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26 6.2. MW IN THE SM

6.2 MW in the SM

The theoretical predictions in the SM have been studied extensively in the literature al-
ready, therefore we use the implementation of the contributions as specified in Sect. 5.2.3
to compare with those found in other works such as Ref. [60] and make sure that there are
no discrepancies for the SM prediction of MW .
The main focus of the SM predictions is to take a look at the impact of the Higgs boson

mass and the top boson mass and compare these to the experimental values. We recover
the same predictions as presented in Ref. [60] for the one-loop as well as the full SM �r.
One can see that for the Higgs boson at 125.10±0.14 GeV and the top quark at 172.76±0.3
GeV [9] neither the full result nor the pure one-loop result lead to a MW in the 1� area
of the experimental results. Where the one-loop prediction, shown as the orange line in

Figure 6.1: Left: Pure one-loop (orange) and full (red) MW prediction in the SM over the
Higgs boson mass. Right: Pure one-loop (orange) and full (red) MW prediction in the SM
over the top quark mass. The gray band represents the experimentally measured MW with
the 1� uncertainty. The blue bands show the measured mass of the Higgs boson (left) and
the measured mass of the top quark (right) with their experimental uncertainty.

Fig. 6.1 is far above the experimental band, the higher-order corrections (included in the
red line) lead to a substantial downward shift. For both the Higgs mass as well as the top
quark mass inside their respective bounds the predicted MW is below its limits set on it
from experiments. The SM prediction for the W boson mass reads (MHSM = 125.1 GeV,
mt = 172.76 GeV, MZ = 91.1875 GeV, Gµ = 1.1663787⇥ 10�5 GeV�2)

M
SM

W
= 80.358 GeV.
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Confronting accurate theory predictions with precise experimental 
measurements:


• Extraction of ``pseudo-observables’’ (particle masses, branching 
ratios, total cross sections, …) from the experimental data requires 
procedures involving unfolding, deconvolution, extrapolation, … 


• Comparison of the experimental results for pseudo-observables 
with theoretical predictions in different models


Both steps are affected by theoretical uncertainties


Instead of pseudo-observables, can perform comparison also at the 
level of fiducial cross sections, distributions, STXS, … : direct 
comparison of Monte Carlo prediction with the data

2

Introduction

[see talks by Matthias, Maarten, Alexander, Alessandro V., Fulvio, Jürgen, Giuseppe, 
Alessandro C., …]



How to estimate theory uncertainties, Georg Weiglein, MITP WS: Electroweak Corrections at Current and Future Accelerators, Mainz, 05 / 2026

Example of pseudo-observables: masses of 
unstable particles
Masses of unstable particles are not directly physical observables 
(can only measure cross sections, branching ratios, kinematical 
distributions, …): pseudo-observables, determination involves a 
deconvolution procedure (unfolding)                                              


Different parameterisations of the resonance: Breit-Wigner shape 
with running or constant width                                                         


The experimental mass parameter is obtained from comparison data 
— Monte Carlo prediction

3

The experimental mass parameters MW, MZ, mt, … are not strictly 
model-independent
⇒

Example: model dependence of the Z-boson mass, MZexp = 91.1876 
± 0.0021 GeV, depends (slightly) on the Higgs-boson mass of the SM!                                                                           
δMZexp ≈ ± 0.2 MeV for 100 GeV < MH < 1 TeV, corresponds to about 
10% of the experimental error
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numerically

small, but 
required at 
this order

Extraction of sin2θeff from data: when prediction reached full 2-loop level 
additional contributions were required for extraction from the data at LEP
Form factors implemented in ZFITTER:
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tions to the process e+e− → f f̄ are parametrized by four form factors ρef , κe, κf , κef ,
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Note that apart from the Z propagator, the gauge boson masses are defined according to
the running width prescription (un-barred symbols) instead of the pole scheme definition
(barred symbols). As a result the form factors κe, κf , κef can differ from the corresponding
form factors κe, κf , κef in the pole scheme. In the following, the relation between the two
sets of quantities will be worked out.

Zfitter includes all radiative corrections to e+e− → f f̄ consistently at the one-loop
level with some leading two-loop contributions. However, it has not been designed for a
complete next-to-next-to-leading order analysis and inconsistencies could occur at this level.
In Zfitter QED and QCD corrections are included via a convolution of the cross-section.
They will be discussed in more detail later. The effects from s-channel photon exchange,
γ-Z interference, off-shellness of the Z-boson and massive (non-QED) box contributions are
taken into account by the formulae [35]
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[M. Awramik, M. Czakon, A. Freitas ’06]
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From the pole expansion scheme one obtains in contrast to eqs. (17),(18)
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Note that for next-to-next-to-leading accuracy it is not necessary to distinguish between
barred and un-barred symbols in the radiative corrections, since M

2
Z − M2

Z = O(α2).
From eqs. (17–21) one finds a difference for the derivation of the value of sin2 θf
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Zfitter and the pole scheme:
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A similar deviation is found for the contribution of the form factors κef , κef between the two
schemes, which however cannot be expressed directly as a shift in sin2 θf

eff.
In principle, an additional discrepancy arises from the box contributions. The massive

boxes with Z and W boson exchange are included in Zfitter at the one-loop level, which is
sufficient for the next-to-next-to-leading order calculation in the pole scheme. Nevertheless,
in (21) an extra term stemming from the box contributions arises, which is proportional to
iMZΓZ. However, this term does not contribute to the squared matrix element since the
massive boxes have no absorptive part1.

1A special case is Bhabha scattering, f = e, where additional box and t-channel diagrams contribute. For
the purpose of this work, the subtraction of these contributions has not been analyzed in detail, justified by
the fact that the e+e− final state has a relatively small impact on the determination of the effective weak
mixing angle at present. In general, a more careful analysis of this process should be done in the future.

8

Relation between sin2θeff determined from expansion around the 
complex pole and the one defined in ZFITTER:
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Sources of theoretical uncertainties
• Parametric uncertainties from the experimental errors of the input 

parameters: can be treated in a systematic way in the theoretical 
predictions (note: the experimental error of the top-quark mass 
includes the uncertainty from relating the measured ``Monte Carlo 
mass’’ to a theoretically well-defined input parameter) 


• PDF uncertainties


• ``Intrinsic’’ theoretical uncertainties from unknown higher-order 
contributions (perturbative / non-perturbative): non-trivial to 
estimate, there exists no algorithm that is guaranteed to provide 
the ``correct’’ result; ``try to quantify what we don’t know’’


In the following I will mainly focus on intrinsic theoretical 
uncertainties. I will not attempt to provide a recipe for obtaining the 
``best’’ estimate of theory uncertainties, will discuss some aspects 
that are relevant in this context 5

[see talks by Matthias, Maarten, Giuseppe, …]
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How to estimate ``intrinsic’’ theoretical uncertainties?

• There exists no algorithm that is guaranteed to provide the 
``correct’’ result: one can only find out how good the previous 
uncertainty estimate was once an improved calculation has been 
carried out


• People who have calculated a certain higher-order contribution 
have a tendency to estimate the remaining higher-order 
contributions beyond what they have calculated to be relatively 
small


• Projections for future theoretical uncertainties during the current 
update of the European strategy for particle physics: 
``conservative’’ and ``aggressive’’ scenarios

6
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Current status of electroweak precision observables

7

Theoretical uncertainties: current status

From experimental errors of the input parameters

δmt = 0.9 GeV ⇒ ∆M
para
W ≈ 5.4 MeV, ∆ sin2 θparaeff ≈ 2.8× 10−5

δ(∆αhad) = 0.00014 ⇒ ∆M
para
W ≈ 2.5 MeV, ∆ sin2 θparaeff ≈ 4.8× 10−5

From unknown higher-order corrections (“intrinsic”)

SM: Complete 2-loop result + leading higher-order
corrections known for MW and sin2 θeff

⇒ Remaining uncertainties:
[M. Awramik, M. Czakon, A. Freitas, G.W. ’03, ’04]
[M. Awramik, M. Czakon, A. Freitas ’06]

∆M intr
W ≈ 4 MeV, ∆ sin2 θintreff ≈ 5× 10−5

– p. 24

2. Implications for the Standard Model

SM result for MW (and sin2 θeff):

− full one-loop

− full two-loop

− leading 3-loop via ∆ρ

− leading 4-loop via ∆ρ

Remaining theory uncertainties from unknown higher-orders:

intrinsic today: δMSM,theo
W = 4 MeV

parametric today: δmt = 0.7 GeV, δ(∆αhad) = 10−4, δMZ = 2.1 MeV

δMpara,mt
W = 4 MeV, δM

para,∆αhad
W = 2 MeV, δM

para,MZ
W = 2.5 MeV

Sven Heinemeyer – IFT theory seminar - MW special event, 09.06.2022 13
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Sven Heinemeyer – IFT theory seminar - MW special event, 09.06.2022 13

update after 
latest results? 

[see talks by Giuseppe, …]
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Projections for future theoretical uncertainties

8

Z-pole (SM predictions for POs)

● Comparison of POs extracted from data with 
SM predictions used to test SM and probe BSM 
physics

● EW SM corrections are relatively large 
➔ need multi-loop contributions

● Current: NNLO + mt-enhanced N3LO* 

● “Conservative”: N3LO with Nf ≥ 2 or N(αS) ≥ 1   
+ mt-enhanced N4LO

● “Aggressive”: N4LO with Nf ≥ 2 or N(αS) ≥ 2   
+ partial mt-enhanced N5LO

   * also O(αtαS
3)

current future 
(conservative)

future 
(aggressive)

σhad [pb] 6 1.6 0.3

Rℓ [10–3] 6 1.2 0.2

Rc [10–5] 5 1 0.2

Rb [10–5] 10 2 0.35

ΓZ [MeV] 0.4 0.08 0.016

sin2 θeff,lept [10–5] 4.5 0.7 0.06

mW [MeV] 4 1 0.1

For past work see: 1809.01830, 1906.05379

18

[A. Freitas, Venice Open Symposium ’25]
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Future prospects?
The question of how much the theoretical uncertainties of the 
electroweak precision observables can be reduced in the future was 
an important topic of the recent discussions of high-precision 
physics at future e+e− colliders:                                                             
experimental errors of the input parameters (mb, mt, α(MZ), αs, …), 
unknown higher-order corrections, non-perturbative physics, …


Full exploration of Tera-Z and W-physics programme may be limited 
by conceptual obstacles of full electroweak 3-loop calculations: 
massive 3-loop integrals (different scales), renormalisation, treatment 
of unstable particles, consistent treatment of 𝛾5, hadronic 
contributions to the vacuum polarisation, …


Achievable progress even on a time scale of 20 years or more is 
difficult to predict; from my perspective even the claimed 
``conservative’’ estimate of future theory uncertainties does not look 
very conservative, not to speak of the ``aggressive’’ one … 9
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Approaches for estimating intrinsic theoretical unc. 

• Renormalisation / factorisation scale dependence: often used in 
calculations of QCD corrections; accounts for only a part of the 
higher-order corrections


• The difference between the predictions in different renormalisation 
schemes / different parameterisations (e.g. Gμ or α(0) scheme) can 
be used to estimate the possible size of unknown higher-order 
contributions


• Does not necessarily capture new sources of potentially large 
contributions at higher orders (e.g. new enhancement factors, 
new subprocesses, Sudakov logs, …)


• Not every renormalisation scheme necessarily works equally 
well; for BSM scenarios it is in general not possible to find a 
single scheme that works for the whole parameter space! 10
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Example: use of neutralino masses in SUSY models 
to determine parameters of neutralino sector 

Yields large uncertainties where the dependence on the model 
parameters is ``flat’’ 11

⇒

The coefficients akl, (k = 0, 2, 4, 6, l = 1, 2, 3), being invariants of the matrix MNMT
N , can

be expressed as functions of M2, µ and tanβ. Their explicit form is given in the Appendix.
The e+e− → χ̃0

i χ̃
0
j production processes occur via the s-channel Z0 and the t- and u-

channel ẽL and ẽR exchanges. Since the neutralino mixing matrix N is parameterised in
general by 6 angles, the analytic expressions for the production cross sections are more
involved. Their explicit form can be found in [3].

