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Previous measurements of the W mass and recent CDF result:

CDF result: large deviation from the SM; very small experimental error                                                   
Compatibility of the different MW measurements? New world average?

2

[CDF Collaboration ’22]

(6.5 MeV) and track momentum (2.3 MeV),
on the z coordinate measured in the COT
(0.8 MeV), and on QED radiative corrections
(3.1 MeV). Measurements of the Z boson
mass using the dielectron track momenta,
and comparisons of mass measurements using
radiative and nonradiative electrons, provide
consistent results. The final calibration of the
electron energy is obtained by combining the
E/p-based calibration with the Z → eeð Þmass-
based calibration, taking into account the cor-
related uncertainty on the radiative corrections.
The spectator partons in the proton and

antiproton, as well as the additional (≈3) p!p
interactions in the same collider bunch cross-
ing, contribute visible energy that degrades
the resolution of u

→
. These contributions are

measured from events triggered on inelastic
p!p interactions and random bunch cross-
ings, reproducing the collision environment
of theW and Z boson data. Because there are
no high-pT neutrinos in the Z boson data, the
p
→
T imbalance between thep

→‘‘

T andu
→
inZ → ‘‘

events is used to measure the calorimeter
response to, and resolution of, the initial-
state QCD radiation accompanying boson
production. The simulation of the recoil vector
u
→
also requires knowledge of the distribution of

the energy flow into the calorimeter towers
impacted by the leptons, because these towers
are excluded from the computation of u

→
. This

energy flow ismeasured from theW boson data
using the event-averaged response of towers
separated in azimuth from the lepton direction.

Extracting the W boson mass

Kinematic distributions of background events
passing the event selection are included in
the template fits with their estimated nor-
malizations. The W boson samples contain a
small contamination of background events
arising from QCD jet production with a hadron
misidentified as a lepton, Z → ‘‘ decays with
only one reconstructed lepton,W → tn→ ‘n!nn,
pion and kaon decays in flight to muons (DIF),

and cosmic-ray muons (t, tau lepton; !n, anti-
neutrino). The jet, DIF, and cosmic-ray back-
grounds are estimated from control samples
of data, whereas the Z → ‘‘ and W → tn
backgrounds are estimated from simulation.
Background fractions for the muon (electron)
datasets are evaluated to be 7.37% (0.14%)
from Z → ‘‘ decays, 0.88% (0.94%) from
W → tn decays, 0.01% (0.34%) from jets,
0.20% from DIF, and 0.01% from cosmic rays.
The fit results (Fig. 4) are summarized in

Table 1. The MW fit values are blinded during
analysis with an unknown additive offset in the
range of−50 to 50MeV, in the samemanner as,
but independent of, the value used for blinding
the Z bosonmass fits. As the fits to the different
kinematic variables have different sensitivities
to systematic uncertainties, their consistency
confirms that the sources of systematic uncer-
tainties are well understood. Systematic uncer-
tainties, propagated by varying the simulation
parameters within their uncertainties and re-
peating the fits to these simulated data, are
shown in Table 1. The correlated uncertainty in
the mT (p‘T , pnT ) fit between the muon and

electron channels is 5.8 (7.9, 7.4)MeV. Themass
fits are stable with respect to variations of the
fitting ranges.
Simulated experiments are used to evaluate

the statistical correlations between fits, which
are found to be 69% (68%) between mT and
p‘T (p

n
T) fit results and 28% between p‘

T and pnT
fit results (43). The six individual MW results
are combined (including correlations) by
means of the best linear unbiased estimator
(66) to obtain MW ¼ 80;433:5 T 9:4MeV ,
with c2/dof = 7.4/5 corresponding to a prob-
ability of 20%. The mT, p‘

T, and pn
T fits in the

electron (muon) channel contribute weights
of 30.0% (34.2%), 6.7% (18.7%), and 0.9%
(9.5%), respectively. The combined result is
shown in Fig. 1, and its associated systematic
uncertainties are shown in Table 2.

Discussion

The dataset used in this analysis is about four
times as large as the one used in the previous
analysis (41, 43). Although the resolution of the
hadronic recoil is somewhat degraded in the
new data because of the higher instantaneous
luminosity, the statistical precision of themea-
surement fromthe larger sample is still improved
by almost a factor of 2. To achieve a commen-
surate reduction in systematic uncertainties, a
number of analysis improvements have been
incorporated, as described in table S1. These im-
provements are based on using cosmic-ray and
collider data inwaysnot employedpreviously to
improve (i) the COT alignment and drift model
and the uniformity of the EM calorimeter re-
sponse, and (ii) the accuracy and robustness of
the detector response and resolution model in
the simulation. Additionally, theoretical inputs
to the analysis have been updated. Upon incor-
porating the improved understanding of PDFs
and track reconstruction, our previousmeasure-
ment is increased by 13.5MeV to 80,400.5MeV;
the consistency of the latter with the new mea-
surement is at the percent probability level.
In conclusion, we report a new measure-

ment of theW bosonmass with the complete
dataset collected by the CDF II detector at the
Fermilab Tevatron, corresponding to 8.8 fb−1

of integrated luminosity. This measurement,
MW ¼ 80;433:5 T 9:4MeV, is more precise
than all previous measurements ofMW com-
bined and subsumes all previous CDF mea-
surements from 1.96-TeV data (38, 39, 41, 43).
A comparison with the SM expectation of
MW ¼ 80;357 T 6MeV (10), treating the quoted
uncertainties as independent, yields a differ-
ence with a significance of 7.0s and suggests
the possibility of improvements to the SM
calculation or of extensions to the SM. This
comparison, along with past measurements, is
shown in Fig. 5. Using the method described
in (45), we obtain a combined Tevatron (CDF
and D0) result of MW ¼ 80;427:4 T 8:9MeV.
Assuming no correlation between the Tevatron
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Table 2. Uncertainties on the combined
MW result.

Source Uncertainty (MeV)

Lepton energy scale 3.0
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Lepton energy resolution 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Recoil energy scale 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Recoil energy resolution 1.8
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Lepton efficiency 0.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Lepton removal 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Backgrounds 3.3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

pZT model 1.8
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

pWT =p
Z
T model 1.3

. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Parton distributions 3.9
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

QED radiation 2.7
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

W boson statistics 6.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Total 9.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Fig. 5. Comparison of this CDF
II measurement and past MW

measurements with the SM
expectation. The latter includes
the published estimates of the
uncertainty (4 MeV) due to
missing higher-order quantum
corrections, as well as the
uncertainty (4 MeV) from other
global measurements used as
input to the calculation, such as
mt. c, speed of light in a vacuum.
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• 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 / momentum distributions


PDG average (does not include new CDF result):                                                                          
MWexp (PDG) = 80.377 +- 0.012 GeV (accuracy of 1.5 x 10-4)     


New CDF measurement:                                                             
MWexp (CDF) 80.434 +- 0.009 GeV  


Prospects for further experimental improvements of MW from 
LHC (CMS, updates from ATLAS, LHCb), future e+e- collider                  
Tevatron: further D0 data?

