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

2.11.2.1 QED Corrections

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

αem ≡ αem(0) → αem(s) =
αem

1 − ∆αem(s)
, (2.52)

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

f < s, contributes to ∆αem(s) by an amount of:
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where Nf
C is the QCD colour factor, Nf

C = 1 for leptons and Nf
C = 3 for quarks, and βf =

√

1 − 4m2
f/s

is the fermion velocity. The running of αem(s) is driven by the light charged fermions, while heavy
charged fermions, 4m2

f > s, decouple and are not visible:
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For ∆r, αem(s) must be evolved from the Thomson limit s = 0, where αem is defined, to the scale
s = M2

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

loop order, ∆α(eµτ)
em (M2

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

∆α(t)
em(M2

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

expression for ∆α(q)
em unreliable. Instead, the contribution of the five light quarks is calculated based
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Figure 1.1: The lowest-order s-channel Feynman diagrams for e+e→ → ff. For e+e→ final states,
the photon and the Z boson can also be exchanged via the t-channel. The contribution of Higgs
boson exchange diagrams is negligible.
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Figure 1.2: The hadronic cross-section as a function of centre-of-mass energy. The solid line is
the prediction of the SM, and the points are the experimental measurements. Also indicated
are the energy ranges of various e+e→ accelerators. The cross-sections have been corrected for
the effects of photon radiation.
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BSM in the loops: Oblique Parameters

Constrain heavy BSM physics  
(M > MZ) through its effects on vacuum 
polarisation diagrams 
‣ Universal modifications to light-

particle scattering 
• Oblique Parameters S, T, U 

‣ Neutral current interactions: S, T 
‣ Charged current: U 
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The Higgs Boson Width
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45 11. Status of Higgs Boson Physics

11.3.8.3 Indirect constraints from o�-shell couplings
The total width of the Higgs boson can also be constrained through the simultaneous analysis of

on-shell and o�-shell production measurements in the V V channel [232,233]. In the o�-shell regime,
introduced in Section 11.2.5.3, production in the V V final state is enhanced when the invariant
mass exceeds 2mV and both vector bosons become on-shell. This enhancement partially o�sets the
decline in Higgs boson production away from its mass peak and enables the measurement described
here.

The signal strength measurements for on-shell µon-shell and o�-shell µo�-shell for a given pro-
duction mechanism j can be expressed in terms of coupling modifiers gp and gd for production
and decay respectively. The corresponding cross-sections are given by Eq. 11.12, repeated here for
completeness:

‡on≠shell
j

Ã
g2

pg2
d

≈H

Ã µon≠shell
j

and ‡o�≠shell
j

Ã g2
pg2

d Ã µon≠shell
j

≈H
(11.24)

Assuming that the coupling modifiers are identical in both regimes, the total Higgs boson width
≈H can be extracted from the ratio of the measured on-shell and o�-shell signal strengths. This
measurement relies on the assumption that the ratio of couplings in the o�-shell and on-shell regimes
follows the SM prediction, that ggF is the dominant production mechanism, and that there are no
significant contributions from BSM particles to the ggH loop within the mass range considered in
the analysis. Another important aspect to consider is the sizable destructive interference between
the Higgs boson signal and the non-resonant V V production in the o�-shell region. This interference
scales with

Ò
µon≠shell

j
.

ATLAS and CMS have studied o�-shell production in the H æ ZZ æ 4¸ channel, and are able
to exclude the background-only hypothesis µo�≠shell = 0 with a significance of 3.7‡ (2.4‡) observed
(expected) for ATLAS [340] and 3.8‡ (2.4‡ expected) for CMS [231]. This corresponds to evidence
for the o�-shell production of a Higgs boson, through the measurement of a significant deficit in
the overall gg æ V V production. The measured total o�-shell signal strengths µo�≠shell, combining
the 4¸ and 2¸2‹ final states and the ggF, VBF and VH production modes, are the following:

(ATLAS) µo�≠shell = 1.06+0.62
≠0.45 (obs) [1.00+0.83

≠0.83 (exp)],
(CMS) µo�≠shell = 0.67+0.42

≠0.32(obs) [1.000.83
≠0.84 (exp)].

(11.25)

These o�-shell production analyses exploit kinematic event characteristics to further gain in
sensitivity to discriminate between the signal and background. From these measurements of the
cross-section a constraint on the total width can be derived as mentioned above, following 11.24.
The sensitivity to the Higgs width already reached at Run 2 is remarkable:

(ATLAS) ≈H = 4.3+2.7
≠1.9 [4.1+3.5

≠3.4 (exp)] MeV, (11.26)
(CMS) ≈H = 3.0+2.0

≠1.5 [4.1 ± 3.5 (exp)] MeV. (11.27)

CMS has also derived results allowing for anomalous couplings of the Higgs boson [341], reducing
the discriminating power of the kinematic variables used in the analysis but also mitigating the
model dependence. Neither the results nor the sensitivities are significantly a�ected by allowing
specific anomalous coupling parameters to float in the fits. The best fit of ≈H in the anomalous
couplings scenario ranges from ≈H = 2.7+2.1

≠1.4 MeV to ≈H = 3.4+2.3
≠1.8 MeV, depending on the coupling

addressed. CMS has also investigated the impact of heavy particles in the ggH loop, through the
introduction of a new heavy quark with an unconstrained coupling strength ŸQ [231]. This scenario

1st December, 2025

[PDG 2025]

https://pdg.lbl.gov/2025/reviews/rpp2025-rev-higgs-boson.pdf


The Higgs-κ Framework

Modification of SM Higgs couplings 
‣ Parameterised through κi modifiers 

‣ Defined through partial widths Γi = κ2
i ΓSM
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the Tevatron22 at Fermilab. In the SM, the Higgs boson is an elementary 
scalar particle, a type that had never been observed before. Fundamen-
tal scalar particles are subject to quantum corrections that can be as 
large as the scale of the physics beyond the SM (BSM). As this scale can 
be many orders of magnitude larger than the electroweak scale, which 
is about 100 GeV, the measured mass of the Higgs boson is puzzlingly 
small. How to resolve this puzzle is part of the motivation for future 
work and accelerators.
The BEH mechanism does not predict the mass of the Higgs boson, but 
once the mass is fixed, all its other properties are precisely defined. 
The Higgs boson, once produced, decays directly to the heaviest 
allowed elementary particles. However, decays to massless particles 
can also occur through quantum loops. At the LHC, the production of 
Higgs bosons is dominated by gluon–gluon fusion (ggH) proceeding 
via a virtual top quark loop. The mass of a real particle is defined as 
m2 = E2 − p2, where E is the energy and p is the momentum vector of the 
particle. For a virtual particle, this equation is not valid and thus a virtual  
particle does not have a defined value of the mass. A virtual particle is 
denoted by an asterisk, for example, W* denoting a virtual W boson. 
Henceforth the distinction between real and virtual particles will be 
dropped, unless mentioned otherwise. At a mass of around 125 GeV, the 
Higgs boson decays dominantly into a b quark and its antiquark. Hence-
forth, the distinction between a particle and its antiparticle will be  
dropped.

From the accurate observation and measurement of the products 
of the Higgs boson decays and of those associated with its production, 
experiments are able to infer its properties, including the strength of 
its self-interaction (λ)23 and, potentially, decays into BSM particles.

This paper presents the combination of results from single Higgs 
boson production and decay, and its pair production, using datasets 
corresponding to an integrated luminosity L( ) up to 138 fb−1 (ref. 24), 
collected by the CMS in 2016–2018. An integrated luminosity of 1 fb−1 
corresponds to about 100 trillion proton–proton collisions at a centre- 
of-mass energy of 13 TeV.

In addition, a few projections are made for an assumed data sample 
corresponding to L = 3, 000 fb−1, recorded at s = 14 TeV, expected to 

be accumulated by the end of the next decade during the high-luminosity 
operation of the LHC accelerator (HL-LHC).