As one can see from eq. (7) for each neutralino mass mχ̃0
i

one gets two solutions for M1.
In principle, a measurement of two neutralino masses and/or the cross section resolves
this ambiguity. However, one has to remember that the mass eigenvalues show different
sensitivity to the parameter M1, depending on their gaugino/higgsino composition. In
our scenario, the mass of the lightest neutralino mχ̃0

1
depends strongly on M1 if M1 is in

the range −183 GeV< M1 < 180 GeV, while the others are roughly insensitive, see Fig. 1.
For larger and larger |M1|, the heavier neutralinos become more sensitive to M1 [7].

0
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mχ̃0
1

mχ̃0
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3

mχ̃0
4

Figure 1: M1 dependence of the neutralino mass eigenvalues mχ̃0
i
, i = 1, . . . , 4 with M2, µ and

tanβ as in the reference scenario SPS1a.

2.3 The strategy

At the initial phase of future e+e− linear–collider operations with polarised beams, the
collision energy may only be sufficient to reach the production thresholds of the light
chargino χ̃±

1 and the two lightest neutralinos χ̃0
1, χ̃

0
2. From the analysis of this restricted

system, nevertheless the entire tree level structure of the gaugino/higgsino sector can be
unraveled in analytical form in CP–invariant theories as follows [3, 6].

It is clear from eq.(4) that by analysing the χ̃+
1 χ̃

−
1 production cross sections with po-

larised beams, σ±
L {11} and σ±

R{11}, the chargino mixing angles cos 2ΦL and cos 2ΦR can be
determined [6]. Any two contours, σ±

L {11} and σ±
R{11} for example, will cross at least at

one point in the plane between −1 ≤ cos 2ΦL, cos 2ΦR ≤ +1, if the chargino and sneutrino
masses are known and the SUSY Yukawa coupling is identified with the gauge coupling.
However, the contours, being of second order, may cross up to four times. The ambiguity

4

[K. Desch et al. ’03]



How to estimate theory uncertainties, Georg Weiglein, MITP WS: Electroweak Corrections at Current and Future Accelerators, Mainz, 05 / 2026

Remarks on ``hybrid’’ or ``mixed’’ schemes for SM, BSM
For the renormalisation of BSM models often ``mixed’’ schemes are 
proposed where some parameters are renormalised on-shell and 
others MSbar or DRbar. Schemes of this kind have also been put 
forward in the ``SPA Convention’’


However, it was realised that such schemes can lead to unphysical 
dependencies on the chosen tadpole scheme


Why unphysical? Because the dependence on the tadpole scheme 
drops out in relations between physical observables! 


Even in relations between physical observables it may still be 
problematic to use the FJ tadpole scheme because of the 
numerically large contributions that it induces


All these problems are avoided if the free parameters (renormalised 
OS, MSbar, …) are determined from set of physical observables! 12

[J.A. Aguilar-Saavedra et al. ’06]
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Extension of mixed schemes to the two-loop level?
Examples: MW and MSbar sin2θef, OS MZ (SM), tanβ (BSM)                 
2-loop MSbar/DRbar quantity in a mixed scheme will contain one-loop 
on-shell counterterms, e.g. for the top or Z mass, as subloop 


This can be handled by starting with a pure scheme where all 
parameters are renomalised MSbar/DRbar and then perform a finite 
reparametrisation from mtMSbar to mtOS


If instead one naively applies the mixed scheme, results involving the 
two-loop MSbar/DRbar quantity will have a dependence on an 
unphysical contribution, in this case the (D−4) part (evanescent) of the 
top (Z) mass counterterm (cannot simply convert between schemes by 
a finite reparametrisation) 

No problems of this kind occur for an OS renormalisation of tanβ at the 
2-loop level (using a physical observable, A → ττ decay) 

13

[H. Bahl, D. Meuser, G. W. ’23]

[see talks by Giuseppe, Lisong, …]
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Scheme dep.: Higgs pair production at the LHC

14S. Jones

[S. Jones, G. Salam]



How to estimate theory uncertainties, Georg Weiglein, MITP WS: Electroweak Corrections at Current and Future Accelerators, Mainz, 05 / 2026
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15

Higgs pair production, prediction and uncertainties

Impact of the renormalisation-scheme dependence of the top mass:
[M. Spira ’22]

Parameterisations in terms of pole vs. MSbar top quark mass give 
rise to shifts that are larger than previous uncertainty estimates
⇒
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• Coupling and enhancement factors (see examples below)


• Progression of relative size of known corrections (infer relative size 
of 3-loop vs. 2-loop contribution from relative size of 2-loop vs. 1-
loop contribution, etc.)


• Different ``options’’ of state-of-the-art codes                                        
Example:  

16

Approaches for estimating intrinsic theoretical unc. 
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h CERN, TH Division, Geneva, Switzerland

i ITEP, Moscow, Russia

j Dipartimento di Fisica Teorica, Università di Torino, Torino, Italy
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Possible sources for large higher-order contributions

Examples for new types of contributions: 


• LHC processes where other initial state contributes (e.g. bbH 
production, 5-flavour vs. 4-flavour scheme, …)


• Enhancement factors (EWPO, Higgs mass in SUSY, trilinear Higgs 
couplings in extended Higgs sectors. …)                                           
Example: Higgs mass in the MSSM, Mhtree ≦ MZ  (gauge sector)


• Suppressed leading-order contribution (e.g. Higgs production at 
the LHC, …)

17

Electroweak symmetry breaking and physics of extended Higgs sectors, Georg Weiglein, KSETA Lectures, Karlsruhe, 02 / 2024

MSSM: prediction for the mass of the SM-like Higgs

44

Higgs mass bound in the MSSM

Prediction for Mh, MH, . . .

Tree-level result for Mh, MH:

M2
H,h =

1

2

[

M2
A +M2

Z ±
√

(M2
A +M2

Z)
2 − 4M2

ZM
2
A cos2 2β

]

⇒Mh ≤MZ at tree level

MSSM tree-level bound (gauge sector): excluded by LEP!

Large radiative corrections (Yukawa sector, . . . ):

Yukawa couplings: emt

2MWsW
, em2

t

MWsW
, . . .

⇒ Dominant one-loop corrections: Gµm4
t ln
(

mt̃1
mt̃2

m2
t

)

, O(100%) !
Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 34
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Effects of BSM particles on the trilinear Higgs coupling

Trilinear Higgs coupling in extended Higgs sectors: potentially large 
(several 100%) loop contributions

18Page 26/17| Higgs Pairs 2022 | Johannes Braathen (DESY) | June 2, 2022

One-loop non-decoupling effects
➢ Leading one-loop corrections to λ

hhh
 in models with extended sectors (like 2HDM):

                                           SM top quark loop                              BSM scalar loops 

: BSM mass scale, e.g. soft breaking scale M of Z
2
 symmetry in 2HDM

: # of d.o.f of field Φ

➢ Size of new effects depends on how the BSM scalars acquire their mass: 

First found in 2HDM:
[Kanemura, Kiyoura, 
Okada, Senaha, Yuan ‘02]

Huge BSM 
effects possible!Large effects possible for sizeable splitting between         and <latexit sha1_base64="FduRyJChgdVInetN+2ecNxm5IDs=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4KkkpfeyKblxWsLXQDiWTZtrYTDIkGaEM/Qc3LhRx6/+482/MtBVU9MCFwzn3cu89QSy4sQh9eLm19Y3Nrfx2YWd3b/+geHjUNSrRlHWoEkr3AmKY4JJ1LLeC9WLNSBQIdhtMLzP/9p5pw5W8sbOY+REZSx5ySqyTutFw0J7wYbGEygghjDHMCK7XkCPNZqOCGxBnlkMJrNAeFt8HI0WTiElLBTGmj1Fs/ZRoy6lg88IgMSwmdErGrO+oJBEzfrq4dg7PnDKCodKupIUL9ftESiJjZlHgOiNiJ+a3l4l/ef3Ehg0/5TJOLJN0uShMBLQKZq/DEdeMWjFzhFDN3a2QTogm1LqACi6Er0/h/6RbKeNauXpdLbUuVnHkwQk4BecAgzpogSvQBh1AwR14AE/g2VPeo/fivS5bc95q5hj8gPf2CbVejz4=</latexit>m�

<latexit sha1_base64="L2oRkuXf2OT1ryzGm4kUDhNIDxI=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXJSmlj13RjRuhgn3AdCiZNG1DM8mQZIQy9DPcuFDErV/jzr8x01ZQ0QOBwzn3knNPGAtuLEIf3tr6xubWdm4nv7u3f3BYODruGJVoytpUCaV7ITFMcMnallvBerFmJAoF64bTq8zv3jNtuJJ3dhazICJjyUecEuskvx8RO6FEpDfzQaGISgghjDHMCK5VkSONRr2M6xBnlkMRrNAaFN77Q0WTiElLBTHGxyi2QUq05VSweb6fGBYTOiVj5jsqScRMkC4iz+G5U4ZwpLR70sKF+n0jJZExsyh0k1lE89vLxL88P7GjepByGSeWSbr8aJQIaBXM7odDrhm1YuYIoZq7rJBOiCbUupbyroSvS+H/pFMu4WqpclspNi9XdeTAKTgDFwCDGmiCa9ACbUCBAg/gCTx71nv0XrzX5eiat9o5AT/gvX0C0m6Rog==</latexit>

M⇒
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EFT analysis: 

19

λhhh: very large deviations from the SM value possible!
[M. McCullough, ICHEP 2024]

Self-Coupling Dominance
No obstruction to having Higgs self-coupling 
modifications a “loop factor” greater than all other 
couplings.  Could have

without fine-tuning any parameters, as big as,

which is significant! Durieux, MM, 
Salvioni. 2022

``Higgs self-
coupling, … 
arguably    
the most 
important of 
them all!’’

[see talks by Sally, …]
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Trilinear Higgs coupling: current experimental limit 
vs. prediction from extended Higgs sector (2HDM)
Prediction for ϰλ up to the two-loop level: [H. Bahl, J. Braathen, G. W. ’22, ’24 

Phys. Rev. Lett. 129 (2022) 23, 231802]

Current experimental 
limit excludes important  
parameter region that 
would be allowed by all 
other constraints! 


Experimental limit on the 
trilinear Higgs coupling 
already has  sensitivity 
to probe extended Higgs 
sectors!

⇒

Page 9| Higgs Pairs 2025 | Johannes Braathen (DESY) | 15 May 2025

Mass-splitting effects in the trilinear Higgs coupling 

➢Latest bounds on λ
hhh

 [ATLAS PRL ‘24]

➢Large effects from New Physics possible in 

λ
hhh

, due to radiative corrections from extra scalars,

e.g. at leading order

➢New constraint on BSM theories from λ
hhh

 

[Bahl, JB, Weiglein PRL ‘22]

 

Higgs bosonHiggs boson

New scalar(s)New scalar(s)

[Bahl, JB, Weiglein PRL ‘22]
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Trilinear Higgs self-coupling in extended Higgs sectors

Effect of splitting between BSM Higgs bosons: generic feature in 
extended Higgs sectors (here: one-loop results)

21

[H. Bahl, J. Braathen, M. Gabelmann, G. W. ’23]

350 400 450 500 550 600 650 700 750 800
MBSM [GeV]

1
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7


�

ATLAS-CONF-2021-052

HL-LHC

Non-decoupling in � for various aligned SU(2)L multiplets

SM

IDM

THDM-II

TSMY =1

GeorgiMachacek

Figure 8: In all shown models we set the mass of the lightest BSM state which is charged
under the SU(2)L gauge group to ML = 400 GeV. For the individual models we chose the
following: IDM: MH = µ2 = ML. THDM-II: M = MH = ML. TSMY =1: mD++ = ML.
GeorgiMachacek: Mh2 = M⌘ = ML. All other parameters are chosen as in Fig. 6. In
particular the other BSM masses are degenerate at MBSM.