3

W-mass measurement: past and present and future

[CDF Collaboration ’22]
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Which parameter is actually measured?
• On the theory side MW is a Lagrangian parameter. Its physical 

meaning, e.g. pole mass according to the real part of the complex 
pole, is determined by renormalisation order by order in 
perturbation theory


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

4

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

⇒
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Theoretical uncertainties affecting the 
measurement of the mass of the W boson

Not only the prediction for MW in a particular model (SM and beyond, 
see below) but also its extraction from the experimental data is 
affected by theoretical uncertainties


Those theoretical uncertainties need to be taken into account as 
systematic uncertainties in the measurement of MW together with  
pdf uncertainties, etc. 

5

See talks by Alessandro, Tobias, Raoul and Mauro yesterday
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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 = 80.377 +- 0.012 GeV             
⇒ Very high sensitivity to quantum effects in the SM and beyond 6

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

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,
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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

⇒
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W-mass prediction in the 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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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

8

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

Mh = 125GeV

⇒
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MW prediction in the Standard Model

Contributions beyond one-loop order:

9
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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
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Sources of theoretical uncertainties

10

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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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 light SUSY particles: additional theoretical uncertainty from 
higher-order SUSY-loop corrections

11

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

     in the MSSM and NMSSM

11

�r

• higher-order contributions 
 
 

�r(N)MSSM = �r(N)MSSM(↵) +�r(N)MSSM(h.o.)

�r(N)MSSM(h.o.) = �rSM(h.o.) +�rSUSY(h.o.)

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

     in the MSSM and NMSSM

11

�r

• higher-order contributions  
 
 

�r(N)MSSM = �r(N)MSSM(↵) +�r(N)MSSM(h.o.)

�r(N)MSSM(h.o.) = �rSM(h.o.) +�rSUSY(h.o.)

⇒
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SUSY higher-order contributions

12

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

13

�r

�r(N)MSSM = �r(N)MSSM(↵) +�r(N)MSSM(h.o.)

�r(N)MSSM(h.o.) = �rSM(h.o.) +�rSUSY(h.o.)

Djouadi, Haestier, Heinemeyer, Stoeckinger, 
Weiglein, Consoli, Hollik, Jegenlehner, ... 

�rSUSY(h.o.) = �rSUSY(↵2)
red � c2W

s2W
�⇢SUSY,(↵↵s) � c2W

s2W
�⇢SUSY,(↵2

t ,↵t↵b,↵
2
b)

One-loop:                                                                                                
leading contributions from the scalar superpartners of the top and 
bottom quarks via Δϱ: additional source of isospin splitting


Two-loop:
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Interpretation of the new CDF measurement?

• At present it seems neither justified to disregard the new CDF 
measurement nor any of the previous measurements


• New world average: how to deal with the tensions between the 
different measurements? Central value, systematic uncertainties?


• Ongoing effort:

13

Status of the mW combination

Tevatron-LHC W-boson mass Combination Working Group
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/MWCOMB 

LHC EW WG General Meeting
16/11/2022
Jan Kretzschmar (University of Liverpool)

1

See Maarten’s talk yesterday
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New world average?

14  

Conclusions
● The W boson mass is arguably the most difficult measurement in HEP

– Partial event reconstruction, incomplete kinematics

– Calibrations

– Physics modelling

– Precision goal

● First measurement ~2017, with 2011 data. Being updated

● Next measurement will use low-pile-up data collected in 2017,2018.

● Combination

– At present, it is difficult to quote a conclusive “world average”. The most precise measurement 
is also discrepant.

– Still important work : comparing LEP, Tevatron, LHC measurement results forces to  look deep 
into the modelling aspects, to “translate” the measurements into eachother, allowing 
quantitative comparisons and better studies of model dependence

[M. Boonekamp ’23]
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Interpretation of the new CDF measurement?

Note: already the present world-average lies above the SM 
prediction and therefore gives rise to a certain preference for a    
non-zero BSM contribution. The inclusion of the new CDF 
measurement is expected to further move up the central value. 


From the theory side one may ask the question whether a prediction 
for a larger MW value (somewhere between the current world average 
and the new CDF measurement) in BSM models would be 
compatible with other experimental and theoretical constraints


Some examples are shown in the following

15
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BSM predictions for the W-boson mass

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


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


16

⇒

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]
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New CDF value for MW: preference for BSM contribution

Example: MSSM

17

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

SCIENCE science.org 8 APRIL 2022 • VOL 376 ISSUE 6589 171

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.
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Prediction for MW in the SM and the MSSM vs. 
experimental results for MW and mt

18

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

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

MSSM region

SM ``line’’
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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
19

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

[S. Heinemeyer, W. Hollik, G. W., L. Zeune ’13]
All points Heavy gluino,


heavy first

and second

generation 

squarks

+ heavy 
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+ heavy 

sleptons 

and 

charginos

⇒
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Figure 1: Results for the five considered scenarios in the �aMSSM
µ –MW plane, where the prediction for

�aMSSM
µ has been evaluated with the code GM2Calc-1.7.5 [135]. The points for the l̃±-coannihilation

case-L and case-R, the ‰̃±
1 -coannihilation case, the wino and the higgsino case are shown in green, blue,

red, orange and violet, respectively. The vertical blue lines indicate the central value of �aµ as given
in Eq. (3) (solid) and its ±1 ‡ range (dashed). The displayed points are restricted to the ±2 ‡ range
of �aµ. The horizontal lines indicate the current central value for M exp

W
(solid green), the current

±1 ‡ uncertainties (green dashed) and the anticipated ILC ±1 ‡ (red dot-dashed) uncertainties. The
SM prediction is shown as a point for �aMSSM

µ = 0, while the gray band indicates the theoretical
uncertainty of the SM prediction for MW from unknown higher-order corrections.

and the higgsino case. The prediction for �a
MSSM
µ

has been evaluated with the code
GM2Calc-1.7.5 [135]. The vertical solid blue line indicates the value of �aµ as given in
Eq. (3), while its ±1 ‡ range is indicated by the blue dashed vertical lines. The displayed
points are restricted to the ±2 ‡ range of �aµ. The horizontal lines indicate the current
central value for M

exp
W

(solid green), the current ±1 ‡ uncertainties (green dashed) and the
anticipated ILC ±1 ‡ (red shaded) uncertainties. The SM prediction is shown in gray, in-
cluding the theoretical uncertainty from unknown higher-order corrections.

One can observe in all scenarios a lower limit on M
MSSM
W

that for small �a
MSSM
µ

, cor-
responding to heavy EW SUSY masses, recovers the SM prediction (within ≥ 1 MeV; this
o�set would be absent for even smaller values of �a

MSSM
µ

). The lower limit rises for increas-
ing �a

MSSM
µ

by up to ≥ 3 MeV. Thus, the relatively light SUSY particles that are required
for larger values of �a

MSSM
µ

give rise to a slight increase in the prediction for MW that is
independent of the variation of the other parameters in the scan. While this lower limit

8

Muon g−2 and MW: a hint for light BSM particles?

Improved precision on MW can probe different dark matter mechanisms
20

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

Impact of light electroweak SUSY particles on gμ − 2, MW (PDG 
average) and dark matter relic density (squarks assumed very heavy!) 

Different 
mechanisms 
for obtaining 
the right 
amount of 
dark matter

⇒
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Figure 3: Results for the five scenarios in the m
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0
1
–MW plane. The horizontal lines and the color

coding are as in Fig. 1.
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Muon g−2 and MW: a hint for light BSM particles?