The CMS experiment and datasets
The CMS apparatus25, illustrated in Extended Data Fig. 1, is a multipur-
pose, nearly hermetic detector, designed to trigger on26,27 and identify 
electrons (e), muons (µ), photons (γ) and (charged and neutral) had-
rons28–30. A trigger is a filter that selects interesting events, where ‘event’ 
refers to the result of the selected interaction in a beam crossing, as 
observed in the detector. A global event reconstruction algorithm31 
combines the information provided by the all-silicon inner tracker, 
crystal electromagnetic calorimeter, and brass and scintillator hadron 
calorimeters, operating inside a 3.8-T superconducting solenoid, with 
data from gas-ionization muon detectors embedded in the solenoid 
flux-return yoke, to build electrons, muons, tau (%) leptons, photons, 
hadronic jets, missing transverse momentum p( )T

miss  and other physics 
objects32–34. Collimated streams of particles arising from the fragmen-
tation of quarks or gluons are called ‘jets’. These jets are identified, and 
their energies measured, by specialized reconstruction algorithms31,33. 
The missing transverse momentum vector is measured with respect 
to the incoming proton beams, and it is computed as the negative vec-
tor sum of transverse momenta of all particles in an event.

Several improvements have been introduced into the CMS experi-
ment since the discovery of the Higgs boson in 2012 (Methods).

By July 2012, CMS had collected data corresponding to L = 5.1 fb−1 at 
a proton–proton (pp) collision centre-of-mass energy s = 7 TeV   
(in 2011) and L = 5.3 fb−1  at s = 8 TeV  (in the first half of 2012), with 
which the Higgs boson was discovered. By the end of 2012 (Run 1), CMS 
had collected data corresponding to L = 19.7 fb−1 at s = 8 TeV (ref. 35).

In LHC Run 2 (2015–2018), the accelerator delivered collisions at 
s = 13 TeV. At this larger energy, the cross-section for Higgs boson 

production increases by a factor of 2.2–4.0, depending on the produc-
tion mode36–39. Physics analyses presented here are based on 2016–2018 
data, corresponding to L of up to 138 fb−1 (the additional approximately 
2 fb−1 recorded in 2015 are not used in this combination). This enabled 
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Fig. 1 | Feynman diagrams for the leading Higgs boson interactions.  
a–f, Higgs boson production in ggH (a) and VBF (b), associated production with 
a W or Z (V) boson (VH; c), associated production with a top or bottom quark 
pair (ttH or bbH; d) and associated production with a single top quark (tH; e,f). 
g–j, Higgs boson decays into heavy vector boson pairs (g), fermion–antifermion 
pairs (h) and photon pairs or Zγ (i,j). k–o, Higgs boson pair production through 

ggH (k,l) and through VBF (m,n,o). The different Higgs boson interactions are 
labelled with the coupling modifiers κ, and highlighted in different colours for 
Higgs–fermion interactions (red), Higgs–gauge-boson interactions (blue) and 
multiple Higgs boson interactions (green). The distinction between a particle 
and its antiparticle is dropped.
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the Tevatron22 at Fermilab. In the SM, the Higgs boson is an elementary 
scalar particle, a type that had never been observed before. Fundamen-
tal scalar particles are subject to quantum corrections that can be as 
large as the scale of the physics beyond the SM (BSM). As this scale can 
be many orders of magnitude larger than the electroweak scale, which 
is about 100 GeV, the measured mass of the Higgs boson is puzzlingly 
small. How to resolve this puzzle is part of the motivation for future 
work and accelerators.
The BEH mechanism does not predict the mass of the Higgs boson, but 
once the mass is fixed, all its other properties are precisely defined. 
The Higgs boson, once produced, decays directly to the heaviest 
allowed elementary particles. However, decays to massless particles 
can also occur through quantum loops. At the LHC, the production of 
Higgs bosons is dominated by gluon–gluon fusion (ggH) proceeding 
via a virtual top quark loop. The mass of a real particle is defined as 
m2 = E2 − p2, where E is the energy and p is the momentum vector of the 
particle. For a virtual particle, this equation is not valid and thus a virtual  
particle does not have a defined value of the mass. A virtual particle is 
denoted by an asterisk, for example, W* denoting a virtual W boson. 
Henceforth the distinction between real and virtual particles will be 
dropped, unless mentioned otherwise. At a mass of around 125 GeV, the 
Higgs boson decays dominantly into a b quark and its antiquark. Hence-
forth, the distinction between a particle and its antiparticle will be  
dropped.

From the accurate observation and measurement of the products 
of the Higgs boson decays and of those associated with its production, 
experiments are able to infer its properties, including the strength of 
its self-interaction (λ)23 and, potentially, decays into BSM particles.

This paper presents the combination of results from single Higgs 
boson production and decay, and its pair production, using datasets 
corresponding to an integrated luminosity L( ) up to 138 fb−1 (ref. 24), 
collected by the CMS in 2016–2018. An integrated luminosity of 1 fb−1 
corresponds to about 100 trillion proton–proton collisions at a centre- 
of-mass energy of 13 TeV.

In addition, a few projections are made for an assumed data sample 
corresponding to L = 3, 000 fb−1, recorded at s = 14 TeV, expected to 

be accumulated by the end of the next decade during the high-luminosity 
operation of the LHC accelerator (HL-LHC).

The CMS experiment and datasets
The CMS apparatus25, illustrated in Extended Data Fig. 1, is a multipur-
pose, nearly hermetic detector, designed to trigger on26,27 and identify 
electrons (e), muons (µ), photons (γ) and (charged and neutral) had-
rons28–30. A trigger is a filter that selects interesting events, where ‘event’ 
refers to the result of the selected interaction in a beam crossing, as 
observed in the detector. A global event reconstruction algorithm31 
combines the information provided by the all-silicon inner tracker, 
crystal electromagnetic calorimeter, and brass and scintillator hadron 
calorimeters, operating inside a 3.8-T superconducting solenoid, with 
data from gas-ionization muon detectors embedded in the solenoid 
flux-return yoke, to build electrons, muons, tau (%) leptons, photons, 
hadronic jets, missing transverse momentum p( )T

miss  and other physics 
objects32–34. Collimated streams of particles arising from the fragmen-
tation of quarks or gluons are called ‘jets’. These jets are identified, and 
their energies measured, by specialized reconstruction algorithms31,33. 
The missing transverse momentum vector is measured with respect 
to the incoming proton beams, and it is computed as the negative vec-
tor sum of transverse momenta of all particles in an event.

Several improvements have been introduced into the CMS experi-
ment since the discovery of the Higgs boson in 2012 (Methods).

By July 2012, CMS had collected data corresponding to L = 5.1 fb−1 at 
a proton–proton (pp) collision centre-of-mass energy s = 7 TeV   
(in 2011) and L = 5.3 fb−1  at s = 8 TeV  (in the first half of 2012), with 
which the Higgs boson was discovered. By the end of 2012 (Run 1), CMS 
had collected data corresponding to L = 19.7 fb−1 at s = 8 TeV (ref. 35).

In LHC Run 2 (2015–2018), the accelerator delivered collisions at 
s = 13 TeV. At this larger energy, the cross-section for Higgs boson 

production increases by a factor of 2.2–4.0, depending on the produc-
tion mode36–39. Physics analyses presented here are based on 2016–2018 
data, corresponding to L of up to 138 fb−1 (the additional approximately 
2 fb−1 recorded in 2015 are not used in this combination). This enabled 
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Fig. 1 | Feynman diagrams for the leading Higgs boson interactions.  
a–f, Higgs boson production in ggH (a) and VBF (b), associated production with 
a W or Z (V) boson (VH; c), associated production with a top or bottom quark 
pair (ttH or bbH; d) and associated production with a single top quark (tH; e,f). 
g–j, Higgs boson decays into heavy vector boson pairs (g), fermion–antifermion 
pairs (h) and photon pairs or Zγ (i,j). k–o, Higgs boson pair production through 

ggH (k,l) and through VBF (m,n,o). The different Higgs boson interactions are 
labelled with the coupling modifiers κ, and highlighted in different colours for 
Higgs–fermion interactions (red), Higgs–gauge-boson interactions (blue) and 
multiple Higgs boson interactions (green). The distinction between a particle 
and its antiparticle is dropped.
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where v is the vacuum expectation value of the Higgs field, and the longitudinal com-

ponents of the W and Z bosons, εa(x), are described by the two-by-two matrix !(x) =

exp(iϑaεa(x)/v), with ϑ
a being the Pauli matrices. The deviations in the Higgs-boson

couplings to weak gauge-bosons, HV V (V = Z,W
±), and to fermions, Hff̄ , are parame-

terized by the scale factors ωV and ωf respectively, defined as the ratio between the total

Higgs-boson couplings, including NP e”ects, and the corresponding couplings in the SM

(such that ωV = ωf = 1 in the SM). We only consider the modification of couplings already

existing in the SM and, for loop-induced couplings (Hgg, Hϖϖ, and HZϖ), we do not

assume NP contributions in loops2. This class of models is not fully general but it is more

directly constrained by the experimental measurements of Higgs-boson couplings. It is also

the scenario assumed in both ATLAS and CMS studies of Higgs-boson couplings and allows

us to directly compare to their results, giving us the possibility to test both the HEPfit

framework and our correct use of the experimental data for Higgs-boson signal-strengths.