31

ML = 400 GeV

Current limit
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Recent example: gμ−2, muon anomalous magnetic moment         
Until six years ago the SM prediction for gμ−2 seemed very robust 
and well-established:

22

Introduction HLbL HVP Summary&Outlook

Present status of (g � 2)µ: experiment vs SM
After the 2023 Fermilab result
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[G. Colangelo ’25]

Introduction HLbL HVP Summary&Outlook dispersive lattice

Summary plots WP25
Exp. band=current world average
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SM prediction 2020 SM prediction 2025

How about uncertainties from non-perturbative effects?
[see talks by Giuseppe, …]
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Uncertainties from non-perturbative effects

23

Conceptually, precision physics is a relatively simple thing:

1) identify a quantity that can be accurately measured and reliably computed in the 
context of  a fundamental theory,  e.g. the Standard Model of particle physics. 

2) compute and measure this quantity; 

3) compare the results;

4) If results agree, increase the accuracy of the computation and the measurement and 
repeat the comparison, or move to a new quantity;

5) if they disagree, we have to make a difficult choice and, perhaps,  the fundamental 
theory has to go… This is the ultimate goal of the ``precision physics’’ that we are 
after. 

6) Yet, as the precision increases, it becomes more and more difficult to access the 
credibility of claims that precision can really be controlled at the required level, 
complicating the whole approach. 

[K. Melnikov ’25]

Because of high stakes associated with potential  outcomes of such precision physics 
studies, the observables and the theoretical tools that are needed to describe them should be 
as transparent and simple as possible.

1) Perturbation theory is the best possible tool that we have, but the perturbative expansion 
alone is almost never sufficient. 

2) Standard Model precision physics and perturbative Standard Model  physics are 
certainly not the same thing, even at the energy frontier.  It is only the question of the 
requested precision, that the  non-perturbative physics starts playing a role. 

3) The question is one of  balance.  If parton showers or lattice methods, or other ways to 
estimate non-perturbative effects are  critical for claiming  discrepancy (or agreement) 
with the Standard Model,  it is inevitable that the reliability of  such complex theoretical 
tools will be scrutinized. 
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Non-perturbative effects w.r.t. top-quark pole mass 
and its relation to the measured Monte Carlo mass

24

Fate of the vacuum

Thus, the lifetime of the Standard Model universe is

⌧SM =

✓
�

V

◆�1/4

= 10139
+102
�51 years (6.27)

That is, to 68% confidence, 1088 < ⌧SM
years

< 10291. To 95% confidence 1058 < ⌧SM
years

< 10549.
To be more clear about what the lifetime means, we can ask a related question: what is

the probability that we would have seen a bubble of decaying universe by now? Using the
space-time volume of our past lightcone [15], (V T )

light-cone
= 0.15

H
4
0
= 3.4 ⇥ 10166 GeV�4 and

the Hubble constant H0 = 67.4 km

s Mpc
= 1.44 ⇥ 10�42 GeV, the probability that we should

have seen a bubble by now is

P =
�

V
(V T )

light-cone
= 10�516

�409
+202 (6.28)

Since the bubbles expand at the speed of light, chances are if we saw such a bubble we would
have been destroyed by it; thus it is reassuring to find the probability of this happening to
be exponentially small.

The phase diagrams in the mt/mh and mt/↵s planes are shown in Fig. 2. In these
diagrams, the boundary between metastability and instability is fixed by P = 1, where P is
the probability that a bubble of true vacuum should have formed without our past lightcone,
as in Eq. (6.28). The boundary between metastability and instability is determined by the
gauge-invariant consistent procedure detailed Section 6.2 (and in [17, 38]). Although the
absolute stability boundary is close to the condition �

? = 0 in Eq. (6.14), it is systematically
higher and a better fit to the curve for �? = �0.0013.

Varying one parameter holding the others fixed, we find that the range of mpole

t , mpole

h
or

↵s for the SM to be in the metastability window are

171.18 <
m

pole

t

GeV
< 177.68, 129.01 >

m
pole

h

GeV
> 111.66, 0.1230 > ↵s(mZ) > 0.1077

(6.29)
Numbers on the left in these ranges are for absolute stability and on the right for metasta-
bility.

To be absolutely stable, the bounds on the parameters are

m
pole

t

GeV
< 171.18 + 0.12
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�0.35
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✓
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0.0011

◆
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+0.0005
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(6.30)
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Figure 2: (Top) phase diagram for stability in the m
pole

t /m
pole

h
plane and closeup of the SM

region. Ellipses show the 68%, 95% and 99% contours based on the experimental uncertain-
ties on m

pole

t and m
pole

h
. The shaded bands on the phase boundaries, framed by the dashed

lines and centered on the solid lines, are combinations of the ↵s experimental uncertainty
and the theory uncertainty. (Bottom) phase diagram in the m

pole

t /↵s(mZ) plane, with un-
certainty on the boundaries given by combinations of uncertainty on m

pole

h
and theory. The

dotted line on the right plots is the naive absolute stability prediction using Eq. (6.14).
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(To rule out absolute stability: reduce top quark mass uncertainty below 250 MeV)

State of the art: [Andreassen, 
Frost, Schwartz ’17]

Uncertainty equal parts mt, 
αs, threshold corrections

�� =
1

16⇡2

�
24�2 + 12y2t �� 6y4t + . . .
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)

p
4|�|/yt

and sign(�)
p

8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4

t
/8⇡2 (right). The grey shadings cover values of the RG scale above the

Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/
p
8⇡.
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SM Higgs quartic runs negative in UV, 
implying metastability/instability

[Buttazzo et al. 1307.3536]

[Andreassen, Frost, Schwartz ’17]

[Cabibbo, Maiani, Parisi, Petronzio, '79; 
Hung '79; Lindner 86; Sher '89; …]Another quantity where non-perturbative effects play a role and may obscure the outcome, is 

the top quark mass. According to PDG, top quarks have different masses (pole, MS, MC..) 
which are all quoted there. 

1) The MC top quark mass is a complex issue.  Probably it is a combination of a technical 
issue (hard cut-off in the event generators) and the physics question of how  energy of 
heavy quark jets  is calibrated. 

2) The pole mass of a top  quark cannot be measured from a       production cross section 
with the accuracy that is better than                  .     

<latexit sha1_base64="0jAbvVM4LH9PJ1wg4kBs+inZd4M=">AAAB73icbVDLSgMxFM3UVx1fVZdugkVwVTLSmbYLsejGZQX7gLaUTJq2oZmHyR2hlP6EGxeKCK78EvduxL8xbaWoeEjgcM693HuPH0uhgZBPK7W0vLK6ll63Nza3tncyu3s1HSWK8SqLZKQaPtVcipBXQYDkjVhxGviS1/3hxdSv33KlRRRewyjm7YD2Q9ETjIKRGoBbPlUYOpksyZG8ax6eEs8pluYk7xHs5MgM2bM3+zR++bArncx7qxuxJOAhMEm1bjokhvaYKhBM8ondSjSPKRvSPm8aGtKA6/Z4tu8EHxmli3uRMj8EPFN/doxpoPUo8E1lQGGg/3pT8T+vmUCv2B6LME6Ah2w+qJdIDBGeHo+7QnEGcmQIZUqYXTEbUEUZmIjsWQglr1AoFhYnmxBKRdd18guldpJzvJx7RbLlczRHGh2gQ3SMHFRAZXSJKqiKGJLoDj2gR+vGureerOd5acr67tlHv2C9fgE/G5NW</latexit>

tt̄
<latexit sha1_base64="AhXul7G/P2NnFUUhkT09Em+jRyo="></latexit>

O(⇤QCD)

[K. Melnikov ’25]
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How to treat theoretical uncertainties together with 
other types of uncertainties?
The discussed ``intrinsic’’ theoretical uncertainties do not have a 
statistical interpretation


Linear / quadratic combination with other sources of uncertainties?


Express theoretical uncertainties in terms of nuisance parameters?


…

25
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In BSM calculations the remaining theoretical uncertainties are in 
general parameter-space dependent (simplest example: if all BSM 
particles are very heavy, the theoretical uncertainties should be the 
same as in the SM; if some BSM particles are relatively light there 
will be additional uncertainties arising from the BSM part of the 
calculation) 


BSM codes should therefore provide parameter-space dependent 
estimates of the remaining uncertainties (example: Higgs sector 
observables in FeynHiggs) 

26

Theoretical uncertainties in BSM predictions
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Theoretical uncertainties in BSM predictions
For various observables the comparison between experiment and 
theory is sensitive to higher-order corrections that are only known for 
the SM but not for BSM models                                                            


BSM effects need to be tested relative to the SM predictions


Examples: 


• Electroweak precision observables


• Gluon fusion Higgs production: need to incorporate state-of-the art 
SM predictions for the SM-like Higgs boson


• BR predictions in models where the Higgs mass is predicted (e.g. 
SUSY): need to rescale the mass prediction to the measured value 
and use state-of-the art SM predictions for h → 4 fermions 27

⇒
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BSM predictions for EWPOs

Experimental accuracy for MW and sin2θef provides high sensitivity to 
loop contributions at the two-loop level and beyond!


While within the SM the predictions for MW and sin2θef are known at 
the level of full two-loop and leading higher-order contributions, no 
full two-loop predictions exist in any BSM model


However, restricting the BSM predictions for the EWPOs to the 1-loop 
level would result in a prediction that is completely of because of the 
missing SM-like higher-order contributions!


BSM predictions for (at least) MW and sin2θef need to take into 
account all known SM-like contributions + the prediction for        
(BSM − SM) at the level of accuracy for which the BSM prediction is 
known! 

28

⇒
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26 6.2. MW IN THE SM

6.2 MW in the SM

The theoretical predictions in the SM have been studied extensively in the literature al-
ready, therefore we use the implementation of the contributions as specified in Sect. 5.2.3
to compare with those found in other works such as Ref. [60] and make sure that there are
no discrepancies for the SM prediction of MW .
The main focus of the SM predictions is to take a look at the impact of the Higgs boson

mass and the top boson mass and compare these to the experimental values. We recover
the same predictions as presented in Ref. [60] for the one-loop as well as the full SM �r.
One can see that for the Higgs boson at 125.10±0.14 GeV and the top quark at 172.76±0.3
GeV [9] neither the full result nor the pure one-loop result lead to a MW in the 1� area
of the experimental results. Where the one-loop prediction, shown as the orange line in

Figure 6.1: Left: Pure one-loop (orange) and full (red) MW prediction in the SM over the
Higgs boson mass. Right: Pure one-loop (orange) and full (red) MW prediction in the SM
over the top quark mass. The gray band represents the experimentally measured MW with
the 1� uncertainty. The blue bands show the measured mass of the Higgs boson (left) and
the measured mass of the top quark (right) with their experimental uncertainty.

Fig. 6.1 is far above the experimental band, the higher-order corrections (included in the
red line) lead to a substantial downward shift. For both the Higgs mass as well as the top
quark mass inside their respective bounds the predicted MW is below its limits set on it
from experiments. The SM prediction for the W boson mass reads (MHSM = 125.1 GeV,
mt = 172.76 GeV, MZ = 91.1875 GeV, Gµ = 1.1663787⇥ 10�5 GeV�2)

M
SM

W
= 80.358 GeV.