Possible hints for light charginos can be probed with future searches     
Larger values for MW possible if stops, sbottoms are close to the exp. bounds 

21

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

Correlation with the mass of the lightest chargino:

Different 
mechanisms 
for obtaining 
the right 
amount of 
dark matter

⇒
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Prediction for MW and sin2θeff in the SM and MSSM 
vs. experimental accuracies (before new CDF result) 

22

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

MW and sin2θeff have high sensitivity for model discrimination⇒
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All parameters can be assumed to be real, because we
focus on the CP-conserving case. After minimization of
the Higgs potential, the Higgs doublets are decomposed
as �T

i
=

�
�
+

i
, (vi + �i + i�i)/

p
2
�

with v
2

1
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2
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2 '
246 GeV and v2/v1 ⌘ tan �.

After rotating to the mass eigenstate basis, the Higgs
boson spectrum consists of the CP-even Higgs bosons
h and H (obtained by rotating the �1,2 states by the
angle ↵), the CP-odd A boson and the neutral Goldstone
boson G (obtained by rotating the �1,2 states by the
angle �), as well as the charged Higgs boson H

± and
the charged Goldstone boson G

± (obtained by rotating
the �

±
1,2

states by the angle �). We identify the CP-even
mass eigenstate h with the observed SM-like Higgs boson
and work in the so-called alignment limit by enforcing
↵ = ��⇡/2 [18]. The remaining input parameters for our
numerical analysis are mH , mA, mH± , tan �, and M

2 ⌘
m

2

12
/(sin � cos �). Relations between these parameters

and the parameters of Eq. (2) are listed e.g. in Ref. [19].
The leading 2HDM corrections to the EWPOs are in-

duced via corrections to the ⇢ parameter, which is de-
fined as the ratio of the neutral and charged current
four-fermion interactions. In the 2HDM, ⇢ is equal to
one at the tree-level. This tree-level value is, however,
a↵ected by loop corrections, which are associated with a
breakdown of the custodial symmetry. As discussed in
detail in Refs. [14, 20–25], the custodial symmetry is re-
stored in the scalar sector at the one-loop level if either
mH = mH± or mA = mH± . In the former case where
mH = mH± , a restoration of the custodial symmetry in
the scalar sector at two loops happens only if the ad-
ditional constraint of either tan � = 1 or m

2

H
= M

2 is
fulfilled.

The non-SM one-loop corrections to the ⇢ parameter

(assuming massless external fermions), �⇢
(1)

non-SM
, in the

CP-conserving 2HDM (and for ↵ = � � ⇡/2) are given
by [14]
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where sW and cW are the sine and cosine of the weak
mixing angle, respectively, ↵ ⌘ e

2
/(4⇡), and e is the

electric charge. The quantity �⇢ enters the prediction
for the W boson mass approximately via
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While Eqs. (3) and (4) allow for a qualitative understand-
ing of the 2HDM e↵ects on the MW prediction, a precise
higher-order calculation is essential for a comparison with
the experimental results. In order to predict MW (as well
as sin2

✓
lep

e↵
and �Z) we use the code THDM EWPOS which

is based on Refs. [14, 15]. It incorporates the full one-
loop non-SM corrections as well as the leading non-SM
two-loop corrections. To be more specific, the two-loop
non-SM corrections are calculated in the limit of vanish-
ing electroweak gauge couplings (keeping the ratio of MW

and MZ constant). Moreover, all quarks and leptons ex-
cept for the top quark are treated as massless for the non-
SM two-loop corrections. For the calculation of the two-
loop corrections, all Higgs boson masses are renormalized
in the on-shell scheme. The SM corrections are included
via the parameterization given in Ref. [26]. They contain
the complete one-loop [27, 28] and the complete two-loop
results [29–44], as well as partial higher-order corrections
up to four-loop order [45–54].2

The remaining theoretical uncertainties of the predic-
tions for MW , sin2

✓
lep

e↵
, and �Z arise on the one hand

from unknown higher-order contributions. On the other
hand, a parametric uncertainty is induced by the experi-
mental errors of the input parameters, e.g. the top-quark
mass. Since the discrepancy between the CDF value for
MW and the SM prediction is much larger than those the-
oretical uncertainties we will not give a detailed account
of those uncertainties in the following.

NUMERICAL RESULTS

For our numerical results, we aim at answering the
question of whether an MW value close to the CDF mea-
surement can be obtained in the 2HDM without being
excluded by other constraints. A more comprehensive
global fit to the electroweak precision data should be car-
ried out in the future once a new world average value for
MW has been worked out.

While we expect similar results for all 2HDM types,3

we concentrate here for our numerical study on the

2 See also Refs. [55–58] for further higher-order contributions in-
volving fermion loops and Ref. [59] for a prediction of MW em-
ploying the MS renormalisation scheme.

3 The di↵erence between the 2HDM types appears only in the
down-type and lepton Yukawa couplings. Since the two-loop
non-SM correction implemented in THDM EWPOS uses the approx-
imation of massless down-type quarks and leptons, the choice of
the 2HDM type does not a↵ect the EWPO calculation.

Results for the 2HDM (alignment limit)

Leading BSM one-loop contribution:
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All parameters can be assumed to be real, because we
focus on the CP-conserving case. After minimization of
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After rotating to the mass eigenstate basis, the Higgs
boson spectrum consists of the CP-even Higgs bosons
h and H (obtained by rotating the �1,2 states by the
angle ↵), the CP-odd A boson and the neutral Goldstone
boson G (obtained by rotating the �1,2 states by the
angle �), as well as the charged Higgs boson H

± and
the charged Goldstone boson G

± (obtained by rotating
the �

±
1,2

states by the angle �). We identify the CP-even
mass eigenstate h with the observed SM-like Higgs boson
and work in the so-called alignment limit by enforcing
↵ = ��⇡/2 [18]. The remaining input parameters for our
numerical analysis are mH , mA, mH± , tan �, and M
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/(sin � cos �). Relations between these parameters

and the parameters of Eq. (2) are listed e.g. in Ref. [19].
The leading 2HDM corrections to the EWPOs are in-

duced via corrections to the ⇢ parameter, which is de-
fined as the ratio of the neutral and charged current
four-fermion interactions. In the 2HDM, ⇢ is equal to
one at the tree-level. This tree-level value is, however,
a↵ected by loop corrections, which are associated with a
breakdown of the custodial symmetry. As discussed in
detail in Refs. [14, 20–25], the custodial symmetry is re-
stored in the scalar sector at the one-loop level if either
mH = mH± or mA = mH± . In the former case where
mH = mH± , a restoration of the custodial symmetry in
the scalar sector at two loops happens only if the ad-
ditional constraint of either tan � = 1 or m

2

H
= M

2 is
fulfilled.