For a detailed description of the relations between scale factors and the Higgs-boson signal

strengths we refer the reader to ref. [57].

In this context we first perform a fit of the EWPO with the only addition of the

scale factor ωV . The only corrections to EWPO are then given by the following 1-loop

contributions to the oblique S and T parameters 3 [63]:
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where we set the cuto” of the e”ective Lagrangian to the scale of violation of perturbative

unitarity in WW scattering, i.e. # = 4ϱv/
√
|1→ ω

2

V
|. We present the results of the fit for

ωV in table 10 and fig. 6.

The lower bound on ωV at 95% corresponds to a cuto” scale # = 13 TeV if ωV is

assumed to be smaller than 1, # = 8.7 TeV if ωV is assumed to be larger than 1, and

# = 8.8 TeV marginalizing over the sign of 1 → ωV . The fit disfavours values of ωV < 1

(10% probability), expected for example in composite Higgs models. This problem can be

alleviated by adding extra contributions to the oblique parameters [64–67].

2We notice that, in the presence of NP, the relative experimental e!ciencies, ωi, will in general be di”erent

from their values in the SM. In particular, the appearance of new tensor structures in the vertices could

modify the kinematic distributions of the final-state particles, thereby changing the e!ciencies. However,

since in this work we only consider rescalings of the SM Higgs-boson couplings, we will use SM e!ciencies

ωSMi (and hence weight factors wSM
i ) throughout.

3Even if we assume that custodial symmetry is preserved by the new interactions, there is still a non-

zero contribution to the T parameter. Note that custodial symmetry breaking is actually parameterized

by #ε = ϑT , which, in this scenario, is proportional to the square of U(1)Y gauge coupling, g→. Indeed

g→ is one of the parameters that breaks custodial symmetry in the SM, and the new e”ective interactions

only modify the way custodial symmetry is broken. In the limit of g→ → 0 there is no contribution to T ,

consistently with the assumption of custodial symmetry in the new physics.
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the Tevatron22 at Fermilab. In the SM, the Higgs boson is an elementary 
scalar particle, a type that had never been observed before. Fundamen-
tal scalar particles are subject to quantum corrections that can be as 
large as the scale of the physics beyond the SM (BSM). As this scale can 
be many orders of magnitude larger than the electroweak scale, which 
is about 100 GeV, the measured mass of the Higgs boson is puzzlingly 
small. How to resolve this puzzle is part of the motivation for future 
work and accelerators.
The BEH mechanism does not predict the mass of the Higgs boson, but 
once the mass is fixed, all its other properties are precisely defined. 
The Higgs boson, once produced, decays directly to the heaviest 
allowed elementary particles. However, decays to massless particles 
can also occur through quantum loops. At the LHC, the production of 
Higgs bosons is dominated by gluon–gluon fusion (ggH) proceeding 
via a virtual top quark loop. The mass of a real particle is defined as 
m2 = E2 − p2, where E is the energy and p is the momentum vector of the 
particle. For a virtual particle, this equation is not valid and thus a virtual  
particle does not have a defined value of the mass. A virtual particle is 
denoted by an asterisk, for example, W* denoting a virtual W boson. 
Henceforth the distinction between real and virtual particles will be 
dropped, unless mentioned otherwise. At a mass of around 125 GeV, the 
Higgs boson decays dominantly into a b quark and its antiquark. Hence-
forth, the distinction between a particle and its antiparticle will be  
dropped.

From the accurate observation and measurement of the products 
of the Higgs boson decays and of those associated with its production, 
experiments are able to infer its properties, including the strength of 
its self-interaction (λ)23 and, potentially, decays into BSM particles.

This paper presents the combination of results from single Higgs 
boson production and decay, and its pair production, using datasets 
corresponding to an integrated luminosity L( ) up to 138 fb−1 (ref. 24), 
collected by the CMS in 2016–2018. An integrated luminosity of 1 fb−1 
corresponds to about 100 trillion proton–proton collisions at a centre- 
of-mass energy of 13 TeV.

In addition, a few projections are made for an assumed data sample 
corresponding to L = 3, 000 fb−1, recorded at s = 14 TeV, expected to 

be accumulated by the end of the next decade during the high-luminosity 
operation of the LHC accelerator (HL-LHC).

The CMS experiment and datasets
The CMS apparatus25, illustrated in Extended Data Fig. 1, is a multipur-
pose, nearly hermetic detector, designed to trigger on26,27 and identify 
electrons (e), muons (µ), photons (γ) and (charged and neutral) had-
rons28–30. A trigger is a filter that selects interesting events, where ‘event’ 
refers to the result of the selected interaction in a beam crossing, as 
observed in the detector. A global event reconstruction algorithm31 
combines the information provided by the all-silicon inner tracker, 
crystal electromagnetic calorimeter, and brass and scintillator hadron 
calorimeters, operating inside a 3.8-T superconducting solenoid, with 
data from gas-ionization muon detectors embedded in the solenoid 
flux-return yoke, to build electrons, muons, tau (%) leptons, photons, 
hadronic jets, missing transverse momentum p( )T

miss  and other physics 
objects32–34. Collimated streams of particles arising from the fragmen-
tation of quarks or gluons are called ‘jets’. These jets are identified, and 
their energies measured, by specialized reconstruction algorithms31,33. 
The missing transverse momentum vector is measured with respect 
to the incoming proton beams, and it is computed as the negative vec-
tor sum of transverse momenta of all particles in an event.

Several improvements have been introduced into the CMS experi-
ment since the discovery of the Higgs boson in 2012 (Methods).

By July 2012, CMS had collected data corresponding to L = 5.1 fb−1 at 
a proton–proton (pp) collision centre-of-mass energy s = 7 TeV   
(in 2011) and L = 5.3 fb−1  at s = 8 TeV  (in the first half of 2012), with 
which the Higgs boson was discovered. By the end of 2012 (Run 1), CMS 
had collected data corresponding to L = 19.7 fb−1 at s = 8 TeV (ref. 35).

In LHC Run 2 (2015–2018), the accelerator delivered collisions at 
s = 13 TeV. At this larger energy, the cross-section for Higgs boson 

production increases by a factor of 2.2–4.0, depending on the produc-
tion mode36–39. Physics analyses presented here are based on 2016–2018 
data, corresponding to L of up to 138 fb−1 (the additional approximately 
2 fb−1 recorded in 2015 are not used in this combination). This enabled 
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Fig. 1 | Feynman diagrams for the leading Higgs boson interactions.  
a–f, Higgs boson production in ggH (a) and VBF (b), associated production with 
a W or Z (V) boson (VH; c), associated production with a top or bottom quark 
pair (ttH or bbH; d) and associated production with a single top quark (tH; e,f). 
g–j, Higgs boson decays into heavy vector boson pairs (g), fermion–antifermion 
pairs (h) and photon pairs or Zγ (i,j). k–o, Higgs boson pair production through 

ggH (k,l) and through VBF (m,n,o). The different Higgs boson interactions are 
labelled with the coupling modifiers κ, and highlighted in different colours for 
Higgs–fermion interactions (red), Higgs–gauge-boson interactions (blue) and 
multiple Higgs boson interactions (green). The distinction between a particle 
and its antiparticle is dropped.
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where v is the vacuum expectation value of the Higgs field, and the longitudinal com-

ponents of the W and Z bosons, εa(x), are described by the two-by-two matrix !(x) =

exp(iϑaεa(x)/v), with ϑ
a being the Pauli matrices. The deviations in the Higgs-boson

couplings to weak gauge-bosons, HV V (V = Z,W
±), and to fermions, Hff̄ , are parame-

terized by the scale factors ωV and ωf respectively, defined as the ratio between the total

Higgs-boson couplings, including NP e”ects, and the corresponding couplings in the SM

(such that ωV = ωf = 1 in the SM). We only consider the modification of couplings already

existing in the SM and, for loop-induced couplings (Hgg, Hϖϖ, and HZϖ), we do not

assume NP contributions in loops2. This class of models is not fully general but it is more

directly constrained by the experimental measurements of Higgs-boson couplings. It is also

the scenario assumed in both ATLAS and CMS studies of Higgs-boson couplings and allows

us to directly compare to their results, giving us the possibility to test both the HEPfit

framework and our correct use of the experimental data for Higgs-boson signal-strengths.