W-mass prediction within the SM:                     
one-loop result vs. state-of-the-art prediction

Pure one-loop result would imply preference for heavy Higgs, Mh > 500 GeV                                                                                            
Corrections beyond one-loop order are crucial for reliable prediction of MW

29

[M. Berger, S. Heinemeyer, G. Moortgat-Pick, G. W. ’22]

Mh = 125GeV

⇒

(up to a few 
weeks ago)
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Prediction for MW in the SM and the MSSM vs. 
experimental results for MW and mt

30

[S. Heinemeyer, W. Hollik, G. W., L. Zeune ’18]

Large upward shift in MW possible, large sensitivity to BSM effects⇒

MSSM region
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From the CDF paper on their MW measurement

SUSY: in 
principle large 
upward shifts in 
MW are 
possible (main 
source: Δϱ)


But: no 
experimental 
bounds on 
SUSY particles 
imposed here!
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references therein]. Many of these hypotheses
include a source of dark matter, which is cur-
rently believed to comprise ~84% of the matter
in the universe (10) but cannot be accounted
for in the SM. Evidence for dark matter is pro-
vided by the abnormally high speeds of revo-
lution of stars at large radii in galaxies, the
velocities of galaxies in galaxy clusters, x-ray
emissions sensing the temperature of hot gas
in galaxy clusters, and the weak gravitational
lensing of background galaxies by clusters
[(13, 14) and references therein]. The additional
symmetries and fields in these extensions to
the SM would modify (15–24) the estimated
mass of theW boson (Fig. 1) relative to the SM
expectation (10) of MW ¼ 80;357 T 4inputs T
4theory MeV (25). The SM expectation is de-
rived from a combination of analytical rela-
tions from perturbative expansions on the basis
of the internal symmetries of the theory and a
set of high-precision measurements of observ-
ables, including the Z and Higgs boson masses,
the top-quark mass, the electromagnetic (EM)
coupling, and themuon lifetime,which are used
as inputs to the analytical relations. The un-
certainties in the SM expectation arise from
uncertainties in the data-constrained input
parameters (10) and from missing higher-
order terms in the perturbative SM calculation
(26, 27). An example of a nonsupersymmetric
SM extension is a modified Higgs sector that
includes an additional scalar field with no SM
gauge interactions, which predicts anMW shift
of up to ~100MeV (17), depending on themass
of the additional scalar particle and its inter-
actionwith the SMHiggs boson. A light (heavy)
additional scalar particle would induce a pos-
itive (negative) MW shift. Similar but smaller
shifts of 20 to 40 MeV have been calculated
in an extension that contains a second Higgs-
like field with the same gauge charges as
the SM Higgs field (18). Implications of very
weakly interacting new particles such as “dark

photons” (19), restoration of parity conserva-
tion in the weak interaction (20), the possi-
ble composite nature of the Higgs boson (21),
and model-independent modifications of the
Higgs boson’s interactions (22–24) have also
been evaluated.
Previous analyses (28–44) yield a value of

MW ¼ 80;385 T 15 MeV (45) from the combi-
nation of LargeElectron-Positron (LEP) collider
and Fermilab Tevatron collider measurements.
The ATLAS Collaboration has recently re-

portedameasurement, MW ¼ 80;370 T 19MeV
(46, 47), that is comparable in precision to the
Tevatron results. TheLEP, Tevatron, andATLAS
measurements have not yet been combined,
pending evaluation of uncertainty correlations.

CDF experiment at Tevatron

The Fermilab Tevatron produced high yields
ofW bosons from 2002 to 2011 through quark-
antiquark annihilation in collisions of protons
(p) and antiprotons (!p ) at a center-of-mass
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Fig. 1. Experimental
measurements and
theoretical predictions
for the W boson mass.
The red continuous ellipse
shows the MW measurement
reported in this paper and
the global combination of top-
quark mass measurements,
mt ¼ 172:89 T 0:59 GeV (10).
The correlation between the
MW and mt measurements is
negligible. The gray dashed
ellipse, updated (16) from
(15), shows the 68% confi-
dence level (CL) region
allowed by the previous
LEP-Tevatron combination
MW ¼ 80;385 T 15 MeV (45)
and mt (10). That combina-
tion includes the MW mea-
surement published by CDF in
2012 (41, 43), which this
paper both updates (increasing MW by 13.5 MeV) and subsumes. As an illustration, the green shaded region
(15) shows the predicted mass of the W boson as a function of the top-quark mass mt in the minimal
supersymmetric extension (one of many possible extensions) of the standard model (SM), for a range of
supersymmetry model parameters as described in (15). The thick purple line at the lower edge of the green
region corresponds to the SM prediction with the Higgs boson mass measured at the LHC (10) used as
input. The arrow indicates the variation of the predicted W boson mass as the mass scale of supersymmetric
particles is lowered. The supersymmetry model parameter scan is for illustrative purposes and does not
incorporate all exclusions from direct searches at the LHC. unc., uncertainty.

171 172 173 174 175 176 177 178
mt [GeV]

80.35

80.40

80.45

80.50

M
W

 [G
eV

]

Heinemeyer, Hollik, Weiglein, Zeune ’20

Experimental unc. 68% CL

LEP2/Tevatron

This measurement

Heavy supersymmetry

Standard model

Light supersymmetry

1Division of High Energy Physics, Department of Physics, University of Helsinki, FIN-00014, Helsinki, Finland. 2Helsinki Institute of Physics, FIN-00014, Helsinki, Finland. 3Istituto Nazionale di Fisica Nucleare,
Sezione di Padova, I-35131 Padova, Italy. 4University of Padova, I-35131 Padova, Italy. 5University of Michigan, Ann Arbor, MI 48109, USA. 6Fermi National Accelerator Laboratory, Batavia, IL 60510, USA.
7Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy. 8Comenius University, 842 48 Bratislava, Slovakia. 9Institute of Experimental Physics, 040 01 Kosice, Slovakia.
10Waseda University, Tokyo 169, Japan. 11Joint Institute for Nuclear Research, Dubna RU-141980, Russia. 12Mitchell Institute for Fundamental Physics and Astronomy, Texas A&M University, College Station,
TX 77843, USA. 13Argonne National Laboratory, Argonne, IL 60439, USA. 14University of Oxford, Oxford OX1 3RH, UK. 15Center for High Energy Physics, Kyungpook National University, Daegu 702-701,
Korea. 16Seoul National University, Seoul 151-742, Korea. 17Sungkyunkwan University, Suwon 440-746, Korea. 18Korea Institute of Science and Technology Information, Daejeon 305-806, Korea. 19Chonnam
National University, Gwangju 500-757, Korea. 20Chonbuk National University, Jeonju 561-756, Korea. 21Ewha Womans University, Seoul 120-750, Korea. 22Ernest Orlando Lawrence Berkeley National
Laboratory, Berkeley, CA 94720, USA. 23Purdue University, West Lafayette, IN 47907, USA. 24The Johns Hopkins University, Baltimore, MD 21218, USA. 25Istituto Nazionale di Fisica Nucleare Pisa, I-56127
Pisa, Italy. 26University of Siena, I-53100 Siena, Italy. 27University of Pisa, I-56126 Pisa, Italy. 28University of Wisconsin-Madison, Madison, WI 53706, USA. 29Duke University, Durham, NC 27708, USA. 30The
Rockefeller University, New York, NY 10065, USA. 31Baylor University, Waco, TX 76798, USA. 32University of Rochester, Rochester, NY 14627, USA. 33University of Pittsburgh, Pittsburgh, PA 15260, USA.
34Enrico Fermi Institute, University of Chicago, Chicago, IL 60637, USA. 35Istituto Nazionale di Fisica Nucleare Bologna, I-40127 Bologna, Italy. 36University of Bologna, I-40127 Bologna, Italy. 37Michigan
State University, East Lansing, MI 48824, USA. 38Glasgow University, Glasgow G12 8QQ, UK. 39Carnegie Mellon University, Pittsburgh, PA 15213, USA. 40Institut de Fisica d’Altes Energies, ICREA, Universitat
Autonoma de Barcelona, E-08193 Bellaterra (Barcelona), Spain. 41University College London, London WC1E 6BT, UK. 42University of Illinois, Urbana, IL 61801, USA. 43University of Florida, Gainesville, FL
32611, USA. 44Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain. 45Istituto Nazionale di Fisica Nucleare Trieste, I-34127 Trieste, Italy. 46Harvard University, Cambridge,
MA 02138, USA. 47Gruppo Collegato di Udine, I-33100 Udine, Italy. 48University of Udine, I-33100 Udine, Italy. 49Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China. 50University of
California, Davis, Davis, CA 95616, USA. 51University of Geneva, CH-1211 Geneva 4, Switzerland. 52Wayne State University, Detroit, MI 48201, USA. 53University of Liverpool, Liverpool L69 7ZE, UK.
54University of Trieste, I-34127 Trieste, Italy. 55Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain. 56Istituto Nazionale di Fisica Nucleare, Sezione di Roma 1,
I-00185 Roma, Italy. 57National and Kapodistrian University of Athens, 157 71 Athens, Greece. 58University of New Mexico, Albuquerque, NM 87131, USA. 59Massachusetts Institute of Technology,
Cambridge, MA 02139, USA. 60University of Tsukuba, Tsukuba, Ibaraki 305, Japan. 61Tufts University, Medford, MA 02155, USA. 62University of Pennsylvania, Philadelphia, PA 19104, USA. 63The
Ohio State University, Columbus, OH 43210, USA. 64Yale University, New Haven, CT 06520, USA. 65Istituto Nazionale di Fisica Nucleare Pavia, I-27100 Pavia, Italy. 66University of Pavia, I-27100
Pavia, Italy. 67Sapienza Università di Roma, I-00185 Roma, Italy. 68Institut für Experimentelle Kernphysik, Karlsruhe Institute of Technology, D-76131 Karlsruhe, Germany. 69Osaka City University,
Osaka 558-8585, Japan. 70Scuola Normale Superiore, I-56126 Pisa, Italy. 71Okayama University, Okayama 700-8530, Japan. 72University of California, Los Angeles, Los Angeles, CA 90024, USA.
73Institution for Theoretical and Experimental Physics, ITEP, Moscow 117259, Russia.
*Corresponding author. Email: ashutosh.kotwal@duke.edu
†All listed authors are members of the collaboration. ‡Visitors’ institutions are listed in the supplementary materials. §Deceased.

RESEARCH | RESEARCH ARTICLES

EMBARGOED UNTIL 2PM U.S. EASTERN TIME ON THE THURSDAY BEFORE THIS DATE:

[CDF Collaboration ’22] [S. Heinemeyer, W. Hollik, G. W., L. Zeune ’20]



How to estimate theory uncertainties, Georg Weiglein, MITP WS: Electroweak Corrections at Current and Future Accelerators, Mainz, 05 / 2026

Figure 2: Prediction for MW as a function of the lightest stop mass mt̃1
. In all plots the cuts

mt̃2
/mt̃1

< 2.5 and m
b̃2

/m
b̃1

< 2.5 are applied. In the upper left plot all HiggsBounds allowed
points are shown, in the upper right plot only the points are shown for which additionally
the squarks of the first two generations and the gluino are heavier than 1200 GeV, in the
lower left plot only the points are shown for which additionally the sbottoms are heavier
than 1000 GeV, and in the lower right plot only the points are shown for which additionally
also the sleptons and charginos are heavier than 500 GeV. The red line indicates the SM
prediction for MW .

masses of about 150–200 GeV or for a chargino mass of about 100–150 GeV. If the squark
sector gives rise to a non-zero contribution to MW the same predicted value for MW could
be reached with heavier sleptons and charginos / neutralinos.