The non-SM one-loop corrections to the ⇢ parameter

(assuming massless external fermions), �⇢
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where sW and cW are the sine and cosine of the weak
mixing angle, respectively, ↵ ⌘ e
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/(4⇡), and e is the

electric charge. The quantity �⇢ enters the prediction
for the W boson mass approximately via

�MW ' 1

2
MW

c
2

W

c
2

W
� s

2

W

�⇢ . (4)

While Eqs. (3) and (4) allow for a qualitative understand-
ing of the 2HDM e↵ects on the MW prediction, a precise
higher-order calculation is essential for a comparison with
the experimental results. In order to predict MW (as well
as sin2

✓
lep

e↵
and �Z) we use the code THDM EWPOS which

is based on Refs. [14, 15]. It incorporates the full one-
loop non-SM corrections as well as the leading non-SM
two-loop corrections. To be more specific, the two-loop
non-SM corrections are calculated in the limit of vanish-
ing electroweak gauge couplings (keeping the ratio of MW

and MZ constant). Moreover, all quarks and leptons ex-
cept for the top quark are treated as massless for the non-
SM two-loop corrections. For the calculation of the two-
loop corrections, all Higgs boson masses are renormalized
in the on-shell scheme. The SM corrections are included
via the parameterization given in Ref. [26]. They contain
the complete one-loop [27, 28] and the complete two-loop
results [29–44], as well as partial higher-order corrections
up to four-loop order [45–54].2

The remaining theoretical uncertainties of the predic-
tions for MW , sin2

✓
lep

e↵
, and �Z arise on the one hand

from unknown higher-order contributions. On the other
hand, a parametric uncertainty is induced by the experi-
mental errors of the input parameters, e.g. the top-quark
mass. Since the discrepancy between the CDF value for
MW and the SM prediction is much larger than those the-
oretical uncertainties we will not give a detailed account
of those uncertainties in the following.

NUMERICAL RESULTS

For our numerical results, we aim at answering the
question of whether an MW value close to the CDF mea-
surement can be obtained in the 2HDM without being
excluded by other constraints. A more comprehensive
global fit to the electroweak precision data should be car-
ried out in the future once a new world average value for
MW has been worked out.

While we expect similar results for all 2HDM types,3

we concentrate here for our numerical study on the

2 See also Refs. [55–58] for further higher-order contributions in-
volving fermion loops and Ref. [59] for a prediction of MW em-
ploying the MS renormalisation scheme.

3 The di↵erence between the 2HDM types appears only in the
down-type and lepton Yukawa couplings. Since the two-loop
non-SM correction implemented in THDM EWPOS uses the approx-
imation of massless down-type quarks and leptons, the choice of
the 2HDM type does not a↵ect the EWPO calculation.

Large contribution 
possible for sizeable 
splitting between the 
BSM Higgs bosons

⇒

Prediction for the electroweak precision observables in the 2HDM 
(alignment limit) at 2-loop order                                                              
THDM_EWPOS

⇒
[H. Bahl, J. Braathen, G. W. ’22]

[S. Hessenberger, W. Hollik ’16, ’22]

Plots on next slides:                                                                              
All displayed points are in agreement with other relevant experimental 
and theoretical constraints                                                                
Red: points in the 1-sigma range of the CDF measurement
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Prediction for the electroweak precision observables at 2-loop order, 
2HDM in the alignment limit; example: type I

24

Large corrections to MW in the 2HDM
[H. Bahl, J. Braathen, G. W. ’22]

⇒
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FIG. 1. Upper left: parameter scan of the type-I 2HDM in the (MW , sin2
✓
lep
e↵ ) plane. The red points are located within the 1�

interval of the recent MW measurement by the CDF collaboration. Upper right: same as upper left panel, but the (MW ,�Z)
plane is shown. Bottom: same as upper left panel, but the (sin2

✓
lep
e↵ ,�Z) plane is shown.
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FIG. 2. Parameter scan of the type-I 2HDM, where the red points are located within the 1� interval of the recent MW

measurement by the CDF collaboration. In the left plot, we show the points from the parameter scan in the (mH �mH± ,mA�

mH±) plane. In the right plot, we show for the same points the size of the two-loop non-SM corrections to MW against the
total result for MW .

Large effects on MW arise from mass splitting between heavy Higgses 
2-loop effects can be very important!                                                  
No significant impact on results for trilinear Higgs coupling 
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Large corrections to MW in the 2HDM

MW values as large as 
the CDF one can be 
accommodated in the 
2HDM without 
violating other 
constraints                       
Better agreement with 
SLD value for sin2θeff 
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[H. Bahl, J. Braathen, G. W. ’22]
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N2HDM: a 95 GeV Higgs and the CDF value of MW 

The N2HDM of type IV can 
simultaneously 
accommodate the three 
excesses in the Higgs 
searches near 95 GeV and 
an MW value that agrees 
with the new CDF 
measurement!
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of the W -boson mass feature also sizable modifications of sin2 ✓e↵ compared to the SM prediction.
The values of sin2

✓e↵ featured in the parameter points of our scan are smaller than the SM value,
not touching the current 1� ellipse. However, here it should be kept in mind that the current
world average is composed of two measurements that are compatible only at the ⇠ 3 � level: the
one using the forward-backward asymmetry in e

+
e
�
! bb̄ measured at LEP [102], and the one

obtained from the left-right asymmetry in e
+
e
�
! e

+
e
� measured at SLD [102]. It can be observed

that the data points preferred by the MW measurement of CDF are in better agreement with the
SLD measurement based on A

e

LR
, whereas the tension increases with the value of sin2

✓e↵ extracted
at LEP based on measurements of Ab

FB
. Similar observations were made in Refs. [31, 36, 44], and

the correlation between the e↵ective weak mixing angle and the mass of the W boson is expected
to arise generically in models in which the new CDF measurement of MW is accommodated mainly
via the breaking of the custodial symmetry by means of a non-zero T parameter (and not via, e.g.,
BSM vertex and box contributions to the muon decay). The presence of the additional singlet state
of the N2HDM compared to the 2HDM has no sizable impact on the distribution of parameter
points in Fig. 2 in the investigated scenario, because the mixing between the singlet-like state

7

[T. Biekötter, S. Heinemeyer, G. W. ’22]
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Experimental results for MW: preference for non-zero BSM 
contribution


Extended Higgs sectors: prediction for the mass of the W boson in 
agreement with the recent CDF measurement is possible in the 
2HDM, N2HDM, … without being in conflict with the relevant 
experimental and theoretical constraints                                                                    


N2HDM: parameter region yielding large upward shift on MW can also 
accommodate a light Higgs at 95 GeV that is compatible with the 
observed excesses


Further data will be crucial for probing the possible hints for new 
physics

27

Conclusions
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Backup
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W-mass measurement at the LHC
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Figure 26: Overview of the mW determinations from the p`T and mT distributions, and for the combination of the p`T
and mT distributions, in the muon and electron decay channels and for W+ and W� events. The horizontal lines and
bands show the statistical and total uncertainties of the individual mW determinations. The combined result for mW
and its statistical and total uncertainties are also indicated (vertical line and bands).

for the electron and the muon decay channels. The results are compatible, with values of �2/dof of 4/5
and 8/5 in the electron channel for the p`T and mT distributions, respectively, and values of 7/7 and 3/7 in
the muon channel for the p`T and mT distributions, respectively. The mW determinations in the electron
and in the muon channels agree, further validating the consistency of the electron and muon calibrations.
Agreement between the mW determinations from the p`T and mT distributions supports the calibration of
the recoil, and the modelling of the transverse momentum of the W boson.

The results are summarised in Table 11 and illustrated in Figure 26. The combination of all the determin-
ations of mW reported in Table 10 has a value of �2/dof of 29/27, and yields a final result of

mW = 80369.5 ± 6.8 MeV(stat.) ± 10.6 MeV(exp. syst.) ± 13.6 MeV(mod. syst.)
= 80369.5 ± 18.5 MeV,

where the first uncertainty is statistical, the second corresponds to the experimental systematic uncertainty,
and the third to the physics-modelling systematic uncertainty. The latter dominates the total measurement
uncertainty, and it itself dominated by strong interaction uncertainties. The experimental systematic un-
certainties are dominated by the lepton calibration; backgrounds and the recoil calibration have a smaller
impact. In the final combination, the muon decay channel has a weight of 57%, and the p`T fit dominates
the measurement with a weight of 86%. Finally, the charges contribute similarly with a weight of 52%
for W+ and of 48% for W�.