For a detailed description of the relations between scale factors and the Higgs-boson signal

strengths we refer the reader to ref. [57].

In this context we first perform a fit of the EWPO with the only addition of the

scale factor ωV . The only corrections to EWPO are then given by the following 1-loop

contributions to the oblique S and T parameters 3 [63]:
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where we set the cuto” of the e”ective Lagrangian to the scale of violation of perturbative

unitarity in WW scattering, i.e. # = 4ϱv/
√
|1→ ω

2

V
|. We present the results of the fit for

ωV in table 10 and fig. 6.

The lower bound on ωV at 95% corresponds to a cuto” scale # = 13 TeV if ωV is

assumed to be smaller than 1, # = 8.7 TeV if ωV is assumed to be larger than 1, and

# = 8.8 TeV marginalizing over the sign of 1 → ωV . The fit disfavours values of ωV < 1

(10% probability), expected for example in composite Higgs models. This problem can be

alleviated by adding extra contributions to the oblique parameters [64–67].

2We notice that, in the presence of NP, the relative experimental e!ciencies, ωi, will in general be di”erent

from their values in the SM. In particular, the appearance of new tensor structures in the vertices could

modify the kinematic distributions of the final-state particles, thereby changing the e!ciencies. However,

since in this work we only consider rescalings of the SM Higgs-boson couplings, we will use SM e!ciencies

ωSMi (and hence weight factors wSM
i ) throughout.

3Even if we assume that custodial symmetry is preserved by the new interactions, there is still a non-

zero contribution to the T parameter. Note that custodial symmetry breaking is actually parameterized

by #ε = ϑT , which, in this scenario, is proportional to the square of U(1)Y gauge coupling, g→. Indeed

g→ is one of the parameters that breaks custodial symmetry in the SM, and the new e”ective interactions

only modify the way custodial symmetry is broken. In the limit of g→ → 0 there is no contribution to T ,

consistently with the assumption of custodial symmetry in the new physics.
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where v is the vacuum expectation value of the Higgs field, and the longitudinal com-

ponents of the W and Z bosons, εa(x), are described by the two-by-two matrix !(x) =

exp(iϑaεa(x)/v), with ϑ
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terized by the scale factors ωV and ωf respectively, defined as the ratio between the total
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(such that ωV = ωf = 1 in the SM). We only consider the modification of couplings already

existing in the SM and, for loop-induced couplings (Hgg, Hϖϖ, and HZϖ), we do not

assume NP contributions in loops2. This class of models is not fully general but it is more
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the Tevatron22 at Fermilab. In the SM, the Higgs boson is an elementary 
scalar particle, a type that had never been observed before. Fundamen-
tal scalar particles are subject to quantum corrections that can be as 
large as the scale of the physics beyond the SM (BSM). As this scale can 
be many orders of magnitude larger than the electroweak scale, which 
is about 100 GeV, the measured mass of the Higgs boson is puzzlingly 
small. How to resolve this puzzle is part of the motivation for future 
work and accelerators.
The BEH mechanism does not predict the mass of the Higgs boson, but 
once the mass is fixed, all its other properties are precisely defined. 
The Higgs boson, once produced, decays directly to the heaviest 
allowed elementary particles. However, decays to massless particles 
can also occur through quantum loops. At the LHC, the production of 
Higgs bosons is dominated by gluon–gluon fusion (ggH) proceeding 
via a virtual top quark loop. The mass of a real particle is defined as 
m2 = E2 − p2, where E is the energy and p is the momentum vector of the 
particle. For a virtual particle, this equation is not valid and thus a virtual  
particle does not have a defined value of the mass. A virtual particle is 
denoted by an asterisk, for example, W* denoting a virtual W boson. 
Henceforth the distinction between real and virtual particles will be 
dropped, unless mentioned otherwise. At a mass of around 125 GeV, the 
Higgs boson decays dominantly into a b quark and its antiquark. Hence-
forth, the distinction between a particle and its antiparticle will be  
dropped.

From the accurate observation and measurement of the products 
of the Higgs boson decays and of those associated with its production, 
experiments are able to infer its properties, including the strength of 
its self-interaction (λ)23 and, potentially, decays into BSM particles.

This paper presents the combination of results from single Higgs 
boson production and decay, and its pair production, using datasets 
corresponding to an integrated luminosity L( ) up to 138 fb−1 (ref. 24), 
collected by the CMS in 2016–2018. An integrated luminosity of 1 fb−1 
corresponds to about 100 trillion proton–proton collisions at a centre- 
of-mass energy of 13 TeV.

In addition, a few projections are made for an assumed data sample 
corresponding to L = 3, 000 fb−1, recorded at s = 14 TeV, expected to 

be accumulated by the end of the next decade during the high-luminosity 
operation of the LHC accelerator (HL-LHC).

The CMS experiment and datasets
The CMS apparatus25, illustrated in Extended Data Fig. 1, is a multipur-
pose, nearly hermetic detector, designed to trigger on26,27 and identify 
electrons (e), muons (µ), photons (γ) and (charged and neutral) had-
rons28–30. A trigger is a filter that selects interesting events, where ‘event’ 
refers to the result of the selected interaction in a beam crossing, as 
observed in the detector. A global event reconstruction algorithm31 
combines the information provided by the all-silicon inner tracker, 
crystal electromagnetic calorimeter, and brass and scintillator hadron 
calorimeters, operating inside a 3.8-T superconducting solenoid, with 
data from gas-ionization muon detectors embedded in the solenoid 
flux-return yoke, to build electrons, muons, tau (%) leptons, photons, 
hadronic jets, missing transverse momentum p( )T

miss  and other physics 
objects32–34. Collimated streams of particles arising from the fragmen-
tation of quarks or gluons are called ‘jets’. These jets are identified, and 
their energies measured, by specialized reconstruction algorithms31,33. 
The missing transverse momentum vector is measured with respect 
to the incoming proton beams, and it is computed as the negative vec-
tor sum of transverse momenta of all particles in an event.

Several improvements have been introduced into the CMS experi-
ment since the discovery of the Higgs boson in 2012 (Methods).

By July 2012, CMS had collected data corresponding to L = 5.1 fb−1 at 
a proton–proton (pp) collision centre-of-mass energy s = 7 TeV   
(in 2011) and L = 5.3 fb−1  at s = 8 TeV  (in the first half of 2012), with 
which the Higgs boson was discovered. By the end of 2012 (Run 1), CMS 
had collected data corresponding to L = 19.7 fb−1 at s = 8 TeV (ref. 35).