In Fig. 2 and Fig. 3 we analyze in detail the dependence of MW on the scalar quark
masses, in particular on mt̃1

and m
b̃1

, with mt fixed to 173.2 GeV. The upper left plot of
Fig. 2 shows the prediction for MW (green dots) as a function of mt̃1

. All points are allowed
by the constraints discussed in Sect. 5.2 and fulfill the additional constraint m

t̃2,b̃2
/m

t̃1,b̃1
<

2.5. The SM prediction is shown as a red strip for MSM
H

= 125.6 ± 0.7 GeV, and the 1 �
experimental result is indicated as a gray dashed band. We checked that without the cut
m

t̃2,b̃2
/m

t̃1,b̃1
< 2.5 the largest MW values are reached for very light stop masses with a very

13

Sizeable enhancements possible even for relatively heavy SUSY        
Important further constraint: prediction for Mh has to agree with exp. value 

32

Prediction for MW in the MSSM depending on the 
lighter stop mass (parameter scan)

[S. Heinemeyer, W. Hollik, G. W., L. Zeune ’13]

All 
particles 
allowed   
to be light

Heavy gluino,

heavy first

and second

generation 

squarks

+ heavy 

sbottoms

+ heavy 

sleptons 

and 

charginos

⇒

FeynHiggs
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6.3. MW IN THE MSSM 37

Figure 6.10: W boson mass prediction in the MSSM, with all currently known higher-order
corrections included, as a function of the CP-even Higgs massMh0 . The orange curve shows
the prediction for varying tan �, the magenta curve shows the prediction for varying Xt,
the (light) green curve shows the prediction for varying MSUSY (with Xt = 2MSUSY), the
red curve shows the prediction for varying M2 and the light blue curve shows the prediction
for varying µ. For the last two curves it is important to note that by increasing the M2

or µ the Higgs mass gets lower. The gray band represents the experimentally measured
MW with the 1� uncertainty. The blue band shows the measured mass of the Higgs boson
with the experimental uncertainty. The black line is the SM prediction. he parameters are
given in Tab. 6.1.

Higgs one-loop contribution (see Fig. 6.2), the shift �MW increases in size and therefore
the resulting MW gets smaller with increasing tan � and with that at the same time Mh0 .
Here for all contributions included the resulting MW increases with increasing tan �, this
mainly comes from the neutralino and chargino contributions, as we have already discussed
it increases for larger values of tan�. For the curves representing the variation of M2 and
µ it is important to note that the input decreases towards the right side of the plot, that
means for decreasing values of M2 and µ both Mh0 and MW increase. These parameters are
mainly limited from direct chargino searches at the LHC and LEP, as mentioned in Sect.
6.3.2. Another interesting aspect is the magenta colored curve representing the prediction
for varying Xt. For lower values the Higgs mass increases with Xt, while MW remains
unchanged, but at one point, suddenly Mh0 drastically decreases with increasing Xt and
MW increases at the same time, this is due to the prediction for the Higgs mass becoming
unstable for values where Xt > 2MSUSY. We can see the point where this happens in Fig.

Experimental result for MW vs. prediction in the SM 
and the MSSM (different parameters varied)

Good agreement in the MSSM, comparison can be used to 
obtain indirect constraints on the SUSY parameters

33

[M. Berger, S. Heinemeyer, G. Moortgat-Pick, G. W. ’22]

⇒

FeynHiggs
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11

MW prediction vs. the mass of the lightest chargino

Upward shift w.r.t. SM prediction for light electroweak SUSY particles 
Additional shift possible if stops, sbottoms are close to the exp. bounds 

34

[E. Bagnaschi, M. Chakraborti, S. Heinemeyer, I. Saha, G. W. ’22]

Different 
mechanisms 
for obtaining 
the right 
amount of 
dark matter

⇒

Impact of light electroweak SUSY particles (squarks assumed very 
heavy!): 

2022 world 
average 
without the 
CDF value

FeynHiggs



How to estimate theory uncertainties, Georg Weiglein, MITP WS: Electroweak Corrections at Current and Future Accelerators, Mainz, 05 / 2026

Estimate of theoretical uncertainties from unknown higher-order 
contributions (perturbative / non-perturbative): try to quantify 
something that we do not know


No algorithm available that will for sure produce reliable results   
BSM predictions: need parameter-space dependent estimates


Main ideas: compare different versions of the predictions that are in 
principle equally valid but differ by higher-order contributions 
(different ren. schemes, options, …), identify appropriate coupling 
and enhancement factors


Most of our work goes into trying to reduce the remaining 
uncertainties (by doing better calculations), but we should be careful 
to keep a realistic view on the possible size of the unknown 
contributions 35

Conclusions
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Backup

36
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Theoretical prediction for the W-boson mass from 
muon decay: relation between MW, MZ, α, Gμ

Tree-level prediction: MWtree = 80.939 GeV, MWexp = 80.369 ± 0.013 GeV             
⇒ off by many σ                                                    (accuracy of 1.6 x 10-4)

37

Observables with the highest sensitivity to the
Higgs-boson mass: MW, sin2 θeff

MW: Comparison of prediction for muon decay with experiment
(Fermi constant Gµ)

⇒ M 2
W

(
1− M 2

W

M 2
Z

)
=

πα√
2Gµ

(1 + ∆r) ,

$
loop corrections

⇒ Theo. prediction for MW in terms of MZ, α, Gµ, ∆r(mt,mt̃, . . .)

sin2 θeff : Effective couplings at the Z resonance:

⇒ sin2 θeff =
1

4

(
1− Re

gV

gA

)
=

(
1− M 2

W

M 2
Z

)
Re κl(s = M 2

Z)

Complete 2-loop results + leading higher-order corrections known
for MW, sin2 θeff in the SM Lectures on SM and SUSY Phenomenology, Georg Weiglein, Prague, 09/2007 – p.113

46 Chapter 5. The W boson mass in the SM, the MSSM and the NMSSM

Figure 5.1: Left: Muon decay in the Fermi model, tree level diagram with four-fermion
vertex. Right: Muon decay in the electroweak SM, tree level diagram with W boson
exchange.

5.2 Determination of the W boson mass

Muons decay via the weak interaction almost exclusively into eν̄eνµ [165]. The decay
was originally described within the Fermi model, which is a low-energy effective theory
that emerges from the SM in the limit of vanishing momentum transfer (left diagram
in Fig. 5.1). The Fermi constant, Gµ, is determined with high accuracy from precise
measurements of the muon life time [166] and the corresponding Fermi-model prediction
including QED corrections up to O(α2) for the point-like interaction [167–171]. Com-
parison of the muon-decay amplitude in the Fermi model and in the SM or extensions
of it (tree-level diagram at the right side of Fig. 5.1) yields the relation

Gµ√
2
=

e2

8s2WM2
W

(1 + ∆r) . (5.1)

Here ∆r represents the sum of all loop diagrams contributing to the muon-decay ampli-
tude after splitting off the Fermi-model type virtual QED corrections,

∆r =
∑

i

∆ri , (5.2)

with
MLoop,i = ∆ri MBorn . (5.3)

This decomposition is possible since after subtracting the Fermi-model QED corrections,
masses and momenta of the external fermions can be neglected, which allows the re-
duction of all loop contributions to a term proportional to the Born matrix element,
see Refs. [120, 129]. By rearranging Eq. (5.1), the W boson mass can be calculated via

M2
W = M2

Z

(

1

2
+

√

1

4
−

απ√
2GµM2

Z

(1 + ∆r)

)

. (5.4)

In different models, different particles can contribute as virtual particles in the loop
diagrams to the muon-decay amplitude. Therefore, the quantity ∆r depends on the
specific model parameters, and Eq. (5.4) provides a model-dependent prediction for the

Fermi model SM

⇠ Gµ

; QED corrections in Fermi model incl. in def. of Gμ
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Figure 5.1: Left: Muon decay in the Fermi model, tree level diagram with four-fermion
vertex. Right: Muon decay in the electroweak SM, tree level diagram with W boson
exchange.

5.2 Determination of the W boson mass

Muons decay via the weak interaction almost exclusively into eν̄eνµ [165]. The decay
was originally described within the Fermi model, which is a low-energy effective theory
that emerges from the SM in the limit of vanishing momentum transfer (left diagram
in Fig. 5.1). The Fermi constant, Gµ, is determined with high accuracy from precise
measurements of the muon life time [166] and the corresponding Fermi-model prediction
including QED corrections up to O(α2) for the point-like interaction [167–171]. Com-
parison of the muon-decay amplitude in the Fermi model and in the SM or extensions
of it (tree-level diagram at the right side of Fig. 5.1) yields the relation

Gµ√
2
=

e2

8s2WM2
W

(1 + ∆r) . (5.1)

Here ∆r represents the sum of all loop diagrams contributing to the muon-decay ampli-
tude after splitting off the Fermi-model type virtual QED corrections,

∆r =
∑

i

∆ri , (5.2)

with
MLoop,i = ∆ri MBorn . (5.3)

This decomposition is possible since after subtracting the Fermi-model QED corrections,
masses and momenta of the external fermions can be neglected, which allows the re-
duction of all loop contributions to a term proportional to the Born matrix element,
see Refs. [120, 129]. By rearranging Eq. (5.1), the W boson mass can be calculated via

M2
W = M2

Z

(

1
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+

√

1

4
−

απ√
2GµM2

Z

(1 + ∆r)

)

. (5.4)

In different models, different particles can contribute as virtual particles in the loop
diagrams to the muon-decay amplitude. Therefore, the quantity ∆r depends on the
specific model parameters, and Eq. (5.4) provides a model-dependent prediction for the

⇒
(except QED corrections in the Fermi model) 
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W-mass prediction in the Standard Model (SM)

One-loop contribution:


                                   ≈ 6%     ≈ −3%        < 1%   


             


             


             contribution from isospin splitting: 


             custodial symmetry:               at lowest order
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5.3. Calculation of ∆r 49

At the one-loop level, the quantity ∆r can be split into three parts

∆r(α) = ∆α−
c2w
s2w

∆ρ+ ∆rrem. (5.7)

The shift of the fine structure constant ∆α arises from the charge renormalization which
contains the contributions from light fermions (see discussion below in Sect. 5.3.2). The
quantity ∆ρ contains loop corrections to the ρ parameter [172], which describes the ratio
between neutral and charged weak currents, and can be written as

∆ρ =
ΣZZ

T (0)

M2
Z

−
ΣWW

T (0)

M2
W

. (5.8)

This quantity is sensitive to the mass splitting between the isospin partners in a dou-
blet [172], which leads to a sizeable effect in the SM in particular from the heavy fermion
doublet. While ∆α is a pure SM contribution, ∆ρ can get large contributions also from
SUSY particles, in particular the superpartners of the heavy quarks. All other terms,
both of SM and SUSY type, are contained in the remainder term ∆rrem.

5.3.2 One-loop ∆r in the SM

To obtain the one-loop result in the SM, self-energy, vertex and box diagrams need to be
calculated. The SM one-loop calculation has been discussed in literature already many
years ago [120,121]. For the details of the calculation in the SM, we refer to Refs. [34, 129]
where the occurring diagrams and their calculation is discussed in detail.

Here we only want to point out two peculiarities about the SM calculation. As
mentioned above the QED corrections to the Fermi model are already included in the
definition of Gµ and have to be subtracted, therefore the QED SM box diagram minus
the QED ’box’ diagram in the Fermi model is needed to obtain ∆r. While the SM
box diagram is IR-divergent but UV-finite, the ’box’ diagram of the Fermi model is
both IR- and UV-divergent, which makes the calculation tricky. For all other SM one-
loop diagrams Dimensional Regularization is used. However, if one uses Dimensional
Regularization, the Chisholm identity (used to reduce the spinor structure of the box
diagrams to one of the Born matrix element), which holds only in four dimensions,
cannot be applied. The original analysis of this calculation is given in Refs. [120, 121].
We follow Ref. [129] and calculate the diagram of the effective theory using Pauli-Villars
Regularization.