The result is in agreement with the current world average of mW = 80385±15 MeV [29], and has a preci-
sion comparable to the currently most precise single measurements of the CDF and D0 collaborations [22,
23].
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for the electron and the muon decay channels. The results are compatible, with values of �2/dof of 4/5
and 8/5 in the electron channel for the p`T and mT distributions, respectively, and values of 7/7 and 3/7 in
the muon channel for the p`T and mT distributions, respectively. The mW determinations in the electron
and in the muon channels agree, further validating the consistency of the electron and muon calibrations.
Agreement between the mW determinations from the p`T and mT distributions supports the calibration of
the recoil, and the modelling of the transverse momentum of the W boson.

The results are summarised in Table 11 and illustrated in Figure 26. The combination of all the determin-
ations of mW reported in Table 10 has a value of �2/dof of 29/27, and yields a final result of

mW = 80369.5 ± 6.8 MeV(stat.) ± 10.6 MeV(exp. syst.) ± 13.6 MeV(mod. syst.)
= 80369.5 ± 18.5 MeV,

where the first uncertainty is statistical, the second corresponds to the experimental systematic uncertainty,
and the third to the physics-modelling systematic uncertainty. The latter dominates the total measurement
uncertainty, and it itself dominated by strong interaction uncertainties. The experimental systematic un-
certainties are dominated by the lepton calibration; backgrounds and the recoil calibration have a smaller
impact. In the final combination, the muon decay channel has a weight of 57%, and the p`T fit dominates
the measurement with a weight of 86%. Finally, the charges contribute similarly with a weight of 52%
for W+ and of 48% for W�.

The result is in agreement with the current world average of mW = 80385±15 MeV [29], and has a preci-
sion comparable to the currently most precise single measurements of the CDF and D0 collaborations [22,
23].
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Accuracy of 2.3 x 10-4, i.e. sub-per-mille level!
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Figure 28: The measured value of mW is compared to other published results, including measurements from the
LEP experiments ALEPH, DELPHI, L3 and OPAL [25–28], and from the Tevatron collider experiments CDF and
D0 [22, 23]. The vertical bands show the statistical and total uncertainties of the ATLAS measurement, and the
horizontal bands and lines show the statistical and total uncertainties of the other published results. Measured
values of mW for positively and negatively charged W bosons are also shown.
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Figure 29: The present measurement of mW is compared
to the SM prediction from the global electroweak fit [16]
updated using recent measurements of the top-quark and
Higgs-boson masses, mt = 172.84± 0.70 GeV [117] and
mH = 125.09 ± 0.24 GeV [118], and to the combined
values of mW measured at LEP [119] and at the Tevatron
collider [24].
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Figure 30: The 68% and 95% confidence-level contours
of the mW and mt indirect determination from the global
electroweak fit [16] are compared to the 68% and 95%
confidence-level contours of the ATLAS measurements
of the top-quark and W-boson masses. The determin-
ation from the electroweak fit uses as input the LHC
measurement of the Higgs-boson mass, mH = 125.09 ±
0.24 GeV [118].

The determination of the W-boson mass from the global fit of the electroweak parameters has an uncer-
tainty of 8 MeV, which sets a natural target for the precision of the experimental measurement of the mass

60

[ATLAS Collaboration ’17]

Very many subtle effects contribute at this level                                
Control of theory / systematic uncertainties is crucial!

ATLAS error 
dominated by 
modelling 
systematics
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Mass of a physical particle: pole of the propagator

30

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

Renormalised self-energy

What is meant by the mass of an unstable particle?
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Mass of an unstable (elementary) particle

31

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
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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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Deconvolution and residual model dependence

Example: model dependence of the Z-boson mass,              
MZexp = 91.1876 ± 0.0021 GeV


In order to obtain this experimental value the Standard Model 
has been assumed. As a consequence, the experimental value 
quoted for the Z-boson mass actually depends (slightly) on the 
Higgs-boson mass of the Standard Model!

δMZexp ≈ ± 0.2 MeV for 100 GeV < MH < 1 TeV, corresponds to 
about 10% of the experimental error


A careful assessment of similar effects will be needed for     
high-precision analyses at the LHC and future colliders!

32

⇒
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Experimentally, a ``Monte Carlo’’ mass parameter is measured. 
The problem of how to relate such a parameter to a theoretically 
well defined Lagrangian mass parameter is most apparent for 
the case of the top-quark mass (coloured object, renormalon 
ambiguities, …).


However, for an accuracy at the level of 10-4 this issue may also 
be of relevance for MW 


Example: the shift in MW between the fixed-width and the 
running-width parameterisation of the resonance is formally an 
electroweak two-loop effect that amounts to about 27 MeV! 


Are the Monte Carlo codes that are used for the experimental 
determination of MW sufficiently accurate?

33

MW: which parameter is actually measured?
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Measurement of the W mass at hadron colliders

34

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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 ● 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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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, … 


35

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)
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�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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The effective leptonic weak mixing angle: sin2θeff

Effective leptonic weak mixing angle at the Z-boson resonance:

36
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The effective leptonic weak mixing angle: sin2 θeff

Of particular importance: effective leptonic weak mixing angle
at the Z resonance, sin2 θeff

Observable with the highest sensitivity to SM Higgs mass, . . .

sin2 θeff =
1

4

(

1 − Re
gV

gA

)

=

(

1 −
M2

W

M2
Z

)

(1 + ∆κ)

Current experimental value from LEP and SLD:
sin2 θeff = 0.23153 ± 0.00016 ⇒ Accuracy of 0.07%

However: the small experimental error of the world-average is
driven by two measurements that are not well compatible with
each other: ALR (SLD) and AFB (LEP)

sin2 θeff(ALR) = 0.23098±0.00026, sin2 θeff(AFB) = 0.23221±0.00029
Georg Weiglein, SUSY / BSM Fit Workshop, DESY, Hamburg, 07 / 2010 – p.4
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sin2θeff: unclear experimental situation

37
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sin2 θeff: unclear experimental situation

10 2

10 3

0.23 0.232 0.234

sin2θ
lept
eff

m
H 

 [G
eV

]

χ2/d.o.f.: 11.8 / 5

A0,l
fb 0.23099 ± 0.00053

Al(Pτ) 0.23159 ± 0.00041

Al(SLD) 0.23098 ± 0.00026

A0,b
fb 0.23221 ± 0.00029

A0,c
fb 0.23220 ± 0.00081

Qhad
fb 0.2324 ± 0.0012

Average 0.23153 ± 0.00016

∆αhad= 0.02758 ± 0.00035∆α(5)

mt= 170.9 ± 1.8 GeV

[LEPEWWG ’07]

sin2 θeff has a high sensitivity
to MH and effects of new
physics

But:
large discrepancy between
ALR (SLD) and AFB (LEP),
has big impact on constraints
on new physics

