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Abstract We study the potential impact on the elec-
troweak (EW) fits due to the tensions between the current
determinations of the hadronic vacuum polarisation (HVP)
contributions to the anomalous magnetic moment of the
muon (aμ), based on either phenomenological dispersion
integrals using measured hadronic spectra or on Lattice QCD
calculations. The impact of the current tension between the
experimental measurement of aμ and the total theoretical
prediction based on the phenomenological calculations of
the HVP is also studied. The correlations between the uncer-
tainties of the theoretical predictions of aμ and of the running
of αQED are taken into account in the studies. We conclude
that the impact on the EW fit can be large in improbable sce-
narios involving global shifts of the full HVP contribution,
while it is much smaller if the shift is restricted to a lower
mass range and/or if the shift in αQED is obtained from that
in aμ through appropriate use of the correlations. Indeed, the
latter scenarios only imply at most a 2.6/16 increase in the
χ2/n.d.f. of the EW fits and relatively small changes for the
resulting fit parameter values.

1 Introduction

A long-standing discrepancy of about 3–4 standard devia-
tions has been observed between the experimental measure-
ment of the anomalous magnetic moment of the muon (aExp

μ )
[1] and its Standard Model prediction (aSM

μ ) [2–8]. In this
comparison, the leading order hadronic vacuum polarisa-
tion part (aHVP, LO

μ ), derived phenomenologically through
dispersion integrals using as input experimental data of
e+e− → Hadrons (aHVP, LO

μ (Pheno)), yields the dominant uncer-
tainty of the total theoretical prediction of aμ based on such

an approach (aSM (Pheno)
μ ). Recently, the BMW collaboration

has achieved an unprecedented sub-percent level precision
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for a QCD+QED Lattice calculation of this same contribution
(aHVP, LO

μ (Lattice)) [9]. While yielding a reduced tension between
the experimental measurement and the theoretical prediction,
this new calculation is in tension with the phenomenologi-
cal one based on dispersion integrals. Recent studies indicate
that the latter tension seems to originate from the low energy
region (see Ref. [10] and the updated version of Ref. [9]). At
the same time, it has been shown in Ref. [11] that the last
set of NLO radiative corrections for the pion form factor, not
considered previously in the event generators used by the
experiments, cannot explain the tension between aExp

μ and
aSM
μ . Comparisons among the aHVP, LO

μ (Lattice) results obtained by

various collaborations, as well as with the aHVP, LO
μ (Pheno) calcu-

lations, have also been performed [12], using in particular a
window method with smoothed steps at the boundaries [13–
15]. The high precision achieved for the recent result of the
BMW collaboration motivates its use as reference aHVP, LO

μ (Lattice)
value in the current study.

It has been advocated in the past that a change of the
hadronic spectra (and hence ofaHVP, LO

μ ) to reduce the tension
between the experimental measurement and the theoretical
prediction of aμ could introduce tensions in the EW fit [16,
17]. More recently, while our work was under completion,
it was pointed that a change of the hadronic spectra in the
low energy region (below 0.7 GeV) could allow to reduce
the tension for aμ without having too strong an impact on
the EW fit,1 although this would be improbable given the
current precision of the data [18]. At the same time, in a
different study, model-independent bounds were set on the
impact that the discrepancy between aHVP, LO

μ (Pheno) and aHVP, LO
μ (Lattice)

can have on the running of αQED to the Z mass (Δαhad(M2
Z ))

[19].
We study these aspects taking into account, to our knowl-

edge for the first time, the full correlations between the
uncertainties of the HVP contributions to aHVP, LO

μ (Pheno) and to

1 The studies in Ref. [17] also include a scenario where a shift of the
hadronic spectra is only applied to the energy region below 1.94 GeV.
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Δαhad(M2
Z ). Indeed, these correlations are induced by the

use in the two dispersion integrals of the same hadronic
spectra, perturbative QCD (pQCD) calculations and narrow
resonance contributions. They have been evaluated in Ref.
[3],2 taking into account in particular the correlations of the
(statistical and systematic) uncertainties between the differ-
ent points/bins of a measurement in a given hadronic chan-
nel, between different measurements in the same channel,
a well as between different channels. This evaluation also
fully accounts for the tension between the measurements at
the BaBar [22,23] and KLOE [24–27] experiments in the
dominant π+π−(γ ) channel, both through a local re-scaling
of the uncertainties by a factor

√
χ2/n.d.f. and by taking

into account the systematic differences between the two mea-
surements (i.e. comparing the combined dispersion integrals
obtained when excluding either BaBar or KLOE).

2 Description of the EW Fit

The idea of the global EW fit is to compare the state-of-
the-art calculations of EW precision observables with the
latest experimental data and thus test the consistency of the
Standard Model. The starting point is the EW sector of the
Standard Model that can be described by the masses of the
EW gauge bosons mV , the mass of the Higgs boson MH ,
the EW mixing angle θW , as well as the coupling param-
eters αem = e2/(4π) of the electromagnetic interaction, g
and g′ for the weak interaction as well as the Higgs potential
parameter λ. The beauty of the EW theory lies in the pre-
dicted relations of its parameters, i.e. the fact that not all of
its parameters can be chosen independently from each other.
The weak mixing angle, for instance, can be expressed at
tree-level as

sin2θW =
(

1 − M2
W

M2
Z

)

, (1)

while the mass of the W boson (MW ) is related to the Fermi
constant and the fine-structure constant via

M2
W = αQEDπ√

2 · GF · (1 − M2
W /M2

Z )
. (2)

