22)

The numerical coefficients are determined by a fit to the full numerical result, which includes
all radiative corrections mentioned above: the complete O(α) and fermionic O(α2) contri-
butions to the Zff̄ vertex form factors, as well as virtual O(ααs) and O(αα2

s ) corrections
and final-state radiation of order O(αn

s ), (n = 1, 2, 3) and O(ααs). For the W -boson mass

8
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‣ Partial widths are defined inclusively: they contain QCD and QED 
contributions

Radiator Functions

‣ Corrections can be expressed as radiator functions RA,f and RV,f

�ff̄ = Nf
c
GFM3

Z

6
p
2⇡

�
|gA,f |2RA,f + |gV,f |2RV,f

�2

‣ High sensitivity to the strong 
coupling αs

‣ Full four-loop calculation of QCD 
Adler function available (N3LO)

‣ Much reduced scale dependence
‣ Theoretical uncertainty of 0.1 MeV, 

compare to experimental 
uncertainty of 2.0 MeV

[P. Baikov et al., Phys. Rev. Lett. 108, 222003 (2012)]
[P. Baikov et al Phys. Rev. Lett. 104, 132004 (2010)]
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with s2W = 0.231. The three terms in the brackets dis-
play separately non-singlet, axial singlet and vector sin-
glet contributions.

Let us now evaluate the impact of the newly calcu-
lated terms on the αs-determination from Z-decays. Fol-
lowing our approach for the non-singlet terms (where
a shift δαs = 0.0005 had been obtained [3], consis-
tent with an analysis [31] based on results of the elec-
troweak working group [1] and a modified interface to
ZFITTER v. 6.42 [32, 33] and confirmed by the G-fitter
collaboration [32,30,31]), we consider the quantity Rnc

as “pseudo-observable”. With a starting value Rnc =
20.9612, if evaluated for αs = 0.1190 and without the α4

s

singlet terms, a shift δαs = −0.00008 is obtained after
including the newly calculated contributions.

As discussed in [3], the non-singlet α4
s term leads to a

considerable stabilization of the theory prediction, and,
correspondingly, to a reduction of the theory error. A
similar statement holds true for the singlet contribution.
To illustrate this aspect, the dependence on the renor-
malization scale µ is shown in Fig. 2 for rNS, rVS and
rAS;t,b. The relative variation is significantly reduced in
all three cases. In particular for the vector singlet case
we observe a shift of the result by about a factor 1.45
(for µ = MZ) and a considerable flattening of the result.
Using for example the Principle of Minimal Sensitivity
(PMS) [35] as a guidance for the proper choice of scale,
µ = 0.3MZ seems to be favoured, leading to an amplifi-
cation of the LO result by a factor 1.68 (if the latter is
evaluated for µ = MZ , as done traditionally).

Let us assume that the remaining theory uncertainties
from rNS, rVS and rAS;t,b can be estimated by varying µ be-
tween MZ/3 and 3MZ and using the maximal variation
as twice the uncertainty δr. This leads to δΓNS = 0.101
MeV, δΓV

S = 0.0027 MeV and δΓA
S = 0.042 MeV. Even

adding these terms linearly, they are far below the exper-
imental error of δΓexp = 2.0 MeV [36]. In combination
with the quadratic and quartic mass terms, which are
known to O(α4

s) and O(α3
s) respectively, this analysis

completes the QCD corrections to the Z decay rate.

Let us also comment on the impact of the α4
s singlet

result on the measurement of Rem at low energies, i.e. in
the region accessible at BESS or at B-factories, say be-
tween 3 GeV and 10 GeV. Considering the large luminosi-
ties collected at these machines, a precise αs determina-
tion from Rem seems possible [38]. In the low energy re-
gion only rVS and rVNS contribute. Since

!

f=u,d,s qf = 0,
the singlet contribution vanishes in the three flavour case.
If we consider the region above charm and below bottom
threshold, say at 10 GeV, only u, d, s and c quarks con-
tribute, the relative weight of the rVS in eq. (1) is given by
(
!

qf )2/(
!

q2f ) = 2/5, and thus is fairly suppressed. At
energy of 10 GeV, in the absence of open bottom quark
contribution, it seems appropriate to analyze the results

in an effective four flavour theory with

rVS = −0.41318 a3s(µ)− (5.1757 + 2.5824 lnµ2/s) a4s(µ).

As shown in Fig. 3, it is evident that the scale depen-
dence is softened in NLO. Again a scale µ around 0.3
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FIG. 2: Scale dependence of (a) non-singlet rNS, (b) vector
singlet r

V
S and (c) axial vector singlet r

A
S;t,b. Dotted, dash-

dotted, dashed and solid curves refer to O(αs) up to O(α4
s)

predictions. αs(MZ) = 0.1190 and nl = 5 is adopted in all
these curves.
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[D. Bardin, G. Passarino, “The Standard  
Model in the Making”, Clarendon Press (1999)]
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