Georg Weiglein, SUSY / BSM Fit Workshop, DESY, Hamburg, 07 / 2010 – p.5Interpretation of constraints from sin2θeff is complicated by the fact 
that the two most precise individual measurements differ from each 
other by more than 3 σ
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The effective weak mixing angle at the Z-resonance, sin2θeff, is also a 
``pseudo observable’’, whose extraction from the actually measured 
quantities requires a certain amount of ``unfolding’’; as in the case of 
the W-boson mass not only its prediction within a certain model but 
also its extraction from the experimental data is affected by 
theoretical uncertainties 


sin2θeff has a clear experimental prescription in terms of left-right and 
forward-backward asymmetries and a well-defined theoretical 
meaning; for higher precision more and more contributions have to be 
taken into account in the relation to the experimentally measured 
quantities in order to ensure that the measured quantity sin2θeff 
indeed matches the theoretically predicted one

38

Interface between experiment and theory
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numerically

small, but 
required at 
this order

Extraction of sin2θeff at LEP
Form factors implemented in ZFITTER:

39

tions to the process e+e− → f f̄ are parametrized by four form factors ρef , κe, κf , κef ,

A[e+e− → f f̄ ] = 4πi α
QeQf

s
γµ ⊗ γµ

+ i

√
2GµM2

Z

1 + iΓZ/MZ
I(3)
e I(3)

f

1

s − M
2
Z + iMZΓZ

× ρef

[

γµ(1 + γ5) ⊗ γµ(1 + γ5)

− 4|Qe|s2
W κe γµ ⊗ γµ(1 + γ5)
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W κef γµ ⊗ γµ

]

(16)

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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, (17)

κe,f(s) = κe,f
Z (s) +

M2
Z − s

s
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q(0)
e,f

a(0)
e,f − v(0)

e,f

p(1)
f,e

a(0)
f,e

+ boxes

]

, (18)

κf
Z(s) = κf

Z(M2
Z) + (s − M2

Z)
â(1)

f

′

(M2
Z) v(0)

f − v̂(1)
f

′

(M2
Z) a(0)

f

a(0)
f (a(0)

f − v(0)
f )

. (19)
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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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From the pole expansion scheme one obtains in contrast to eqs. (17),(18)

κef(s) = κe(s)κf(s) −
M2

Z − iMZΓZ − s

s

1

(a(0)
e − v(0)

e )(a(0)
f − v(0)

f )

×

[

q(1)
e q(0)

f + q(1)
f q(0)

e − p(1)
f q(0)

e

v(0)
f

a(0)
f

− p(1)
e q(0)

f

v(0)
e

a(0)
e

− q(0)
e q(0)

f

Σ(1)
γγ

s
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]

, (20)

κe,f(s) = κe,f
Z (s) +

M2
Z − iMZΓZ − s

s

[

q(0)
e,f

a(0)
e,f − v(0)

e,f

p(1)
f,e

a(0)
f,e

+ boxes

]

. (21)

with

κf = κf

[

1 +
c2
W

s2
W

(

Γ2
W

M2
W

−
Γ2

Z

M2
Z

)]

, (22)

κef = κef

[

1 +
c2
W

s2
W

(

Γ2
W

M2
W

−
Γ2

Z

M2
Z

)]2

, (23)

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

eff between
Zfitter and the pole scheme:

sin2 θf
eff,Zfitter = s2

W Re
{

κf
Z(M2

Z)
}

(24)

sin2 θf
eff,pole = s2

W Re
{

κf
Z(M2

Z)
}

= sin2 θf
eff,Zfitter −

ΓZ

MZ

q(0)
f

a(0)
e (a(0)

f − v(0)
f )

Im
{

p(1)
e

}

(25)

with

s2
W =

(

1 −
M

2
W

M
2
Z

)

= s2
W

[

1 +
c2
W

s2
W

(

Γ2
W

M2
W

−
Γ2

Z

M2
Z

)]−1

. (26)

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 sin2θefff determined from expansion around the 
complex pole and the one defined in ZFITTER:
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MW and the Z-pole observables

Note: the fit for the 
electroweak precision 
observables is dominated by 
MW and sin2θeff (does not 
appear explicitly in the PDG 
list), the other Z-pole 
observables have only a 
relatively small impact
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Table 10.5: Principal Z pole observables and their SM predictions (cf. Table 10.4). The first s̄
2
¸

is
the e�ective weak mixing angle extracted from the hadronic charge asymmetry at LEP 1 [14], the
second is the combined value from the Tevatron [279], and the third is from the LHC [280–283].
The values of Ae are (i) from ALR for hadronic final states [284]; (ii) from ALR for leptonic final
states and from polarized Bhabba scattering [285]; and (iii) from the angular distribution of the
· polarization at LEP 1 [14]. The A· values are from SLD [285] and the total · polarization,
respectively. Note that the SM errors in ≈Z , the R¸, and ‡had are largely dominated by the
uncertainty in –s.

Quantity Value Standard Model Pull
MZ [GeV] 91.1876 ± 0.0021 91.1882 ± 0.0020 ≠0.3
≈Z [GeV] 2.4955 ± 0.0023 2.4941 ± 0.0009 0.6
‡had [nb] 41.481 ± 0.033 41.482 ± 0.008 0.0
Re 20.804 ± 0.050 20.736 ± 0.010 1.4
Rµ 20.784 ± 0.034 20.736 ± 0.010 1.4
R· 20.764 ± 0.045 20.781 ± 0.010 ≠0.4
Rb 0.21629 ± 0.00066 0.21582 ± 0.00002 0.7
Rc 0.1721 ± 0.0030 0.17221 ± 0.00003 0.0
A

(0,e)
F B

0.0145 ± 0.0025 0.01617 ± 0.00007 ≠0.7
A

(0,µ)
F B

0.0169 ± 0.0013 0.6
A

(0,·)
F B

0.0188 ± 0.0017 1.5
A

(0,b)
F B

0.0996 ± 0.0016 0.1029 ± 0.0002 ≠2.0
A

(0,c)
F B

0.0707 ± 0.0035 0.0735 ± 0.0002 ≠0.8
A

(0,s)
F B

0.0976 ± 0.0114 0.1030 ± 0.0002 ≠0.4
s̄

2
¸

0.2324 ± 0.0012 0.23155 ± 0.00004 0.7
0.23148 ± 0.00033 ≠0.2
0.23129 ± 0.00033 ≠0.8

Ae 0.15138 ± 0.00216 0.1468 ± 0.0003 2.1
0.1544 ± 0.0060 1.3
0.1498 ± 0.0049 0.6

Aµ 0.142 ± 0.015 ≠0.3
A· 0.136 ± 0.015 ≠0.7

0.1439 ± 0.0043 ≠0.7
Ab 0.923 ± 0.020 0.9347 ≠0.6
Ac 0.670 ± 0.027 0.6677 ± 0.0001 0.1
As 0.895 ± 0.091 0.9356 ≠0.4

for ¸ = e, µ or · , and q = b or c, where ≈had is the partial decay width into hadrons. Most of these
are weakly correlated experimentally. The three values for R¸ are consistent with lepton universality
(although R· is somewhat low compared to Re and Rµ), but we use the general analysis in which
the three observables are treated as independent. Similar remarks apply to A

0,¸

F B
defined through

Eq. (10.56) with Pe = 0, where A
0,·

F B
is somewhat high. Initial-state radiation reduces the peak

11th August, 2022

PDG list of Z-pole observables: [PDG ’22]
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Beware: this is not an 
independent experimental 
observable!
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MW and the Z-pole observables
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1. Physical Constants