Another difficulty in the SM one-loop calculation arises from the contributions of
light fermions to the term ΠAA (0) in the charge renormalization, see Eq. (3.7), since the
calculation of

ΠAA
light fermions (0) =

∂ΣAA
T (k2)

∂k2
|k2=0,mf→0 (5.9)

yields terms proportional to log(µ2/m2
f ) (µ is the renormalization scale, see Sect. 3.2),

that diverge for vanishing fermion masses. This term can be rewritten as

ΠAA
light fermions (0) = ∆α + Re ΠAA

light fermions

(

M2
Z

)

, (5.10)

(MH, …)
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5.3.2 One-loop ∆r in the SM

To obtain the one-loop result in the SM, self-energy, vertex and box diagrams need to be
calculated. The SM one-loop calculation has been discussed in literature already many
years ago [120,121]. For the details of the calculation in the SM, we refer to Refs. [34, 129]
where the occurring diagrams and their calculation is discussed in detail.

Here we only want to point out two peculiarities about the SM calculation. As
mentioned above the QED corrections to the Fermi model are already included in the
definition of Gµ and have to be subtracted, therefore the QED SM box diagram minus
the QED ’box’ diagram in the Fermi model is needed to obtain ∆r. While the SM
box diagram is IR-divergent but UV-finite, the ’box’ diagram of the Fermi model is
both IR- and UV-divergent, which makes the calculation tricky. For all other SM one-
loop diagrams Dimensional Regularization is used. However, if one uses Dimensional
Regularization, the Chisholm identity (used to reduce the spinor structure of the box
diagrams to one of the Born matrix element), which holds only in four dimensions,
cannot be applied. The original analysis of this calculation is given in Refs. [120, 121].
We follow Ref. [129] and calculate the diagram of the effective theory using Pauli-Villars
Regularization.

Another difficulty in the SM one-loop calculation arises from the contributions of
light fermions to the term ΠAA (0) in the charge renormalization, see Eq. (3.7), since the
calculation of

ΠAA
light fermions (0) =

∂ΣAA
T (k2)

∂k2
|k2=0,mf→0 (5.9)

yields terms proportional to log(µ2/m2
f ) (µ is the renormalization scale, see Sect. 3.2),

that diverge for vanishing fermion masses. This term can be rewritten as

ΠAA
light fermions (0) = ∆α + Re ΠAA

light fermions

(

M2
Z

)

, (5.10)
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MW prediction in the Standard Model

Contributions beyond one-loop order:

39

Page     | Lisa Zeune | MW in the MSSM and in the NMSSM

• higher-order contributions  
 
 
SM part 
Complete 2-loop result, leading 3- and 4-loop contributions 

     in the MSSM and NMSSM
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Chetyrkin, Kuhn, Steinhauser, Djouadi, Verzegnassi, Awramik, Czakon, Freitas, 
Weiglein, Faisst, Seidensticker, Veretin, Boughezal, Kniehl, Sirlin, Halzen, Strong, 
...

Impact of different contributions to Δr (x 104) for fixed           
MW = 80.385 GeV and MHSM = 125.09 GeV:

∆r(α) ∆r(ααs) ∆r(αα
2

s) ∆r(α
2)

ferm +∆r(α
2)

bos ∆r(G
2

µαsm
4

t ) +∆r(G
3

µm
6

t ) ∆r(Gµm
2

tα
3

s)

297.17 36.28 7.03 29.14 -1.60 1.23

Table 1: The numerical values (×104) of the different contributions to ∆r specified in Eq. (35) are
given for MW = 80.385 GeV and MSM

H = 125.09 GeV.

higher-order corrections is estimated to be of similar size.

4.3 SM higher-order corrections

We compare our evaluation of MSM
W to the result from the fit formula for MSM

W given in Ref. [58].
In the latest version of Ref. [58] all the corrections of Eq. (35) are included. The MW fit formula
incorporates the O(ααs) from Ref. [41], whereas we use the O(ααs) from Ref. [37]. These results are
in good numerical agreement with each other if in both cases the electric charge is parametrized in
terms of the fine structure constant α. The O(α2αs) three-loop corrections included in Eq. (35) are
parametrized in terms of Gµ. We therefore choose to parametrize the O(ααs) contributions also in
terms of Gµ. The difference between the Gµ parametrization of the QCD two-loop corrections that we
use here and the α parametrization used in Ref. [58] leads to a prediction for MSM

W that is ∼ 2 MeV
lower than the result given in Ref. [58].

The numerical values of the different SM-type contributions to ∆r are given in table 1 for MW =
80.385 GeV and MSM

H = 125.09 GeV. The other relevant input parameters that we use are

mt = 173.34 GeV, mb = 4.7 GeV, MZ = 91.1876 GeV, ΓZ = 2.4952 GeV,

∆αlept = 0.031497686, ∆α(5)
had = 0.02757, α−1 = 137.035999074,

αs(MZ) = 0.1184, Gµ = 1.1663787 × 10−5 GeV−2. (39)

As explained above, the values for the W and Z boson masses given above, which correspond to
a Breit-Wigner shape with running width, have been transformed internally to the definition of a
Breit-Wigner shape with fixed width associated with the real part of the complex pole.

4.4 Results for the MW prediction in the NMSSM

We now turn to the discussion of the prediction for MW in the NMSSM. Our evaluation has been
carried out for the case of real parameters, consequently for all parameters given in this section the
phases are set to zero and will not be listed as separate input parameters.

An earlier result for MW in the NMSSM was presented in Ref. [78]. Concerning SUSY two-loop
contributions, in this result only the part of the contributions to ∆ρSUSY,(ααs), see Eq. (36), arising
from squark loops with gluon exchange is taken into account. As we will show below in the discussion
of our improved result for MW in the NMSSM, the two-loop contributions that have been neglected
in Ref. [78] can have a sizeable impact. A further improvement of our results for the MSSM and the
NMSSM is that they are based on contributions to ∆r that can all be evaluated at the correct input

value for MW (using an iterative procedure), i.e. M (N)MSSM
W , while the evaluation in Ref. [78] makes

use of the fitting formula for MSM
W [58]. The corresponding contribution to ∆r extracted from the

fitting formula for MSM
W is determined at the input value MSM

W rather than M (N)MSSM
W , while it is the

latter that is actually needed for the evaluation in the (N)MSSM (see Ref. [73] for a discussion how to

16

[O. Stål, G. W., L. Zeune ’15]

Shift of 1 x 10−4 in Δr roughly corresponds to −1.5 MeV shift in MW 
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Needed for obtaining the full electroweak 2-loop res.
``Anomaly-type’’ contributions, careful treatment of 𝛾5 needed


Consistent treatment of W and Z as unstable particles up to the      
2-loop level, determination of the physical mass from expansion 
around the complex pole


2-loop 2-point integrals with non-vanishing external momentum and 
different internal masses: only numerical results available

40

W-

W-

Z

e-

νe

W-

W-

γ,Z

e-

νe

Figure 2: Two-loop vertex diagrams containing a triangle subgraph, which require a careful treat-
ment of γ5 in D dimensions.

used analytical results as given in Refs. [27, 28], while the two-loop two-point integrals with
non-vanishing external momentum have been evaluated numerically using one-dimensional
integral representations with elementary functions [29]. These allow a fast and stable calcu-
lation of the integrals for general mass configurations.

Since we use Dimensional Regularisation [30, 31] in our calculation, it is necessary to
investigate the treatment of the Dirac algebra involving ω5. It is known that a naively anti-
commuting ω5 respects all Ward identities of the Standard Model [32]. However, while it can
safely be applied for all two-loop two-point contributions (for a discussion, see e.g. Ref. [18])
and most of the two-loop vertex- and box-type diagrams, it would yield an incorrect result
for vertex diagrams containing a triangle subgraph (see Fig. 2). This originates from an
inconsistent treatment of the trace of ω5 together with four Dirac matrices, which in four
dimensions is given by Tr {ω5ωµωνωρωσ} = 4iεµνρσ, while this trace would vanish when using
the naively anti-commuting ω5 in D dimensions.

A mathematically consistent definition of ω5 in D dimensions [31, 33] would require the
introduction of additional counterterms to restore the Ward identities, which is a very tedious
procedure at the two-loop level. For recent discussions on this topic, see Refs. [35, 34].

In order to calculate the class of diagrams in Fig. 2, we have first evaluated the triangle
subgraph with a consistent ω5 according to Refs. [31, 33] (here we made use of the package
Tracer [36] for checking). After adding appropriate counterterms to restore the Ward
identities, the result differs from the result obtained using a naively anti-commuting ω5
only in terms proportional to the totally antisymmetric tensor εµνρσ, which are finite for
D → 4. Inserting this difference term into the two-loop diagrams, it turns out that the
second loop only yields a finite contribution, so that it can be evaluated in four dimensions
without further complications. After contraction with the external fermion line in the vertex
diagrams, a non-zero contribution to the result for ∆r is obtained from this term.

3 On-shell Renormalisation

3.1 One-loop renormalisation

In the on-shell renormalisation scheme the mass parameters and coupling constants are
related to physical observables. The gauge bosons of the U(1) and SU(2)L group, Bµ,W 1,2,3

µ

4

3 Renormalisation for Unstable Particles

3.2 Expansion around the complex pole
Case of a single resonance:
The numbers in parentheses indicate the loop order. In our notation it is understood
that the two-loop contributions always include the subloop renormalisation.
Determination of the complex pole for the case without mixing from

M2 �m
2
+ ⌃̂(M2

) = 0 (3.2)

Inserting the ansatz for M2 yields

,! M
2 � iM��m

2
+ ⌃̂(M

2 � iM�)| {z }
⇠=⌃̂(M2)�iM�⌃̂0(M2)+...

= 0 (3.3)

After the Taylor-expansion around the real part of the argument of the self-energy,
this equation can be separated into a relation for the real part,

M
2 �m

2
+ Re ⌃̂(M

2
) +M� Im ⌃̂

0
(M

2
) + . . . = 0 , (3.4)

and a relation for the imaginary part,

�M�+ Im ⌃̂(M
2
)�M�Re ⌃̂

0
(M

2
) + . . . = 0 . (3.5)

,! At 1-loop order:

M
2 �m

2
+ Re ⌃̂

(1)
(M

2
)| {z }

⇠=Re ⌃̂(1)(m2)

= 0 (3.6)
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2
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2
)�Z

(1)
�

(3.7)

On� shell condition : Re ⌃̂
(1)
(m

2
)

!
= 0 (3.8)

for a scalar particle.
,! �m

2,(1),OS
= Re⌃

(1)
(m

2
) . (3.9)

The relation for the imaginary part yields at one-loop order

� =
Im ⌃̂

(1)
(M

2
)

M
⇡ Im ⌃̂

(1)
(m

2
)

m
⇡ Im⌃

(1)
(m

2
)

m
(3.10)

,! total width (at lowest order) is given by the imaginary part of the 1-loop self-
energy
An example is shown in Fig. 3.1, where the dashed line indicates the sum over all
intermediate states that can go on-shell.

This result is a consequence of the unitarity of the scattering matrix: SS†
= S

†
S = 1,

holds order by order in perturbation theory

Making use of the relation eq. (1.9) and splitting off the 4-momentum conservation
as in eq. (1.6), T = (2⇡)

4
�(pi � pf )T̃ , one finds

2 Im hp3p4| T̃ |p1p2i =
1

(2⇡)2

X

n

Z
d
3
k1

E1

d
3
k2

E2
. . . �

(4)
(p1 + p2 � k1 � k2 � . . .� kn)

76
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Pure fermion-loop contributions at n-loop order

Contribution of n fermion loops at n-loop order:                                   
no irreducible n-loop diagram, but e.g. 1-loop diagram with n−2 
counterterm insertions                                                                           
2-loop example: 


Result up to n-loop order (n = 2, 3, 4, …) for running width definition 
of MW and MZ 


3-loop result for fixed width definition of MW and MZ


3-loop result for 2-loop QCD contribution + closed fermion loop 
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taken into account by Dyson summation, but also graphs with counterterm
insertions into fermion-loop diagrams (see Fig. 2). We have derived recur-
sive relations which allow to express the n-loop results in terms of one-loop
one- and two-point functions [16].