In LHC Run 2 (2015–2018), the accelerator delivered collisions at 
s = 13 TeV. At this larger energy, the cross-section for Higgs boson 

production increases by a factor of 2.2–4.0, depending on the produc-
tion mode36–39. Physics analyses presented here are based on 2016–2018 
data, corresponding to L of up to 138 fb−1 (the additional approximately 
2 fb−1 recorded in 2015 are not used in this combination). This enabled 
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Fig. 1 | Feynman diagrams for the leading Higgs boson interactions.  
a–f, Higgs boson production in ggH (a) and VBF (b), associated production with 
a W or Z (V) boson (VH; c), associated production with a top or bottom quark 
pair (ttH or bbH; d) and associated production with a single top quark (tH; e,f). 
g–j, Higgs boson decays into heavy vector boson pairs (g), fermion–antifermion 
pairs (h) and photon pairs or Zγ (i,j). k–o, Higgs boson pair production through 

ggH (k,l) and through VBF (m,n,o). The different Higgs boson interactions are 
labelled with the coupling modifiers κ, and highlighted in different colours for 
Higgs–fermion interactions (red), Higgs–gauge-boson interactions (blue) and 
multiple Higgs boson interactions (green). The distinction between a particle 
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Lagrangian of the form (see e.g. [59–62]):
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where v is the vacuum expectation value of the Higgs field, and the longitudinal com-

ponents of the W and Z bosons, εa(x), are described by the two-by-two matrix !(x) =

exp(iϑaεa(x)/v), with ϑ
a being the Pauli matrices. The deviations in the Higgs-boson

couplings to weak gauge-bosons, HV V (V = Z,W
±), and to fermions, Hff̄ , are parame-

terized by the scale factors ωV and ωf respectively, defined as the ratio between the total

Higgs-boson couplings, including NP e”ects, and the corresponding couplings in the SM

(such that ωV = ωf = 1 in the SM). We only consider the modification of couplings already

existing in the SM and, for loop-induced couplings (Hgg, Hϖϖ, and HZϖ), we do not

assume NP contributions in loops2. This class of models is not fully general but it is more

directly constrained by the experimental measurements of Higgs-boson couplings. It is also

the scenario assumed in both ATLAS and CMS studies of Higgs-boson couplings and allows

us to directly compare to their results, giving us the possibility to test both the HEPfit

framework and our correct use of the experimental data for Higgs-boson signal-strengths.

For a detailed description of the relations between scale factors and the Higgs-boson signal

strengths we refer the reader to ref. [57].

In this context we first perform a fit of the EWPO with the only addition of the

scale factor ωV . The only corrections to EWPO are then given by the following 1-loop

contributions to the oblique S and T parameters 3 [63]:
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where we set the cuto” of the e”ective Lagrangian to the scale of violation of perturbative

unitarity in WW scattering, i.e. # = 4ϱv/
√
|1→ ω

2

V
|. We present the results of the fit for

ωV in table 10 and fig. 6.

The lower bound on ωV at 95% corresponds to a cuto” scale # = 13 TeV if ωV is

assumed to be smaller than 1, # = 8.7 TeV if ωV is assumed to be larger than 1, and

# = 8.8 TeV marginalizing over the sign of 1 → ωV . The fit disfavours values of ωV < 1

(10% probability), expected for example in composite Higgs models. This problem can be

alleviated by adding extra contributions to the oblique parameters [64–67].

2We notice that, in the presence of NP, the relative experimental e!ciencies, ωi, will in general be di”erent

from their values in the SM. In particular, the appearance of new tensor structures in the vertices could

modify the kinematic distributions of the final-state particles, thereby changing the e!ciencies. However,

since in this work we only consider rescalings of the SM Higgs-boson couplings, we will use SM e!ciencies

ωSMi (and hence weight factors wSM
i ) throughout.

3Even if we assume that custodial symmetry is preserved by the new interactions, there is still a non-

zero contribution to the T parameter. Note that custodial symmetry breaking is actually parameterized

by #ε = ϑT , which, in this scenario, is proportional to the square of U(1)Y gauge coupling, g→. Indeed

g→ is one of the parameters that breaks custodial symmetry in the SM, and the new e”ective interactions

only modify the way custodial symmetry is broken. In the limit of g→ → 0 there is no contribution to T ,

consistently with the assumption of custodial symmetry in the new physics.
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General parameterisation:

31 11. Status of Higgs Boson Physics

In the following, the Ÿ and SMEFT approaches are discussed in more detail given their broad
applications to the interpretation of experimental data.
11.3.5.1 Kappa Framework

The Ÿ-formalism [256] was developed within the LHC Higgs Working Group [55]. It in-
troduces arbitrary factors called Ÿ parameters that rescale the SM Higgs boson couplings (e.g.
Ÿj = gHjj/gSM

Hjj
for j = f, V and similarly for other couplings), keeping the same Lorentz structure

of the SM interactions. It followed earlier attempts [257] and initial phenomenological studies of
the first hints of the existence of the Higgs boson [258]. It has been utilized to test various physics
scenarios, like the existence of additional new particles contributing to the radiative Higgs-boson
production and decays, or to probe various symmetries of the SM itself, as for example the cus-
todial symmetry (see Sec. 11.2.3). It only compares the experimental measurements to their best
SM predictions and does not require any new BSM computations per se. From a more theoretical
perspective, its relevance arises from the fact that it fully captures the leading e�ects in Higgs
processes of well-motivated scenarios.

The Ÿ framework, described in detail in Refs. [58,256], facilitates the characterization of Higgs
coupling properties in terms of a series of Higgs coupling strength modifier parameters Ÿi, which
are defined as the ratios of the couplings of the Higgs boson to particles i and their corresponding
SM values. It is the simplest parametrization directly related to experimental measurements of
the Higgs boson production and decay modes, and, in some cases, it coincides with the lowest-
order of the consistent EFT framework of the HEFT. The Ÿ framework has been widely used by
the community, exploiting the framework described in Section 11.3.3 to combine the very large
number of exclusive categories aimed at reconstructing the main production and decay modes of
the Higgs boson. The µi and µf signal strength parameters defined there can be further interpreted
in terms of modifiers of the SM couplings Ÿj . The list of couplings gj included in the experimental
fits has been expanded progressively since the first results. In the latest experimental combinations,
j œ {HZZ, HWW, H··, Hbb, Htt, Hµµ, Hcc, Hgg, H““, HZ“}.

The Ÿ framework assumes a single narrow resonance so that the narrow-width approximation
can be used to decompose the cross section as a product of two factors characterizing the production
and the decay of the Higgs boson. The Ÿ parameters are introduced by expressing each of the these
factors as their SM expectation multiplied by the square of a coupling strength modifier for the
corresponding process at leading order:
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where µf

i
is the rate relative to the SM expectation, ≈H is the total Higgs width, and Ÿ2

H
is an

expression that adjusts the SM Higgs width to take into account the modifications induced by the
deformed Higgs boson couplings. ŸH is a priori an independent parameter. However, when it is
assumed that the Higgs boson cannot decay to new particles beyond those of the SM, ŸH can also
be treated as an e�ective parameter and expressed in terms of the coupling modifiers to the SM
field content. The Ÿj modifiers scale either production cross sections or decay partial widths:

Ÿ2
i = ‡i

‡SM
i

or Ÿ2
j = ≈j

≈ SM
j

, (11.17)

depending on the process. Here, ‡i is the measured cross section in production mode i and ≈j the
partial Higgs width in decay mode j. ‡SM

i
and ≈ SM

j
are their respective theoretical predictions in

the SM. When all Ÿj are set to 1, the SM is reproduced.
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is an

expression that adjusts the SM Higgs width to take into account the modifications induced by the
deformed Higgs boson couplings. ŸH is a priori an independent parameter. However, when it is
assumed that the Higgs boson cannot decay to new particles beyond those of the SM, ŸH can also
be treated as an e�ective parameter and expressed in terms of the coupling modifiers to the SM
field content. The Ÿj modifiers scale either production cross sections or decay partial widths:

Ÿ2
i = ‡i

‡SM
i

or Ÿ2
j = ≈j

≈ SM
j

, (11.17)

depending on the process. Here, ‡i is the measured cross section in production mode i and ≈j the
partial Higgs width in decay mode j. ‡SM

i
and ≈ SM

j
are their respective theoretical predictions in

the SM. When all Ÿj are set to 1, the SM is reproduced.
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31 11. Status of Higgs Boson Physics

In the following, the Ÿ and SMEFT approaches are discussed in more detail given their broad
applications to the interpretation of experimental data.
11.3.5.1 Kappa Framework

The Ÿ-formalism [256] was developed within the LHC Higgs Working Group [55]. It in-
troduces arbitrary factors called Ÿ parameters that rescale the SM Higgs boson couplings (e.g.
Ÿj = gHjj/gSM

Hjj
for j = f, V and similarly for other couplings), keeping the same Lorentz structure

of the SM interactions. It followed earlier attempts [257] and initial phenomenological studies of
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scenarios, like the existence of additional new particles contributing to the radiative Higgs-boson
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order of the consistent EFT framework of the HEFT. The Ÿ framework has been widely used by
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partial Higgs width in decay mode j. ‡SM

i
and ≈ SM

j
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General parameterisation:

‣ With κZ = κW = κV, we can write 

‣ Adding more data, use κg, κγ, κτ, and κV

μWW
VBF = μZZ

VBF = μWW
VH = μZZ

VH =
κ4

V

κ2
H

Obtain the total H width through HVV coupling 
by combining EWPO and ATLAS & CMS Higgs data

μVV
VBF =

μVV
ggF μjj

VBF

μjj
ggF

, jj = γγ, ττ

(same for VH)

Effective couplings: Model-independent  
determination of H width including loop effects

with total width modifier  κ2
H =

ΓH

ΓH,SM
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24

Figure 6: Summary of the signal strength modifier measurements. The empty circles and black
lines represent the best fit points and 68% CL intervals, respectively. The orange lines indicate
the systematic components of the total 68% CL intervals. The left-hand panel shows the mea-
surements of the per decay channel signal strengths, while the grey band shows the 68% CL
interval on the inclusive signal strength modifier. The other panels show the measurements
of the per production and decay channel signal strength modifiers, µi f . Within these panels,
the blue bands indicate the 68% CL intervals on the per production process signal strength
modifiers. The SM predicted values are indicated by the red lines. The central values and
68% CL intervals for the µi f parameters are explicitly written in each panel of the plot. The
H → ZZ signal strengths are constrained to be nonnegative as indicated by the grey hatched
boxes. Additionally, the WH, ZH, and ttH + tH production processes for the H → Zγ channel
are constrained to the SM predictions, a feature that is indicated by the black hatched boxes.
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Use latest ATLAS and 
CMS Run-2 Higgs 
combinations 
‣ [CMS, 2602.18611] 
‣ [ATLAS, CONF-2025-006] 
‣ Correlations between μij 

taken into account  

Three sets of 
measurements, 
corresponding to the 
parameterisations: 
‣ HVV 
‣ Effective (incl. κg, κγ) 
‣ Resolved (κV, κF)

Higgs Signal Strengths

(similar for ATLAS)

https://arxiv.org/abs/2602.18611
https://cds.cern.ch/record/2937634


Width of the Higgs Boson

HVV coupling-only: 

Effective parameterisation: 

All measurements (resolved 
parameterisation κV, κF):
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(δΓH ≈ 10%)
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(ΓSM

H = 4.1 MeV)
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The Invisible and Undetectable Higgs

Define BR(H→BSM) through  

the visible widths are scaled with κi 
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BR(H → BSM) =
ΓBSM

ΓH

where ΓH = Γ(κ) + ΓBSM

6%



The Invisible and Undetectable Higgs

Define BR(H→BSM) through  

the visible widths are scaled with κi  

‣ Constraint on κV from EWPO 
• Less model-dependent than κV ≤ 1 
• Constrain ΓBSM using μs only 

‣ 95% CL limits:
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BR(H → BSM) =
ΓBSM

ΓH

where ΓH = Γ(κ) + ΓBSM

BR(H → BSM) < 0.29

6% 9.1% 17% 29%

for HVV coupling
BR(H → BSM) < 0.17 for effective coupling



Future: FCC-ee

Estimate precision of FCC-ee  
‣ Uncertainties in EWPOs and Higgs boson 

measurements 
• Physics Briefing Book 
• Higgs at future colliders and updates 

‣ Assume conservative theory uncertainties 
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0.04− 0.02− 0 0.02 0.04
S

0.04−

0.02−

0

0.02

0.04T

[ESPP, CERN YRM 8 (2025)]

[J de Blas et al., JHEP 01, 139 (2020)]
[M Selvaggi et al., ESPP Input (2025)]

Parameter
Present FCC-ee

indirect direct indirect direct

ωmt [GeV] ±1.6 ±0.6 ±0.1 ±0.04

ωMH [GeV] +22

→19
±0.1 +2.4

→2.3 ±0.004

ωMW [MeV] ±6 ±8.5 ±1.1 ±0.24

ω sin2 εω
e!

(→10→5) ±5 ±16 ±2 ±0.1

ωϑs(M2

Z
) (→10→2) ±28 ±9 ±1.2

ω!ϑhad(M2

Z
) (→10→5) ±33 ±10 ±3 ±3

1

FCC-ee prospects

https://arxiv.org/abs/2511.03883
https://arxiv.org/abs/1905.03764
https:/indico.cern.ch/event/1439855/contributions/6461619/
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ΓH at the FCC-ee

HVV coupling from EWPO 
‣ δκV = 0.1%  

• 𝒪(10) improvement to present  

‣ Combine δκV constraint with ZH(WW) and 
ZH(ZZ) measurements at FCC-ee
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EWPO + H→VV*:  δκH = 0.8% at FCC-ee

Recoil-mass technique: 

In the following studies, background distributions are directly fit from the data, and uncertainties on their
normalisations are taken into account. Systematic uncertainties related to object identification are negligible (hence
neglected) in all channels. Indeed, regular short runs at the Z pole and the large samples of f f̄ω(g) available at 240 and
365 GeV allow for continuous calibration of electrons, photons, muons, ε , and heavy-quark and gluon jets at the level
of 10→4 or less, which exceeds the precision required for Higgs precision measurements. The absolute luminosity
will be determined with low-angle Bhabha scattering and wide-angle e+e→ → ωω events, well within the required
precision.

The results presented in the following give a snapshot of the analysis performance at this point in time. A
number of studies can still benefit from substantial optimisation, and a few final states could not be addressed yet (in
which case the projections used for the FCC CDR are used). With these caveats in mind, the current (conservative)
prospects for Higgs precision measurements at FCC-ee are summarised in Table 2.

Table 2: Projected precision on Higgs measurements as obtained from FCC-ee simulations at
↑
s = 240 and 365GeV. Exper-

imental systematics include background normalisation uncertainties. Efficiencies and luminosity systematics are expected to be
negligible. The entries preceded by a ± sign are relative uncertainties (in %) on ϑZH ↓ B and ϑWW→H ↓ B (where WW → H
includes the interference with Z(ϖeϖ̄e)H), while the entries preceded by “<” sign represent 95% CL upper limit on B. The pro-
jected precision on ϑZH/WW→H ↓ B(H → jj) for the hadronic Higgs decay modes (jj = bb̄, cc̄, gg, and ss̄) is obtained from a
fit where the signal strengths of these processes extracted simultaneously. The corresponding correlation matrix can be found in
Ref. [17]). A (↑) indicates that the values are rescaled from the FCC CDR [18, 19] to the baseline integrated luminosity.

↑
s 240GeV 365GeV

channel ZH WW → H ZH WW → H

ZH → any ±0.31 ±0.52
ωH → any ±150

H → bb ±0.21 ±1.9 ±0.38 ±0.66
H → cc ±1.6 ±19 ±2.9 ±3.4
H → ss ±120 ±990 ±350 ±280
H → gg ±0.80 ±5.5 ±2.1 ±2.6
H → εε ±0.58 ±1.2 ±5.6 (↑)

H → µµ ±11 ±25
H → WW↑

±0.80 ±1.8 (↑)
±2.1 (↑)

H → ZZ↑
±2.5 ±8.3 (↑)

±4.6 (↑)

H → ωω ±3.6 ±13 ±15
H → Zω ±11.8 ±22 ±23

H → ϖϖϖϖ ±25 ±77
H → inv. < 5.5↓ 10↓4

< 1.6↓ 10↓3

H → dd < 1.2↓ 10↓3

H → uu < 1.2↓ 10↓3

H → bs < 3.1↓ 10↓4

H → bu < 2.2↓ 10↓4

H → sd < 2.0↓ 10↓4

H → cu < 6.5↓ 10↓4

The ZH production cross section and the Higgs boson mass

In e+e→ collisions, the total energy and momentum of the final states are well-known, only smeared by effects such as
initial state radiation (ISR) and beam-energy spread (BES) caused by synchrotron radiation and beamstrahlung effects.
Provided that the Z boson decay products can be unambiguously identified, the energy and momentum of the Higgs
particle, and therefore its mass, can be entirely determined with excellent precision from the Z boson kinematics,
independently of the Higgs boson decay mode. This calculated mass, dubbed recoil mass mrec, is obtained from
energy-momentum conservation as m2

rec = s+m
2

Z
↔ 2

↑
sEZ, where mZ and EZ are the measured invariant mass

and energy sum of the identified Z decay products.
The analysis of the leptonic final state, with Z → ϱϱ (ϱ = e, µ in this document), targets the total cross section

and the Higgs boson mass (mH) measurements [20]. Events with two opposite-charge leptons (e or µ), among which
one must be isolated, are preselected. For the Higgs boson mass determination, events are categorized based on
whether the leptons are in the central or forward regions, resulting in three event categories. A simultaneous fit of the
mrec distribution in both the di-electron and di-muon channels and at