Table 1.1: Revised 2021 by D. Robinson (LBNL). Reviewed by P. Mohr (NIST). Mainly from “CODATA Recommended Values of
the Fundamental Physical Constants: 2018,” E. Tiesinga, D.B. Newell, P.J. Mohr, and B.N. Taylor, NIST SP961 (May 2019) [1]. The
electron charge magnitude e, and the Planck, Boltzmann, and Avogadro constants h, k, and NA, now join c as having defined values;
the free-space permittivity and permeability constants ‘0 and µ0 are no longer exact. These changes a�ect practically everything
else in the Table. Figures in parentheses after the values are the 1-standard-deviation uncertainties in the last digits; the fractional
uncertainties in parts per 109 (ppb) are in the last column. The full 2018 CODATA Committee on Data for Science and Technology
set of constants are found at https://physics.nist.gov/constants. The last set of constants (beginning with the Fermi coupling
constant) comes from the Particle Data Group. See also “The International System of Units (SI),” 9th ed. (2019) of the International
Bureau of Weights and Measures (BIPM), https://www.bipm.org/utils/common/pdf/si-brochure/SI-Brochure-9-EN.pdf.

Quantity Symbol, equation Value Uncertainty (ppb)
speed of light in vacuum c 299 792 458 m s≠1 exact
Planck constant h 6.626 070 15◊10≠34 J s (or J/Hz) § exact
Planck constant, reduced ~ © h/2fi 1.054 571 817. . . ◊ 10≠34 J s exactú

= 6.582 119 569. . . ◊ 10≠22 MeV s exactú

electron charge magnitude e 1.602 176 634◊10≠19 C exact
conversion constant ~c 197.326 980 4. . . MeV fm exactú

conversion constant (~c)2 0.389 379 372 1. . . GeV2 mbarn exactú

electron mass me 0.510 998 950 00(15) MeV/c2 = 9.109 383 7015(28)◊10≠31 kg 0.30
proton mass mp 938.272 088 16(29) MeV/c2 = 1.672 621 923 69(51)◊10≠27 kg 0.31

= 1.007 276 466 621(53) u = 1836.152 673 43(11) me 0.053, 0.060
neutron mass mn 939.565 420 52(54) MeV/c2 = 1.008 664 915 95(49) u 0.57, 0.48
deuteron mass md 1875.612 942 57(57) MeV/c2 0.30
unified atomic mass unitúú u = (mass 12C atom)/12 931.494 102 42(28) MeV/c2 = 1.660 539 066 60(50)◊10≠27 kg 0.30
permittivity of free space ‘0 = 1/µ0c2 8.854 187 8128(13) ◊10≠12 F m≠1 0.15
permeability of free space µ0/(4fi ◊ 10≠7) 1.000 000 000 55(15) N A≠2 0.15
fine-structure constant – = e2/4fi‘0~c 7.297 352 5693(11)◊10≠3 = 1/137.035 999 084(21)† ‡‡ 0.15
classical electron radius re = e2/4fi‘0mec2 2.817 940 3262(13)◊10≠15 m 0.45
(e≠ Compton wavelength)/2fi ≠⁄e = ~/mec = re–≠1 3.861 592 6796(12)◊10≠13 m 0.30
Bohr radius (mnucleus = Œ) aŒ = 4fi‘0~2/mee2 = re–≠2 0.529 177 210 903(80)◊10≠10 m 0.15
wavelength of 1 eV/c particle hc/(1 eV) 1.239 841 984. . . ◊ 10≠6 m exactú

Rydberg energy hcRŒ = mee4/2(4fi‘0)2~2 = mec2–2/2 13.605 693 122 994(26) eV 1.9◊10≠3

Thomson cross section ‡T = 8fir2
e/3 0.665 245 873 21(60) barn 0.91

Bohr magneton µB = e~/2me 5.788 381 8060(17)◊10≠11 MeV T≠1 0.30
nuclear magneton µN = e~/2mp 3.152 451 258 44(96)◊10≠14 MeV T≠1 0.31
electron cyclotron freq./field Êe

cycl/B = e/me 1.758 820 010 76(53)◊1011 rad s≠1 T≠1 0.30
proton cyclotron freq./field Êp

cycl/B = e/mp 9.578 833 1560(29)◊107 rad s≠1 T≠1 0.31
gravitational constant‡ GN 6.674 30(15)◊10≠11 m3 kg≠1 s≠2 2.2 ◊ 104

= 6.708 83(15)◊10≠39 ~c (GeV/c2)≠2 2.2 ◊ 104

standard gravitational accel. gN 9.806 65 m s≠2 exact
Avogadro constant NA 6.022 140 76◊1023 mol≠1 exact
Boltzmann constant k 1.380 649◊10≠23 J K≠1 exact

= 8.617 333 262. . . ◊ 10≠5 eV K≠1 exactú

molar volume, ideal gas at STP NAk (273.15 K)/(101 325 Pa) 22.413 969 54. . . ◊ 10≠3 m3 mol≠1 exactú

Wien displacement law constant b = ⁄maxT 2.897 771 955. . . ◊ 10≠3 m K exactú

Stefan-Boltzmann constant ‡ = fi2k4/60~3c2 5.670 374 419. . . ◊ 10≠8 W m≠2 K≠4 exactú

Fermi coupling constant‡‡ GF /(~c)3 1.166 378 8(6)◊10≠5 GeV≠2 510
weak-mixing angle sin2 ‚◊(MZ) (MS) 0.231 21(4)†† 1.7 ◊ 105

W ± boson mass mW 80.377(12) GeV/c2¶ 1.5 ◊ 105

Z0 boson mass mZ 91.1876(21) GeV/c2 2.3 ◊ 104

strong coupling constant –s(mZ) 0.1179(9) 7.6 ◊ 106

fi = 3.141 592 653 589 793 238 . . . e = 2.718 281 828 459 045 235. . . “ = 0.577 215 664 901 532 860. . .
1 in © 0.0254 m 1 G © 10≠4 T 1 eV = 1.602 176 634 ◊ 10≠19 J (exact) kT at 300 K = [38.681 727 0718 . . .]≠1eV (exactú)

1 Å © 0.1 nm 1 dyne © 10≠5 N (1 kg)c2 = 5.609 588 603 . . . ◊ 1035eV(exactú) 0 ¶C © 273.15K
1 barn © 10≠28 m2 1 erg © 10≠7 J 1 C = 2.997 924 58 ◊ 109 esu 1 atmosphere © 760 Torr © 101 325Pa

§CODATA recommends that the unit be J/Hz to stress that in h = E/‹ the frequency ‹ is in cycles/sec (Hz), not radians/sec.
úThese are calculated from exact values and are exact to the number of places given (i.e. no rounding).

úúThe molar mass of 12C is 11.999 999 9958(36) g.
†At Q2 = 0. At Q2 ¥ m2

W the value is ≥ 1/128.
‡Absolute laboratory measurements of GN have been made only on scales of about 1 cm to 1 m.