Fig. 2. A one-loop counterterm insertion into a one-loop diagram contributing to
the fermion-loop corrections at two-loop order.

Using the on-shell renormalization scheme we have worked out explicit
results for the fermion-loop contributions to the precision observables up
to four-loop order [16]. We have compared our result for the two-loop con-
tribution to ∆r with the MS result derived in Ref. [17], and found very
good agreement within less than 1 MeV for the MW prediction. Our ex-
act results allow to investigate the validity of the resummation eq. (2) for
the non-leading two-loop and the higher-order contributions. We found
that already the first non-leading two-loop term of O(∆ρ log(m2

t/M
2
Z)) is

not correctly produced by the resummation eq. (2). The terms of the form
∆ρ∆rtop,rem and (∆rtop,rem)

2 generated by eq. (2) give rise to a deviation
in MW of about 7 MeV compared to the exact result for the top/bottom
doublet. It turns out, however, that large numerical cancellations occur be-
tween the non-leading two-loop terms that are not correctly resummed in
eq. (2). While separately these terms differ from the corresponding terms
in the exact result by several MeV, their sum approximates the full result
remarkably well, up to less than 1 MeV.

From our exact result for the three- and four-loop contributions we find
that eq. (2) in fact correctly produces the leading terms in ∆α, ∆ρ of the
form (∆α)a (∆ρ)b, where a + b = n, and n is the number of loops. The
three-loop term of the form (∆α)2 ∆rαferm,rem is also correctly generated,

while the three-loop term ∆α∆rα
2

ferm,rem is not correctly produced. In the
full fermion-loop contribution at three-loop order again accidental numerical
cancellations occur, which give rise to the fact that the total contribution is
much smaller than the individual terms and affects the prediction for MW

by less than 1 MeV.
In total we find that due to accidental numerical cancellations the resum-

mation of the fermion-loop contributions according to eq. (2) yields a very
good numerical approximation of the complete fermion-loop result. The
exact result is approximated within about 2 MeV. The results for the pure
fermion-loop contributions to sin2 θeff and Γl will be discussed in Ref. [16].

[A. Stremplat ’98] [G. W. ’98]

[L. Chen, A. Freitas ’20]

[L. Chen, A. Freitas ’20]
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New 3-loop result of O(Nfα2αs)

3-loop contributions with one fermion loop, mixed electroweak + QCD


New contribution to Δr of −2.0 10−4 ⇔ ≈ +3 MeV in MW                        
Needs to be implemented into BSM predictions
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Figure 1: Sample diagrams for O(ω
2
ωs) corrections to muon decay in the full SM (a–g),

and for the matching to the Fermi model (h,i). The symbols → and ↑ denote O(ωs) and
O(ωωs) counterterms, respectively, whereas the black squares represent e!ective four-fermion
interactions in the Fermi model.

Here !r = !r(ω,MW,MZ,MH,mf ) collects all possible SM radiative corrections [31]. Over
a period of many years, NLO [31] and NNLO electroweak corrections [32–36], as well as
mixed electroweak-QCD NNLO corrections [37–40] have been computed. In addition, higher-
order corrections enhanced by the top Yukawa coupling yt are known at O(ωtω

2

s
) [41–43],

O(ω
2

t
ωs) and O(ω

3

t
) [44,45], and O(ωtω

3

s
) [46–48], where ωt ↓ y

2

t
/(4ε). More recently, leading

fermionic third-order corrections of order O(N
3

fω
3
) and O(N

2

fω
2
ωs) [49, 50] have become

available. The corrections listed in this paragraph have been implemented in the GRIFFIN
package [51]. Recent developments in the three-loop QED and MS scheme corrections to the
Fermi decay constant are reported in [52] and [53], respectively.

The O(Nf ω
2
ωs) results presented in this paper are distinct from the O(N

2

f ω
2
ωs) e!ects

discussed in Ref. [50], and they require the calculation of genuine three-loop amplitudes.
We employ the on-shell (OS) renormalization scheme, which allows us to present the result

3

⇒

[I. Dubovyk, A. Freitas, J. Gluza, J. Usovitsch ’26]
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BSM prediction for MW, example: MSSM, NMSSM 

Δr in the MSSM and the NMSSM, treatment of higher-order 
contributions:                                                                            
full one-loop + higher orders (SM) + higher orders (SUSY)


State-of-the art SM prediction recovered in decoupling limit,                   
all available higher-order corrections of SUSY-type included


For relatively light SUSY particles: additional theoretical 
uncertainty from higher-order SUSY-loop corrections
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     in the MSSM and NMSSM
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SUSY higher-order contributions

44

Page     | Lisa Zeune | MW in the MSSM and in the NMSSM

• higher-order contributions  
 
 
SUSY part 
leading reducible 2-loop corrections, gluon/gluino 2-loop corrections, 
higgsino 2-loop corrections 

     in the MSSM and NMSSM
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One-loop: complete result known in the MSSM and NMSSM;                                                                                           
leading contributions from the scalar superpartners of the top and 
bottom quarks via Δϱ: additional source of isospin splitting


Two-loop:Figure 6: Generic one-loop vertex correction diagrams in the NMSSM; χ̃± = χ̃±
1,2 and χ̃0 = χ̃0

1,2,3,4,5.
Analoguous diagrams exist for the other W vertex.

Figure 7: Generic one-loop box diagrams contributing to the muon decay amplitude in the NMSSM;
χ̃± = χ̃±

1,2 and χ̃0 = χ̃0
1,2,3,4,5.

out in the first step of the calculation. Accordingly, keeping track of the proper definition of the
gauge boson masses is obviously important in the context of electroweak precision physics. For the
remainder of this paper we will not use the labels (rw, fw) explicitly; if we do not refer to an internal
variable, MW and MZ will always refer to the mass definition according to a Breit-Wigner shape with
a running width (see e.g. Ref. [43] for further details; see also Refs. [101,102]).

We combine the SM one-loop result (which is part of the NMSSM calculation) with the relevant
available higher-order corrections of the state-of-the-art prediction for MSM

W . As we will describe
below in more detail, the higher-order corrections of SM-type are also incorporated in the NMSSM
calculation of ∆r in order to achieve an accurate prediction for MNMSSM

W . For a discussion of the
incorporation of higher-order contributions to MW in the MSSM see Refs. [61, 73].

In a first step, we write the NMSSM result for ∆r as the sum of the full one-loop and the higher-
order corrections,

∆rNMSSM = ∆rNMSSM(α) +∆rNMSSM(h.o.), (32)

where ∆rNMSSM(α) denotes the NMSSM one-loop contributions from the various particle sectors

∆rNMSSM(α) = ∆rfermion(α) +∆rgauge-boson/Higgs(α) +∆rsfermion(α) +∆rchargino/neutralino(α) , (33)

as discussed in the previous subsection. The term∆rNMSSM(h.o.) denotes the higher-oder contributions,
which we split into a SM part and a SUSY part,

∆rNMSSM(h.o.) = ∆rSM(h.o.) +∆rSUSY(h.o.) . (34)

The terms∆rSM/SUSY(h.o.) describe the SM/SUSY contributions beyond one-loop order. For∆rSM(h.o.)

we employ the most up-to-date SM result including all relevant higher-order corrections, while∆rSUSY(h.o.)

11

Figure 6: Generic one-loop vertex correction diagrams in the NMSSM; χ̃± = χ̃±
1,2 and χ̃0 = χ̃0

1,2,3,4,5.
Analoguous diagrams exist for the other W vertex.

Figure 7: Generic one-loop box diagrams contributing to the muon decay amplitude in the NMSSM;
χ̃± = χ̃±

1,2 and χ̃0 = χ̃0
1,2,3,4,5.
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remainder of this paper we will not use the labels (rw, fw) explicitly; if we do not refer to an internal
variable, MW and MZ will always refer to the mass definition according to a Breit-Wigner shape with
a running width (see e.g. Ref. [43] for further details; see also Refs. [101,102]).

We combine the SM one-loop result (which is part of the NMSSM calculation) with the relevant
available higher-order corrections of the state-of-the-art prediction for MSM

W . As we will describe
below in more detail, the higher-order corrections of SM-type are also incorporated in the NMSSM
calculation of ∆r in order to achieve an accurate prediction for MNMSSM

W . For a discussion of the
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In a first step, we write the NMSSM result for ∆r as the sum of the full one-loop and the higher-
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where ∆rNMSSM(α) denotes the NMSSM one-loop contributions from the various particle sectors

∆rNMSSM(α) = ∆rfermion(α) +∆rgauge-boson/Higgs(α) +∆rsfermion(α) +∆rchargino/neutralino(α) , (33)

as discussed in the previous subsection. The term∆rNMSSM(h.o.) denotes the higher-oder contributions,
which we split into a SM part and a SUSY part,

∆rNMSSM(h.o.) = ∆rSM(h.o.) +∆rSUSY(h.o.) . (34)

The terms∆rSM/SUSY(h.o.) describe the SM/SUSY contributions beyond one-loop order. For∆rSM(h.o.)

we employ the most up-to-date SM result including all relevant higher-order corrections, while∆rSUSY(h.o.)

11
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Extended Higgs sectors consisting of doublets and singlets: 
custodial symmetry ⇒ ϱ = 1 at lowest order                                        
Lowest-order charged Higgs exchange contribution: ~ (mμ me)/MW2


Main BSM contributions enter at 1-loop level: Δr(miSM, mjBSM, …)


Extended Higgs sectors involving triplets:                                      
tree-level contribution from triplet v.e.v. vT:                                      
MW2 = 1/4 g22 v2 + g22 vT2 


Example: MRSSM


Triplet v.e.v. vT is constrained to be small

45

⇒

Figure 3. Dependence of MW on vT obtained from varying the common SUSY mass scale as in
figure 1.

Several of the figures shown in the following sections contain plots of both MW and Mh

as function of the parameters of interest. This is of interest as the Higgs boson mass in

the MRSSM is very sensitive to those parameters, and as shown in figure 1 the variation

of Mh has an impact on MW via the SM-type contributions. In order to disentangle this

contribution from the genuine MRSSM e↵ects it is convenient to also show the dependence

of Mh on the relevant parameters.

The fixed parameters are set either as before, when mSUSY is varied, or we use updated

values for BMP1 of ref. [7] giving rise to a better agreement with the latest experimental

value for MW given in (1.3). The latter parameters are

tan� = 3, ⇤d = �1.2, ⇤u = �1.1, �d = 1.0, �u = �0.8,

µu = µd = 500 GeV, MD
B = 550 GeV, MD

W = 600 GeV, mRd = mRu = mS = 2 TeV,

MD
O = 1.5 TeV, ml̃,L = mẽ,R = 1 TeV,mO = mq̃,L;3 = mũ,R;3 = m2

d̃,R;3
= 1.5 TeV,

Bµ = (500 GeV)2, mT = 3 TeV, mq̃,L;1,2 = mũ,R;1,2 = md̃,R;1,2 = 2.5 TeV . (5.2)

5.2.1 Influence of the triplet vev

As the triplet vev a↵ects the W boson mass already at the tree level by breaking custodial

symmetry, even a small value (compared to MW ) a↵ects the prediction at the same order

as the size of the experimental uncertainty.

In figure 3 we show the interplay of vT and MW when the SUSY mass scale mSUSY

is varied as in figure 1 and all �d,u/⇤d,u are set equal to zero. One can see that in this

case the vT tree level contribution is numerically large for vT >
⇠ 1 GeV. The potentially

large impact of vT can be clearly seen by the quadratic dependency exhibited in the figure

which is in accordance with eq. (2.9). For |vT | >⇠ 3 GeV the prediction for MW grows above

the experimentally allowed region. Therefore, for phenomenological reasons the parameter

– 20 –

[P. Diessner, G. W. ’19]

⇒

MRSSM prediction for MW 
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How to deal with tadpole scheme dependencies?