↑
s = 240 and 365GeV provides a combined

expected precision of ς(mH) = 3.97MeV. The sensitivity is dominated by the
↑
s = 240GeV energy point due to the

2

[M Selvaggi et al.,  
ESPP Input (2025)]

δΓH ≈ 1 %
[A Blondel, P Janot, EPJ Plus 137, 92 (2022)]

https://indico.cern.ch//event/1439855/contributions/6461619/
https://indico.cern.ch//event/1439855/contributions/6461619/
https://doi.org/10.1140/epjp/s13360-021-02154-9
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Summary

SM is healthier than ever 
‣ While we have the highest precision we have ever had 
‣ SM predicts MH = 110 ± 18 GeV 

EWPO and LHC Higgs measurements 
‣ HVV coupling known to 1% precision 
‣ δΓH ≈ 10% with minimal assumptions! 
‣ BR(H → inv. + undet.) < 17% at 95% CL  

FCC-ee provides extraordinary capabilities 
‣ HVV coupling with 0.1% from EWPO 
‣ Indirect constraint on ΓH about 1%
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(conservative estimates)



Additional Material
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Combination of sin2(θℓeff) measurements:    
+ Tevatron combination [1801.06283] 
+ ATLAS 7 TeV (1503.03709) 
+ ATLAS 8 TeV (ATLAS-CONF-2018-037) 
+ CMS 8 TeV [1806.00863] 
 
Assumptions 
Correlate PDF unc: 100% between ATLAS/CMS 
                                      50-75%  for different √s at LHC 
                                      25% between Tev/ATLAS-CMS 
                                      0-25% between LHCb/ATLAS-CMS  
                                      0% between Tev/LHCb 

sin2(θℓeff)= 0.23149 ± 0.00021 
Uncertainty of 0.00017 for no correlation

(χ2/ndf = 1.3/6)

Effective Weak Mixing Angle Combination

+ LHCb 7+8 TeV [1509.07645] 
+ LHCb 13 TeV [2410.02502] 
+ CMS 13 TeV [2408.07622] 
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Complete SM Fit 
Results

Free w/o exp. input w/o exp. inputParameter Input value
in fit

Fit Result
in line in line, no theo. unc

MH [GeV] 125.1± 0.1 yes 125.1+0.1
→0.1 110.1+19.5

→17.2 110.3+17.2
→15.4

MW [GeV] 80.363± 0.009 – 80.358± 0.005 80.356± 0.006 80.356± 0.004

!W [GeV] 2.140± 0.050 – 2.090± 0.001 2.090± 0.001 2.090± 0.000

MZ [GeV] 91.1880± 0.0020 yes 91.1883± 0.0019 91.1945± 0.0073 91.1944± 0.0064

!Z [GeV] 2.4955± 0.0023 – 2.4945± 0.0006 2.4944± 0.0006 2.4944± 0.0005

ω0
had [nb] 41.480± 0.033 – 41.490± 0.008 41.491± 0.008 41.491± 0.005

R0
ω

20.767± 0.025 – 20.749± 0.006 20.748± 0.006 20.748± 0.005

A0,ω
FB 0.0171± 0.0010 – 0.01621± 0.0001 0.01621± 0.0001 0.01620± 0.0001

Aω
(ε)

0.1499± 0.0018 – 0.1470± 0.0004 0.1470± 0.0004 0.1470± 0.0003

sin
2εωe!(QFB) 0.2324± 0.0012 – 0.23152± 0.00005 0.23152± 0.00005 0.23152± 0.00003

sin
2εωe!(HC) 0.23149± 0.00021 – 0.23152± 0.00005 0.23152± 0.00006 0.23153± 0.00003

As 0.895± 0.091 – 0.9357± 0.00003 0.9357± 0.00003 0.9357± 0.00002

Ac 0.670± 0.027 – 0.6679± 0.00019 0.6679± 0.00019 0.6679± 0.00012

Ab 0.923± 0.020 – 0.93475± 0.00003 0.93475± 0.00003 0.93475± 0.00002

A0,c
FB 0.0707± 0.0035 – 0.0737± 0.0002 0.0737± 0.0002 0.0736± 0.0001

A0,b
FB 0.0996± 0.0016 – 0.1031± 0.0003 0.1032± 0.0003 0.1031± 0.0002

R0
c

0.1721± 0.0030 – 0.17220± 0.00003 0.17220± 0.00003 0.17220± 0.00002

R0
b

0.21629± 0.00066 – 0.21587± 0.00003 0.21587± 0.00003 0.21588± 0.00001

mc [GeV] 1.273± 0.003 yes 1.273± 0.003 – –
mb [GeV] 4.183± 0.004 yes 4.183± 0.004 – –
mt [GeV](↑)

172.52± 0.60 yes 172.67± 0.56 173.66+1.55
→1.56 173.67+1.43

→1.44

”ϑ(5)
had(M

2
Z
)
(†↓)

2758± 10 yes 2757± 9 2735± 34 2735± 30

ϑs(M2
Z
) 0.1177± 0.0009 yes 0.1179± 0.0009 0.1200± 0.0028 0.1198± 0.0027

(ω)Average of LEP (Aε = 0.1465± 0.0033) and SLD (Aε = 0.1513± 0.0021) measurements, used as two measurements in the
fit. The fit w/o the LEP (SLD) measurement gives Aε = 0.1470± 0.0004 (Aε = 0.1468± 0.0004 ). (→)Combination of
experimental (0.331059 GeV) and theory uncertainty (0.5 GeV).(†)In units of 10↑5. (↓)Rescaled due to ωs dependency.
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Complete SM Fit Results
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Predicting MH
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Prediction of MH with only  
a single observable 
‣ weak mixing angle and MW predict MH 

to be closer to 125 GeV than before 
‣ long-standing tension between AbFB 

and Aℓ(SLD) visible 
0
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αS Consistency Improved

Complete fit:  

Individual fits: 

Because of 
‣ Updated calculations of beam-beam effects on 

the LEP luminosity 
‣ Updated Bhabha cross section
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ωs(M
2
Z) = 0.1200± 0.0028

[Voutsinas et al,  PLB 800, 135068 (2020)]

[Janot, Jadach,  PLB 803 (2020) 135319]



κ Consistency Check

Roman Kogler The Higgs boson and EW fits to e+e− data
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The Higgs Boson Width

Roman Kogler The Higgs boson and EW fits to e+e− data
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FCCee Fit Setup

Roman Kogler The Higgs boson and EW fits to e+e− data

‣ Use EWPO uncertainty estimates from 
Physics Briefing Book  

‣ Add projections for mH and mt 
‣ Adjust central values of EWPO for 

perfect fit with χ2 = 0 
‣ Conservative theory uncertainty  

estimates, about 1/4 of present 
uncertainties 

‣ Estimate present uncertainties with 
same setup, but current uncertainties 
in EWPO

Setup

- FCCee EWPO uncertainties from 
https://arxiv.org/abs/2511.03883

- Also get mH and mt projections
- Set central values of observables 

such that best fit at chi2 = 0 
- Also implemented “noFCC” 

version: 
- same observables and central values 
- no asymmetries
- sin2θ from asymm.

[ESPP, CERN YRM 8 (2025)]



Radiative Corrections
Modifications of Propagators and Vertices 
‣ QED corrections  

• leptonic loop insertions 
- calculable to high precision 

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

‣ Weak corrections 
• Insertion of fermion loops  

- high sensitivity to mf (if mf ≫ mW ) 

• Insertion of boson loops 
- logarithmic sensitivity to MH 

‣ QCD corrections 
• Sensitivity to strong coupling 

- numerically small contribution (1 + αs/π)

Roman Kogler The Higgs boson and EW fits to e+e− data
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Figure 2.2: Higher-order corrections to the gauge-boson propagators arising due to insertion of fermion
and boson loops. Contributions from unphysical degrees of freedom are not shown. The loop insertions
may be iterated. At two-loop order, QCD enters through gluon exchange in the quark loops.

