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Recently, the CDF collaboration has reported a new precision measurement of the W -boson mass, MW , 
showing a large deviation from the value predicted by the Standard Model (SM). In this paper, we 
analyse possible new physics contributions to MW from extended Higgs sectors. We focus on the Two-
Higgs-Doublet Model (2HDM) as a concrete example. Employing predictions for the electroweak precision 
observables in the 2HDM at the two-loop level and taking into account further theoretical and experi-
mental constraints, we identify parameter regions of the 2HDM in which the prediction for MW is close 
to the new CDF value. We assess the compatibility of these regions with precision measurements of the 
effective weak mixing angle and the total width of the Z boson.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Electroweak precision observables (EWPOs) are crucial for our 
understanding of the electroweak interactions. Among the EWPOs, 
the W -boson mass MW , the effective weak mixing angle sin2 θ

lep
eff , 

and the total decay width of the Z boson, �Z , are especially impor-
tant. Because of their precise experimental measurements, where 
the highest accuracy has been reached for MW , they have a large 
sensitivity to deviations from their Standard Model (SM) predic-
tions that can be caused by quantum effects of physics beyond the 
SM (BSM).

Recently, the CDF collaboration has presented a new measure-
ment of the W boson mass [1] with an unprecedented precision:

MW = 80.4335 ± 0.0094 GeV . (1)

This value deviates by about 7 σ from the SM prediction. It is, 
however, also in tension with some of the previous measurements 
of MW and with the average that was obtained in Ref. [2] prior 
to the announcement of the CDF result. While it will be manda-
tory to assess the compatibility of the different measurements and 
to carefully analyse possible sources of systematic effects, the new 
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result from CDF is a strong additional motivation for investigating 
BSM contributions to the prediction for MW . In fact, since many 
years the combined experimental value of MW has always been 
consistently above the SM prediction for a Higgs boson mass of 
about 125 GeV, favouring a non-zero BSM contribution to MW . The 
new CDF measurement significantly strengthens the preference for 
an upward shift compared to the SM prediction arising from BSM 
effects.

In this paper, we assess the possibility that an extended Higgs 
sector shifts MW upwards with respect to the SM. As a concrete 
example, we focus on the Two-Higgs-Doublet Model (2HDM). The 
MW prediction in the 2HDM has been studied at the one- and 
two-loop level in Refs. [3–15] finding sizeable BSM corrections. In 
the present paper, we investigate the 2HDM MW prediction in the 
context of the CDF measurement, employing the state-of-the-art 
two-loop predictions from Refs. [14,15], as well as other theoret-
ical and experimental constraints. Since loop effects in the 2HDM 
affecting MW will manifest themselves also in the predictions for 
the effective weak mixing angle and the total width of the Z bo-
son, we also assess the compatibility of those (pseudo-)observables 
with the experimental data.

2. Non-standard corrections to MW in the 2HDM

We consider a CP-conserving 2HDM containing two SU (2)L

doublets �1 and �2 of hypercharge 1/2. We impose a Z2 symme-
try in the Higgs potential under which the two doublets transform 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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as �1 → �1, �2 → −�2, but that is softly broken by an off-
diagonal mass term.1 This potential reads

V 2HDM(�1,�2) = (2)
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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 =
(
φ+

i , (vi + φi + iχi)/
√

2
)

with v2
1 + v2

2 ≡ v2 � 246 GeV and v2/v1 ≡ tan β .
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 φ1,2 states by the angle α), the CP-odd A boson 
and the neutral Goldstone boson G (obtained by rotating the χ1,2
states by the angle β), as well as the charged Higgs boson H± and 
the charged Goldstone boson G± (obtained by rotating the φ±

1,2
states by the angle β). 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 α = β − π/2 [18]. The remaining in-
put parameters for our numerical analysis are mH , mA , mH± , tanβ , 
and M2 ≡ m2

12/(sin β cosβ). 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 induced via 
corrections to the ρ parameter, which is defined as the ratio of 
the neutral and charged current four-fermion interactions. In the 
2HDM, ρ is equal to one at the tree-level. This tree-level value is, 
however, affected 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 restored 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 
additional constraint of either tan β = 1 or m2