‡‡See the discussion in Ch. 10, “Electroweak model and constraints on new physics.”
††The corresponding sin2 ◊ for the e�ective angle is 0.23153(4).
¶See the “Mass and width of the W boson” review.
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The mW landscape

● Sensitive probe for BSM physics
● Dominated by hadron collider measurements: difficult measurement with 

significant theory input, non-trivial correlations e.g. from PDFs
● New CDF result significantly away from the SM and prior measurements

2

[J. Kretzschmar ’22]
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[J. Kretzschmar ’22]

Ongoing Tevatron — LHC combinationOngoing Tevatron — LHC combination
The mW combination working group
● Created in 2020 with ATLAS, CMS, CDF, D0; 

LHCb added more recently
● Primary goals:

○ Official combinations of measurements with 
treatment of correlations of systematic 
uncertainties

○ Publication signed by corresponding collaborations
● Established a methodology to combine 

existing and future measurements; can also 
be used to enable physics modelling updates 
of past measurements (i.e. PDFs, pTW ) or e.g. 
correlate measurements of mW and 
sin2thetaW 

● Intermediate results presented at ICHEP2022 
+ public note released

3
https://cds.cern.ch/record/2815187 
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Ongoing Tevatron — LHC combinationOngoing Tevatron — LHC combination
Combination strategy
● Measurements performed at different times, using different baseline PDFs and QCD 

tools, two-step procedure :
○ correct to common PDF & QCD accuracy
○ combination including correlations

● Full procedure, decomposed into generator and PDF effects

● Allows to improve existing experimental results for improved theory & PDFs
5
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[J. Kretzschmar ’22]

Ongoing Tevatron — LHC combinationOngoing Tevatron — LHC combination
Conclusions and Outlook
● Significant progress towards combination (and understanding) of existing mW 

measurements
○ Detailed study of generator features such as decay angle/polarization effects
○ PDF archeology

● Close to having a fully final set of numbers for QCD corrections, PDF shifts and 
correlations and combinations

● In contrast to initial remit, the LHCb measurement will be fully incorporated
● Expecting a complete documentation with combinations using different PDFs sets 

and different subsets of experiments:
○ TeVatron, LHC, All (including LEP); N-1 
○ PDFs: ABMP16, CT18, NNPDF3.1, NNPDF4.0, MSHT20

● Also expecting remaining incompatibilities between measurements even after 
applying relevant theory updates – iterating on how to present & discuss the 
results 14
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  5

Measurement extrapolations

● Full procedure, decomposed into generator and PDF effects : 

● Published measurements : 

– CDF : Resbos1 (NLO )       CTEQ6M (NLO)

– D0 :  Resbos1 (NNLO)      CTEQ6.6 (NLO)

– ATLAS : Powheg+Pythia; rapidy+spin corr. at NNLO  CT10 (NNLO)

– LHCb : Powheg+Pythia; spin corr. at NNLO   <NNPDF3.1,CT18,MSHT20> (NLO)

● Extrapolations (dmW) evaluated using generator-level reweightings and “emulation” of detector effects

●    Main PDF targets : modern NNLO sets                          

  ~Finalized, including generator dependence of PDF extrapolations.

●                     Applies when generators or QCD improvements are beyond the quoted uncertainties.   

  Long neglected, and subject of ongoing work : Powheg, MiNNLO, New Resbos

mW

updated       =       mWref .       +       dmW

QCD       +       dmW

PDF

dmW
PDF

dmW
QCD

published PDF extrapolation  Improved predictions,

for reference PDF

  1

Status of the W-boson mass combination

● Objectives

● Reminders

● This year’s developments

● Converging?

● Starting projects

CDF : Chris Hays
D0 : Boris Tuchming, Chen Wang
ATLAS : Jan Kretzschmar, M.Boonekamp, S.Amoroso (now CMS) and Nancy Andari (left)
CMS : Josh Bendavid
LHCb : Mika Vesterinen, Menglin Xu https://indico.cern.ch/category/3290/

lhc-tevatron-wmass-combinations@cern.ch

  13

Generator corrections (       )

● Accuracy of Resbos1, compared to modern generators?

– Resbos1 distributions obtained from the CDF publication sample, and D0 event 
generation grids (thanks for sharing!)

● Resbos1 was a semi-private generator, and it is difficult to reproduce these 
distributions externally

– Comparisons to Powheg, MiNNLO, and “Resbos 2”

● “Resbos 2” is an upgrade of Resbos1, with (among others) improved NNLO QCD 
corrections, and improved treatment of spin correlations

dmW

QCD

[LHC EW WG,  M. Boonekamp ’22]
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[LHC EW WG,  M. Boonekamp ’22]

  24

PDF extrapolations (including generator dependence)

● Example, for CDF (defines reference PDF):

NLO

NLO

NLO

NNLO

NNLO

NNLO

NLO

NNLO

NNLO

NNLO

NNLO

→ Significant difference between CTEQ6M and CTEQ6.6 (not accounted for this far)
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  28

New combinations

● Preliminary combinations for 
ATLAS+CDF+D0.

– Central values may need 
corrections : hidden for now!

● Model-dependence of PDF 
extrapolations?

● Impact of generator mis-
modellings?

– Total (PDF) uncertainties :
11–13 MeV (3–7 MeV).    

– CT18, MSHT20, NNPDF4.0  
now available too.

[LHC EW WG,  M. Boonekamp ’22]

On-going effort will hopefully soon result in a new world average 
for both the central value and the experimental uncertainty
⇒



Probing extended Higgs sectors with the mass of the W boson, Georg Weiglein, Orsay 2023 W mass workshop, Orsay, 02 / 2023

Simple example of extended Higgs sector: 2HDM
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The Two-Higgs-Doublet Model
➢ 2 SU(2)

L
 doublets Φ

1,2
 of hypercharge ½ 

➢ CP-conserving 2HDM, with softly-broken Z
2
 symmetry (Φ

1
→Φ

1
, Φ

2
→ -Φ

2
) to avoid tree-level 

FCNCs   

➢ m
1
,m

2
 eliminated with tadpole equations, and 

➢ 7 free parameters in scalar sector: m
3
, λ

i 
(i=1,..,5), tanβ≡v

2
/v

1

➢ Mass eigenstates: h, H: CP-even Higgses, A: CP-odd Higgs, H
±
: charged Higgs, α: CP-even 

Higgs mixing angle

➢ λ
i 
 (i=1,..,5) traded for mass eigenvalues m

h
, m

H
, m

A
, m

H±
 and angle α

➢ m
3
 replaced by a Z

2
 soft-breaking mass scale
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The Two-Higgs-Doublet Model
➢ 2 SU(2)

L
 doublets Φ

1,2
 of hypercharge ½  

➢ CP-conserving 2HDM, with softly-broken Z
2
 symmetry (Φ

1
→Φ

1
, Φ

2
→ -Φ

2
) to avoid tree-level 

FCNCs   

➢ Mass eigenstates: 

h, H: CP-even Higgs bosons (h → 125-GeV SM-like state); A: CP-odd Higgs boson; 

H
±
: charged Higgs boson; α: CP-even Higgs mixing angle

➢ BSM parameters: 3 BSM masses m
H
, m

A
, m

H±
, BSM mass scale M (defined by M

2
≡2m

3

2
/s

2β
), 

angles α and β (defined by tanβ=v
2
/v

1
)

➢ BSM-scalar masses take form 

➢ We take the alignment limit α=β-π/2 → all Higgs couplings are SM-like at tree level 

→ compatible with current experimental data!

In alignment limit, α = β - π/2 : h couplings are SM-like at tree level 