2.11.2.1 QED Corrections

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

αem ≡ αem(0) → αem(s) =
αem

1 − ∆αem(s)
, (2.52)

where 1/αem(0) = 137.0359895(61) [31].
Each light charged fermion, 4m2
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where Nf
C is the QCD colour factor, Nf

C = 1 for leptons and Nf
C = 3 for quarks, and βf =

√
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is the fermion velocity. The running of αem(s) is driven by the light charged fermions, while heavy
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For ∆r, αem(s) must be evolved from the Thomson limit s = 0, where αem is defined, to the scale
s = M2

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

loop order, ∆α(eµτ)
em (M2

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

∆α(t)
em(M2

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

expression for ∆α(q)
em unreliable. Instead, the contribution of the five light quarks is calculated based
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All observables calculated at 2-loop level 

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

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

‣ Partial Z widths Γf : bosonic+fermionic corrections in two loops for  
all flavours (includes predictions for σ0had) [A. Freitas et al, PLB 730, 50 (2014), JHEP04, 070 (2014), PLB 783, 86 (2018), 
JHEP 1908, 113 (2019), JHEP 07, 210 (2020)] 

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

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

‣ All calculations: one- and two-loop QCD corrections and leading terms of higher order corrections

Precision Calculations
A. Freitas et al. / Physics Letters B 495 (2000) 338–346 341

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

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

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

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

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

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

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

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

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

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

(4)M2 = !M2 − i !M !Γ ,

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

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

δ !M2
W,(2) =Re

{
ΣW
T,(2)

(
M2
W

)}
− δM2

W,(1) δZ
W
(1)

(5)+ Im
{
ΣW′
T,(1)

(
M2
W

)}
Im

{
ΣW
T,(1)

(
M2
W

)}
,

δ !M2
Z,(2) =Re{ΣZZ

T,(2)
(
M2
Z
)} − δM2

Z,(1) δZ
ZZ
(1)

+ M2
Z
4

(
δZ

γZ
(1)

)2 +
(
Im

{
Σ

γZ
T,(1)

(
M2
Z
)})2

M2
Z

(6)+ Im
{
ΣZZ′
T,(1)

(
M2
Z
)}
Im

{
ΣZZ
T,(1)

(
M2
Z
)}

,

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

T,(1)
means the derivative of the one-loop self-energy with
respect to the external momentum squared. Field
renormalization constants are indicated as δZV . The
relations to the mass counterterms according to the
real-pole definition, δM̃2

W,(2) and δM̃2
Z,(2), are given

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

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

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

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

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

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

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

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

v0 ! v0Z
1=2
v ; (4)

M0
W;Z ! M0

W;ZZ
1=2
v : (5)

The term linear in the Higgs field H in the Lagrangian

T0H0 # M0
Ws

0
W

e0
$M0

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

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

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

H, while the result
behaves as M2

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

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

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

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

example: 

• similar results from scale variations 
• Reasonable estimates for all observables 
‣ Exception: mt ! 

• MC parameter,  translation to  
mtpole unknown 

‣ 10 additional free parameters  
• Gaussian likelihood 
‣ Important missing higher order terms: 

• O(α2αs), O(ααs2), O(α3), O(αs5) (rad. functions)

Theoretical Uncertainties

JHEP11(2006)048

rections in ZFITTER, uses the MS definition for ∆ρ, which is numerically larger than the

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

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

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

to study them separately.

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

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

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

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

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

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

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

5.2 Error estimate

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

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

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

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

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

m6
t term and O(αα3

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

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

vertex corrections) need to be considered.

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

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

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

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

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

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

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

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

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

implies relations like

O(α2αs) =
O(α2)

O(α)
O(ααs). (5.4)

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

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

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

an ad-hoc overall factor
√

2 was included in all error determined via this method.

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

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

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

2
m2

t/(M
2
Zs2

W) log c2
W is

missing in the expression for MH ! mt.
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SMEFT Contributions
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Z

(a) (b)

�

(c)

FIG. 1: Sample electroweak diagrams contributing to Z ! ff at NLO in the SMEFT: (a) Tree

level SMEFT diagram, (b) virtual SMEFT diagram, and (c) real photon emission in the SMEFT.

The circles represent potential insertions of dimension-6 SMEFT operators.

boson 2-point functions in the SMEFT can be found analytically in Refs. [38, 39]. The

one-loop relation between the vacuum expectation value and the Fermi constant is,

Gµ +
Cll

p
2⇤2

�
p
2
C
(3)
�l

⇤2
⌘

1
p
2v20

(1 +�r), (15)

where v0 is the unrenormalized minimum of the potential and �r is obtained from the one-

loop corrections to µ decay. Complete analytic expressions for �r in both the SM and the

SMEFT at dimension-6 are given in Ref. [24]. Finally, the on-shell renormalization of ↵ is

extracted from the renormalization of the ll� vertex.

We obtain the relevant amplitudes for the virtual contributions using FeynArts [40] with

a model file generated by FeynRules [41] and the Feynman rules of Ref. [31]. Then we

use FeynCalc [42, 43] to manipulate and reduce the integrals and LoopTools [44] for the

numerical evaluation.

The Z decays to charged fermions receive contributions from one-loop virtual diagrams

and from real photon emission that are separately IR divergent and we regulate these diver-

gences with a photon mass. Since we only consider the inclusive quantities of Eq. 10, the

photon mass dependence cancels after integration over the photon phase space and there

7
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Fitting the Wilson Coefficients

▪ Effects of SMEFT operators on W/Z pole observables taken from  
Dawson et al., Physical Review D 101, 013001 (2020) 
▪ Fixing all SM observables to their best measurement
▪Considering 32 flavour independent operators in Warsaw basis
▪ 10 operators contributing at LO:
▪  22 operators contributing at NLO:
▪ 4 bosonic operators:
▪ 2 2-fermion operators:
▪ 16 4-fermion operators:

LO NLO virtual NLO real



SMEFT Fits
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Effects of freely floating SM parameters

▪ Effects vary depending on correlation between 
WC and SM parameters

▪General tendency: fermionic operators 
impacted stronger than bosonic operators

▪Next step: letting 2 WC or even groups of WC 
freely floating

3− 2− 1− 0 1 2 3

WC

Cqd1/10

Cqe/10

Cuu

Cdd/100

CHW/100

CHB/10 -0.39(-0.57)

-0.45(-0.56)

-0.15(-0.66)

-0.14(-0.59)

-0.35(-0.14)

-0.26(-1.23)

SM Parameters fixed
SM Parameters flaoting

G fitter EFT
SM

Jul '23

3− 2− 1− 0 1 2 3
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Cqd1/10

Cqe/10

Cuu

Cdd/100

CHW/100

CHB/10 -0.39(-0.57)

-0.45(-0.56)

-0.15(-0.66)

-0.14(-0.59)

-0.35(-0.14)

-0.26(-1.23)

SM Parameters fixed
SM Parameters flaoting

G fitter EFT
SM

Jul '23

Effect of letting SM 
parameters floating in 
SMEFT fit
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Effects of freely floating SM parameters

▪ Effects vary depending on correlation between 
WC and SM parameters

▪General tendency: fermionic operators 
impacted stronger than bosonic operators

▪Next step: letting 2 WC or even groups of WC 
freely floating
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Cuu
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Group Fits 

3− 2− 1− 0 1 2 3

WC

Cud1/100

Cqd1/100

Cld/100

CHd/10

Ced/10

Cdd/1000 -0.07(-0.39)

-0.25(-0.07)

-0.02(-0.03)

0.51(0.54)

-0.12(-0.38)

0.07(-0.68)

1D Fit 
Simultanous Fit

G fitter EFT
SM

Jul '23

3− 2− 1− 0 1 2 3

WC

CHBox/1000

CHWB/100

CHW/1000

CHB/1000 -0.01(-0.94)

-0.01(0.50)

-0.00 (0.19)

-0.08(-1.27)

1D Fit
Simultanous Fit

G fitter EFT
SM

Jul '23▪ Limits various orders of 
magnitude worse with respect 
to individual fits

▪ Effects differ both within and 
between groupsSimultaneous fit  

of down-quark 
couplings

Effect of letting SM 
parameters floating in 
SMEFT fit