H = M2 is fulfilled.
The non-SM one-loop corrections to the ρ parameter (assum-

ing massless external fermions), 
ρ
(1)
non-SM, in the CP-conserving 

2HDM (and for α = β − π/2) are given by [14]
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where sW and cW are the sine and cosine of the weak mixing 
angle, respectively, α ≡ e2/(4π), and e is the electric charge. The 
quantity 
ρ enters the prediction for the W boson mass approxi-
mately via


MW � 1

2
MW

c2
W

c2
W − s2

W


ρ . (4)

While Eqs. (3) and (4) allow for a qualitative understanding of the 
2HDM effects on the MW prediction, a precise higher-order calcu-
lation is essential for a comparison with the experimental results. 

1 We impose this Z2 symmetry, as is done commonly in the literature [16,17], 
in order to avoid tree-level flavour-changing neutral currents that are severely con-
strained experimentally.
2

In order to predict MW (as well as sin2 θ
lep
eff and �Z ) we use the 

code THDM_EWPOS which is based on Refs. [14,15]. It incorpo-
rates 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 vanishing elec-
troweak gauge couplings (keeping the ratio of MW and M Z con-
stant). Moreover, all quarks and leptons except 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 con-
tain 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 predictions for 
MW , sin2 θ

lep
eff , and �Z arise on the one hand from unknown 

higher-order contributions. On the other hand, a parametric un-
certainty is induced by the experimental errors of the input pa-
rameters, e.g. the top-quark mass. Since the discrepancy between 
the CDF value for MW and the SM prediction is much larger than 
those theoretical uncertainties we will not give a detailed account 
of those uncertainties in the following.

3. Numerical results

For our numerical results, we aim at answering the question of 
whether an MW value close to the CDF measurement can be ob-
tained in the 2HDM without being excluded by other constraints. 
A more comprehensive global fit to the electroweak precision data 
should be carried out in the future once a new world average has 
been obtained for both the central value of MW and the experi-
mental uncertainty, taking into account the level of compatibility 
of the individual measurements with each other.

While we expect similar results for all 2HDM types,3 we con-
centrate here for our numerical study on the 2HDM of type I. Re-
garding our predictions for MW , we apply various other constraints 
of both experimental and theoretical nature on the considered pa-
rameter space:

• vacuum stability [60] and boundedness-from-below [61] of the 
Higgs potential,

• NLO perturbative unitarity [62,63],
• compatibility of the SM-like scalar with the experimentally 

discovered Higgs boson using HiggsSignals [64,65],
• limits from direct searches for BSM scalars using Higgs-
Bounds [66–70],

• b physics [71].4

We use ScannerS [72] to evaluate all of these constraints apart 
from the NLO perturbative unitarity constraint, which is evalu-
ated separately. If applicable, we demand that the constraints be 
fulfilled at the 95% C.L. Taking into account these constraints on 
the parameter space, we obtain for each parameter point the one-
and two-loop predictions for MW , sin2 θ

lep
eff , and �Z . We note that 

as ScannerS does not define a renormalisation scheme for the 
2HDM mass parameters, we choose to interpret these as on-shell 

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

3 The difference 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 approximation of massless down-type quarks and leptons, 
the choice of the 2HDM type does not affect the EWPO calculation.

4 In practice, the fit results of Ref. [71] are used to obtain 2σ constraints in the 
(mH± , tanβ) plane of the 2HDM parameter space.
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Fig. 1. Upper left: parameter scan of the type-I 2HDM in the (MW , sin2 θ
lep
eff ) plane. The red points are located within the 1 σ 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 θ
lep
eff , �Z ) plane is shown.
renormalised inputs when used in the two-loop calculations of the 
EWPOs.

We perform a random scan of the 2HDM parameter space. 
While we fix mh = 125.09 GeV and α = β −π/2, we scan over val-
ues of mH and mA in the range between 30 and 1500 GeV, mH±
between 150 and 1500 GeV, tan β between 0.8 and 50, and m2

12
between 0 and 4 · 106 GeV2. All points shown in the Figures pass 
the theoretical and experimental constraints outlined above.