Some proposals for curing the unphysical tadpole scheme 
dependencies just address the unphysical gauge-parameter 
dependence. The actual benefit of this may be questioned.           
Not having a visible gauge-parameter dependence does not 
automatically make a quantity physical!


Ideally one should focus on relations between physical observables, 
even if this requires predictions for additional process-specific 
observables, etc.


I suggest to compare, at the very least, with on-shell type 
renormalisations for mixing angles, tanβ, etc.

46
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Specific comment on use of the ``pinch technique’’

People making statements like ``we have used the pinch technique to 
make our result gauge-parameter independent’’ either disregard or 
have not understood results that have been obtained more than     
30 years ago!


It has been shown that the pinch technique corresponds to the 
special case of the background-field method (BFM) where the 
quantum gauge parameter is set to ξQ = 1. One cannot get rid of the 
dependence on the quantum gauge parameter in this way; other 
choices of the quantum gauge parameter are equally well motivated 
as ξQ = 1! 

47

[A. Denner, S. Dittmaier, G. W. ’94]
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Simplified BSM predictions for the W-boson mass

S, T, U parameters: only BSM contributions taken into account that 
enter via gauge-boson self-energies (only one-loop contributions), 
external momentum neglected


SM prediction for the experimental values of MH, mt, … 


48

obtained from HiggsSignals. In order to test the parameter points against the exclusion limits
from the Higgs searches at LEP, the Tevatron and in particular from the LHC, we employ the
public code HiggsBounds v.5.9.1 [88–93]. Constraints from flavor-physics observables are taken
into account by he approach as implemented in ScannerS, where the 2HDM flavor constraints
projected to the tan �–mH± plane as given in Ref. [94] are applied under the assumption that
the constrains approximately hold in the N2HDM. Contrary to previous analyses we do not apply
contraints from electroweak precision observables (EWPOs), see the next subsection.

2.3 The MW calculation

Constraints from EWPOs can in a simple approximation be expressed in terms of the oblique
parameters S, T and U [95, 96]. E↵ects from physics beyond the SM on these parameters can
be significant if the new physics contributions enter mainly through gauge boson self-energies,
as it is the case for extended Higgs sectors. ScannerS has implemented the one-loop corrections
to the oblique parameters for models with an arbitrary number of Higgs doublets and singlets
from Ref. [97].

Accordingly, the W -boson mass can be calculated as a function of the oblique parameters,
given by [97]

M
2

W
= M

2

W

��
SM

✓
1 +

s
2

w

c2
w
� s2

w

�r
0
◆

, (9)

with

�r
0 =

↵

s2
w

✓
�
1

2
S + c

2

w
T +

c
2

w
� s

2

w

4s2
w

U

◆
. (10)

Inserting the results for S, T and U obtained with ScannerS in the N2HDM yields our prediction
for MN2HDM

W
.

Another very precisely known EWPO is the e↵ective weak mixing angle, usually referred to as
sin2

✓e↵ .2 It is important to verify in which way the modifications to the W -boson mass also give
rise to modifications to sin2

✓e↵ . We therefore compute sin2
✓e↵ according to

sin2
✓e↵ = sin2

✓e↵

��
SM

� ↵
c
2

w
s
2

w

c2
w
� s2

w

T , (11)

where we take into account the numerically important contribution from the T (= �⇢/↵) parame-
ter. For the values of the SM parameters that enter in the prediction of M2

W
|
SM

and sin2
✓e↵

��
SM

we
used the set of numerical values as given in Eq. (7) of Ref. [98], which were taken from Ref. [29, 99].
The SM values employed are MW |SM = 80.357GeV and sin2

✓e↵ |SM = 0.231532.

2.4 Fitting the excesses at 95 GeV

In order to analyze whether a simultaneous fit to the observed ��, ⌧+⌧� and bb̄ excesses is possible,
we perform a �

2-analysis where �
2 takes into account the three contributions �

2

��
, �2

⌧⌧
and �

2

bb

defined by the measured central values µ
exp

��,⌧⌧,bb
and the 1 � uncertainties �µ

exp

��,⌧⌧,bb
of the signal

2Another precisely known EWPO that depends on the T parameter is the total width of the Z boson �Z . We do
not include the modifications to �Z in our analysis, given the fact that it was shown in Ref. [44] that the tensions
between the experimental value of �Z and its theoretical predictions are only at the level of 1� in the range of T
that is required to predict a value of MW in agreement with the CDF measurement.

4

Global fits to electroweak precision observables:                                     
SM, SM + S, T, U parameters: GFitter, …                                       
BSM models (SUSY, …): MasterCode, Gambit, …                          
EFT fits
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Mass of a physical particle: pole of the propagator

49

Higher-order contributions to the propagator

i
p2−m2

+

i
p2−m2 iΣ(p2) i

p2−m2

+

i
p2−m2 iΣ(p2) i

p2−m2 iΣ(p2) i
p2−m2

+ · · ·

=
i

p2 −m2 + Σ(p2)

⇒ Pole of the propagator: M2

M2 −m2 + Σ(M2) = 0

For a stable particle: Σ(M2) is real
If Σ(M2) ̸= 0⇒ Pole shifted by higher-order contributions

The concept of mass in particle physics, Georg Weiglein, Symposium Begriff der Masse, DPG Frühjahrstagung 2013, Jena, 02 / 2013 – p.7

What is meant by the mass of an unstable particle?

Renormalised self-energy

(denoted below by     )⌃̂
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Mass of an unstable (elementary) particle

50

Mass of an unstable (elementary) particle
For an unstable particle:
Σ(M2) is complex ⇒ Pole in the complex plane

M2 −m2 + Σ(M2) = 0, M2 = M2 − iMΓ

M : physical mass, Γ: decay width of the unstable particle

⇒ The mass of an unstable (elementary) particle is defined
according to the real part of the complex pole

Example:
resonant production
of the Z boson and its decay
(point-like particle!) 10

10 2

10 3

10 4
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The concept of mass in particle physics, Georg Weiglein, Symposium Begriff der Masse, DPG Frühjahrstagung 2013, Jena, 02 / 2013 – p.8
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On the experimental side masses of unstable particles are not 
directly physical observables (can only measure cross sections, 
branching ratios, kinematical distributions, …): masses are 
``pseudo-observables’’ whose determination involves a 
deconvolution procedure (unfolding)


Different parameterisations of the resonance: Breit-Wigner 
shape with running or constant width (difference: 27 MeV!)                                                    


The experimental mass parameter is obtained from the 
comparison data — Monte Carlo prediction

51

The experimental mass parameters MW, MZ, mt, … are not strictly 
model-independent (example: exp. value for MZ depends on MH!)  
Note: relation between Monte Carlo mass and well-defined 
Lagrangian par. is most difficult for mt (coloured state, renormalon 
ambiguities, …), but much higher accuracy needed for MW!

⇒

Which parameter is actually measured?
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Physical mass of unstable particles: real part of 
complex pole

52

Renormalisation of MW, MZ at the two-loop level

⇒ Only the complex pole is gauge-invariant

Expansion around the complex pole leads to a Breit–Wigner
shape with constant width

For historical reasons, the experimental values of MZ, MW are
defined according to a Breit–Wigner shape with running width

⇒ Need to correct for the difference in definition when
comparing theory with experiment

Lectures on SM and SUSY Phenomenology, Georg Weiglein, Prague, 09/2007 – p.56
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Measurements at LEP, the Tevatron and the LHC:


• LEP: e+e- → W+W- in the continuum and at threshold (small 
amount of data); impact of fully hadronic final state suffered 
from uncertainties due to BE correlations, colour reconnections


• Tevatron, LHC: transverse mass distribution


In the SM: MW is a free input parameter


From muon decay (yields Fermi constant Gμ): relation between the 
four extremely precisely measured quantities Gμ, α, MW, MZ


Use as prediction for MW in different models, compare with 
experimental value


Important: precise theoretical predictions are needed both for its 
predictions in the SM and beyond and for the extraction of MW from 
the data (source of systematic uncertainty)! 53

MW: measurements and theoretical predictions

⇒
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Extraction of MW from the data at hadron colliders

54

MW determination at hadron colliders
problems are due to 独the smearing of the distributions due to difficult neutrino reconstruction

                               独strong sensitivity to the modelling of initial state QCD effects

Experimental Observables 

5 EPS-HEP Stockholm   18/07/2013 T.Kurca for D0 Collaboration 

pT(e) 
 most affected by pT(W)   

MT 
 less sensitive to transverse motion of W 
- sensitive to detector resolution effects 

          No pT(W)  
   pT(W) included 

  Detector effects  

  extract W mass from 3 observables transversal to the beam direction:   
               Electron pT 
               W transverse mass MT 
               Missing ET 

  complementary observables, not completely correlated 
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ATLAS error dominated by 
modelling systematics

10
Alessandro Vicini - University of Milano                                                                                                                                                                                                                                                                                            Madrid, June 9th 2022

[A. Vicini ’22]

12

The templates are perturbative predictions. 
Their residual theoretical uncertainties will propagate as theoretical systematic errors on the determination of 

Given the very high precision goal          
control on the shape of the distributions  at the sub-percent level is needed,  at a hadron collider…

(Gμ, mW, mZ)

δmW /mW ∼ 1 ⋅ 10−4, δ sin2 θeff /sin2 θeff ∼ 1 ⋅ 10−3
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Determination of SM parameters at colliders: methodologyTemplates for different MW values:

13

Basic ingredients of the simulation tools needed for the MW determination
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C.Carloni Calame, M.Chiesa, H.Martinez, G.Montagna, O.Nicrosini, F.Piccinini, AV, arXiv:1612.02841 

 ● very large impact of initial-state QCD radiation on the ptlep distribution
 ● large radiative corrections due to QED final state radiation at the jacobian peak
 ● very large interplay of QCD and QED corrections redefining the precise shape of the jacobian peak

Alessandro Vicini - University of Milano                                                                                                                                                                                                                                                                                            Madrid, June 9th 2022
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Breit-Wigner factor 
with fixed width

55

Expansion around the complex pole for a single 
resonance

Field renormalisation 
and wave function 
normalisation factor 
of unstable particle

p2 �m2 + ⌃̂(p2) =
�
p2 �M2

�
| {z }

(
1 +

d ⌃̂

d p2

)�����
p2=M2

| {z }

+ . . .

Note:


Wave-function normalisation factor needs to be evaluated at the 
complex pole


One-loop field renormalisation:                                                      
Complex quantity, no restriction to Re(…)

⟶
⟶

�Z(1) = �@⌃(p2)

@p2

�����
p2=m2
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Expansion around the complex pole (example: MZ)

56

Renormalisation of MW, MZ at the two-loop level

Expansion of amplitude around complex pole:

A(e+e− → ff̄) =
R

s−M2
Z

+ S + (s−M2
Z) S′ + · · ·

M2
Z = M

2
Z − iMZ ΓZ

Expanding up to O(α2) using O(ΓZ/MZ) = O(α)

From 2-loop order on:

real part of complex pole, MZ #= pole of real part, M̃ 2
Z

δM
2
(2) = δM̃ 2

(2) + Im
{
Σ′

T,(1)(M
2)
}

Im
{
ΣT,(1)(M

2)
}

︸ ︷︷ ︸
gauge-parameter dependent!

Lectures on SM and SUSY Phenomenology, Georg Weiglein, Prague, 09/2007 – p.55
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Prediction for MW and sin2θeff in the SM and MSSM 
vs. experimental accuracies 

57

[S. Heinemeyer, W. Hollik, G. W., L. Zeune ’18]

MW and sin2θef have high sensitivity for model discrimination⇒

MSSM region
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