In Fig. 1, we present the scan results for the EWPOs. In the pan-
els, the light green band indicates the MW value (and the associ-
ated 1 σ uncertainty) measured recently by the CDF collaboration. 
Points located within the 1 σ interval of the CDF measurement are 
coloured in red. We also show as a light orange band the world 
average for sin2 θ

lep
eff (and the associated 1 σ uncertainty) [73] that 

was obtained by averaging over the results of the four LEP col-
laborations and the SLD collaboration, where the two most pre-
cise measurements (based on the forward–backward asymmetry 
of bottom quarks at LEP and the left–right asymmetry at the SLC) 
showed a discrepancy of more than 3 σ . For comparison, we also 
display the result for sin2 θ

lep
eff (and its associated 1 σ uncertainty) 

that is based on the measurement of the left–right asymmetry by 
the SLD collaboration [73] as a light yellow band.5 In addition, the 
light purple band shows the world average value for �Z (and its 
associated 1 σ uncertainty).

In the upper left panel, the results are shown in the (MW ,

sin2 θ
lep
eff ) plane. We observe that an MW value close to the value 

measured by the CDF collaboration is very well compatible with 
the predicted range in the 2HDM (while passing other theoretical 
and experimental constraints). MW values within the 1 σ interval 

5 The SLD measurement is the most precise single sin2 θ
lep
eff measurement and 

depends only on leptonic couplings.
3

of the CDF MW measurement are in mild tension with the world 
average value for sin2 θ

lep
eff but in good agreement with the value 

measured by the SLD experiment.
In the upper right panel, we show the results in the (MW , �Z )

plane. We find that the points where MW is close to the mea-
sured CDF value are compatible at the level of 1–1.5 σ with the 
world average value for �Z . This is confirmed in the bottom panel 
showing the results in the (sin2 θ

lep
eff , �Z ) plane. The red points, for 

which MW is within 1 σ of the CDF value, are at most in mild ten-
sion with the results of the other precision measurements at the 
Z peak.

In the left panel of Fig. 2, we investigate for which mass config-
urations the CDF value for MW can be reached. In this panel, the 
scan results are shown in the (mH − mH± , mA − mH± ) plane. For 
mH − mH± > 0 and mA − mH± > 0, as well as for mH − mH± < 0
and mA − mH± < 0, the one-loop non-SM correction to the ρ pa-
rameter (see Eq. (3)) is positive (see also Ref. [74]). Since the CDF 
value for MW lies above the SM prediction, it favours this part of 
the parameter region of the 2HDM giving rise to a sizeable up-
ward shift of MW , see Eq. (4). In contrast, the one-loop non-SM 
correction is negative for mH − mH± > 0 and mA − mH± < 0 as 
well as for mH − mH± < 0 and mA − mH± > 0 implying that the 
CDF MW value cannot be reached in this part of the parameter 
space. For reference, we also give in Table 1 the complete param-
eter values for two exemplary points in the upper right and lower 
left part of the left plot of Fig. 2. This Table also shows the MW
values obtained if the non-SM contributions are only evaluated at 
the one-loop level, finding significantly smaller values. The left plot 
of Fig. 2 furthermore highlights the fact that the CDF value for MW
cannot be reproduced in scenarios of the 2HDM in which the three 
BSM scalars are mass-degenerate, since as discussed above the cus-
todial symmetry of the non-SM contribution is restored in the limit 
where all scalar masses are taken to be equal to each other.
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Fig. 2. Parameter scan of the type-I 2HDM, where the red points are located within the 1 σ 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 .

Fig. 3. Parameter scan of the type-I 2HDM, where the red points are located within the 1 σ interval of the recent MW measurement by the CDF collaboration. In the left plot, 
we show for the points from the parameter scan the geometric average of the scalar quartic couplings, defined as 1/5

√
λ2

1 + λ2
2 + λ2

3 + λ2
4 + λ2

5 against the prediction for the 
W -boson mass at the two-loop level. In the right plot, we show for the same points the average of the scalar quartic couplings against the size of the two-loop non-SM 
corrections to MW .
This point moreover implies that there exists an upper bound 
on the mass of the BSM scalars — which we estimate to be of a 
few TeV — in 2HDM scenarios reproducing the CDF value for MW , 
as absolute mass splittings cannot be maintained for increasingly 
large masses without violating perturbative unitarity. Besides im-
plying an upper bound on the mass of the BSM scalars, the mass 
hierarchies favoured by the CDF MW measurement also have in-
teresting implications for the decays of the BSM scalars. Given a 
large enough mass separation between the charged and the neu-
tral Higgs bosons, H± → W ∓ A/H or A/H → H±W ∓ decays, for 
which the lowest-order couplings are maximised in the alignment 
limit, have sizeable rates for large parts of the 2HDM parameter 
space [75]. Correspondingly, future experimental searches for these 
decays could be able to confirm or exclude a 2HDM explanation of 
large positive shifts of MW with respect to its SM value.

We further assess the size of the two-loop non-SM correc-
tions in the right panel of Fig. 2 showing the scan results in the 
(MW , 
M2L,non-SM

W ) plane. Here, 
M2L,non-SM
W denotes the differ-

ence between MW evaluated employing the one- and two-loop 
non-SM corrections and MW evaluated employing only the one-
loop non-SM corrections. We observe that large values for MW are 
often associated with sizeable positive non-SM two-loop correc-
tions. This shows the importance of a precise evaluation of the 
non-SM contributions to MW taking into account corrections be-
yond the one-loop level.

As discussed above, sizeable differences between the BSM 
masses are needed to generate a significant shift of MW with re-
spect to the SM case. Since all BSM masses can be written in the 
form M2 + λ̃v2 (where λ̃ denotes a combination of the quartic cou-
4

plings and tan β), the size of the shift to MW is correlated with the 
size of the quartic couplings. We show this correlation in the left 
panel of Fig. 3 displaying the geometric mean of the quartic cou-
plings in dependence of the predicted MW value. We note that 
all shown points fulfil the NLO unitarity constraints as explained 
above. As expected, higher values of MW require on average higher 
values of λ1..5. For MW within in the 1 σ interval of the CDF mea-
surement, the average size of λ1..5 lies between ∼ 1 − 5. It should 
be noted in this context that average values of λ1..5 above 5 also 
occur for MW values that are close to the SM value.

In the right panel of Fig. 3 we present the same geometric av-
erage of the scalar quartic couplings as a function of the two-loop 
non-SM contributions to MW . While it is clear that a correlation 
exists between the average size of the scalar quartic couplings and 
the magnitude (in absolute value) of the two-loop BSM contribu-
tions to MW , this correlation is not very pronounced. For instance, 
two-loop effects in MW of 40 − 50 MeV are possible for parame-
ter points with an average size of the quartic couplings of ∼ 2 − 3. 
This means that significant two-loop corrections can occur even 
without very large couplings.

While Fig. 3 demonstrates that large couplings are not manda-
tory to obtain significant BSM contributions to MW , as an addi-
tional check we have verified the behaviour under renormalisation-
group (RG) running of the two example points provided in Table 1
for which we generated the necessary two-loop renormalisation-
group equations with SARAH [76–79]. We recall that both points 
exhibit significant two-loop BSM effects in MW . We find that the 
first parameter point does not encounter any Landau pole under 
RG running (up to the Planck scale), while for the second parame-
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Table 1
Parameter values and results for the electroweak precision observables (calculated including two-loop non-SM corrections if not stated otherwise) for two exemplary points 
with MW close to the value measured by the CDF collaboration.

mH mA mH± tanβ M2 MW [GeV] MW [GeV] sin2 θ
lep
eff �Z

[GeV] [GeV] [GeV] − [GeV2] (non-SM@1L) (non-SM@2L) − [GeV]
853.813 928.352 809.047 1.206 444.166 × 103 80.4001 80.4337 0.23113 2.4981
351.962 751.498 762.911 1.255 55.451 × 103 80.3990 80.4339 0.23109 2.4979
Fig. 4. Parameter scan of the type-I 2HDM, where the red points are located within 
the 1 σ interval of the recent MW measurement by the CDF collaboration. We show 
the points from the parameter scan in the (MW , κλ) plane, where both quantities 
have been computed taking into account corrections up to the two-loop level.

ter point, Landau poles appear in the running of the scalar quartic 
couplings around 25 TeV well above the masses of the BSM scalars 
(which all have masses below 800 GeV). Thus, the discussion of 
potentially large effects on MW within the 2HDM as an effective 
low-scale model with the considered mass range is not affected by 
the occurrence of nearby Landau poles.

Another important quantity regarding the phenomenology of 
the 2HDM is the trilinear Higgs coupling. As recently emphasised 
in Ref. [80], also in this case it is crucial to include higher-order 
corrections in order to evaluate the impact of the experimental re-
sults on the parameter space of the model. In Fig. 4, we check 
whether the parameter region with an MW value close to the 
value measured by CDF can be constrained by the experimental 
limits on the trilinear Higgs coupling. We show the scan results in 
the (MW , κλ) parameter plane, where κλ ≡ λhhh/(λ

SM
hhh)(0) is eval-

uated taking into account leading one-loop as well as two-loop 
corrections [81–83]. We find that the results for κλ obtained in 
Ref. [80] are largely independent of the preferred region for MW . 
Moreover, only a small fraction of the points within the 1 σ inter-
val of the CDF MW measurement are excluded by the experimental 
constraint that −1.0 < κλ < 6.6 [84].

4. Conclusions

The mass of the W boson is one of the (pseudo-) observables 
for which the comparison between its high-precision measurement 
and accurate theoretical predictions provides the highest sensitiv-
ity for discriminating between the SM and possible alternatives or 
extensions of it. The new measurement released by the CDF col-
laboration clearly has an important impact in this context. While 
the establishment of a new world average for MW will require a 
careful assessment of the systematic uncertainties of the individ-
ual measurements, one can certainly expect that the incorporation 
of the new result announced by CDF will significantly strengthen 
the preference for a non-zero BSM contribution to MW . Indeed, a 
large deviation in the W -boson mass — if confirmed by other ex-
periments — could be a hallmark of BSM physics.
5

In this paper, we have analysed the question of whether a 
deviation in MW from the SM prediction as large as the one re-
ported by CDF could actually be accommodated by well-motivated 
BSM models without spoiling the compatibility with the existing 
experimental results for other observables from different sectors 
and with theoretical constraints. Specifically, we have assessed the 
possibility that such a deviation is due to the effects of an ex-
tended Higgs sector. We have focused on the 2HDM as one of the 
most widely studied extensions of the SM, which can be viewed 
as a representative case of more complicated Higgs sectors, and 
we have taken into account other relevant theoretical and experi-
mental constraints. This has led to the remarkable result that BSM 
quantum corrections can indeed be sufficiently large to obtain a 
prediction for MW that is in very good agreement with the CDF 
measurement while being compatible with other constraints. In 
particular, we have demonstrated in this context the compatibility 
with the experimental measurements of the effective weak mixing 
angle and the total width of the Z boson.

We have found that the mass hierarchies mH , mA < mH±
and mH± < mH , mA are favoured by the CDF MW measurement, 
whereas other mass hierarchies, and especially the case in which 
mH ∼ mA ∼ mH± , are disfavoured. Moreover, we have pointed out 
the importance of a precise evaluation of the non-SM contribu-
tions to MW beyond the one-loop level. Concerning the prediction 
for the effective weak mixing angle at the Z -boson resonance, it 
should be noted that a sizeable quantum correction in the 2HDM 
bringing MW into agreement with the CDF measurement would 
be favoured by the SLD measurement of the left–right asymme-
try, which is interesting in view of the long-standing discrepancy 
between the most precise single measurements from LEP and SLC. 
We have also shown that the region of the 2HDM parameter space 
that is in agreement with the MW value of CDF is only slightly 
affected by the experimental constraints on the trilinear Higgs cou-
pling.

We will present further details of our 2HDM results in an up-
coming paper. While we focused on the 2HDM in this paper as a 
representative case, similar results can also be expected for other 
extensions of the SM Higgs sector.
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