Hence, at tree level only three free parameters are required.
A common choice of the observables, which are used for the
predictions, are those with the smallest experimental uncer-
tainties, i.e. the fine structure constant αQED, the Z boson
mass MZ and the Fermi constant GF . Knowing these, the

2 Such correlations had also been estimated in Ref. [20], based on the
evaluation from Ref. [21] for the hadronic contribution from the energy
threshold up to 1.8 GeV, completed with the contributions from higher
masses evaluated with a sum rule approach.

observables of the EW sector, in particular MW and sin2θW ,
can be predicted and confronted with experimental results.
However, just using these tree-level relations will lead to
immediate incompatibilities with the respective measure-
ments, since higher order EW corrections have to be taken
into account. These EW corrections can be formally absorbed
into form factors, denoted by κ

f
Z , ρ

f
Z

3 and Δr , i.e.

M2
W = M2

Z

2

(

1 +
√

1 −
√

8πα(1 − Δr)

GFM2
Z

)

(3)

sin2θ
f

eff = κ
f
Z sin2θW , (4)

g f
V =

√
ρ

f
Z (I f

3 − 2Q f sin2θ
f

eff) (5)

g f
A =

√
ρ

f
Z I

f
3 (6)

Within the Standard Model, these form factors exhibit
a logarithmic dependence on MH , a dependence on quark
masses,4 dominated by a quadratic dependence of the heavi-
est quark mass mt , and an approximately linear dependence
on MZ , αQED and αs . Hence, precise measurements of all
observables of the EW sector plus the top quark mass, mt ,
and αs , allows a test of the consistency of the Standard Model
or, alternatively, allows a precise prediction of one observ-
able, when all others are known. This idea of the global EW
fit has a long history in particle physics and was performed
by several groups in the past, e.g. [28–33].

The running of the electromagnetic coupling, αQED,
depends crucially on the loop leptonic and hadronic contri-
butions. However, the leptonic and top-quark vacuum polar-
isation contributions are precisely known or negligible and
only the hadronic contribution for the five lighter quarks,
Δα

(5)
had(M

2
Z ) adds significant uncertainties. Hence the electro-

magnetic coupling αQED is typically replaced by Δα
(5)
had(M

2
Z )

within the EW fit.
In the following, we use the Gfitter framework [34,35]

to evaluate the impact of the Δα
(5)
had(M

2
Z ) observable in the

context of the overall fit. In particular, we indirectly deter-
mine Δα

(5)
had(M

2
Z ) using state of the art measurements of the

relevant EW precision observables, but also test its impact
on the prediction of other observables such as the W boson
mass, MW , the Higgs boson mass, MH , and the effective EW
mixing angle, sin2(θe f f ). The Gfitter framework includes for
the predictions of MW and sin2(θe f f ) the complete two-loop
corrections and allows for a rigorous statistical treatment.
For example, it is possible to introduce dependencies among
parameters, which can be used to parametrise correlations
due to common systematic errors, or to rescale parameter

3 The superscript f denotes the respective fermion.
4 While logarithmic dependencies are important for small quark
masses, the quadratic dependence is dominating at large m f , hence
implying an overall dominance of the top quark mass contribution.

123



Eur. Phys. J. C            (2021) 81:46 Page 3 of 10    46 

values and errors with newly available results. This is rele-
vant for the study of Δα

(5)
had(M

2
Z ), as it depends on αS(M2

Z ).
The rescaling mechanism of Gfitter allows to automatically
account for arbitrary functional interdependencies between
an arbitrary number of parameters [29].

3 Including the correlations between aμ and αQED in
the EW fit

In order to study the impact of the recent aμ-related results
on the EW fit, we consider three different approaches.
They all involve correlated shifts of the aHVP, LO

μ and
Δαhad(M2

Z ) values, while taking into account the fact that
the kernels involved in the dispersion integrals emphasise
lower (higher) energy regions of the hadronic spectra for
aHVP, LO
μ (Δαhad(M2

Z )). However, the methodology and the
underlying assumptions are different for each of the three
approaches, which is important in the current context where
the source of the tension between the various aμ results is
unknown.

The values of the HVP contribution integrals used in
this study, computed either through a phenomenological
approach or through Lattice QCD, are summarised in Table 1,
for either the full HVP contribution or more restricted energy
ranges. The latter are starting from the energy threshold (Th.)
and go up to either 1 or 1.8 GeV, a region where the sum of
32 exclusive hadronic production channels is used for the
phenomenological calculation [3]. It is to be noted that for
the aHVP, LO

μ dispersion integrals in the phenomenological
approach the low energy part dominates for both the central
value of the integral and its uncertainty, while for Δαhad(M2

Z )

the high energy regions bring larger contributions. These are
direct consequences of the different energy dependencies for
the corresponding integration kernels. The correlation coeffi-
cient ρ between the uncertainties of the two dispersion inte-
grals (due to the use of the same input hadronic spectra,
pQCD and narrow resonance contributions, with different
integration kernels) are also indicated, for the various energy
ranges that are considered here. It amounts to 44% when
computing the dispersion integrals for the full energy range
[3] and is further enhanced when considering the contribu-
tions from lower mass ranges only. We also note that the full
aHVP, LO
μ (Pheno) contribution obtained in Ref. [2] through the con-

servative merging of several results (693.1 ± 4.0) · 10−10

is similar to the corresponding value from Table 1, in terms
of both the central value and uncertainty. In addition, in this
study we use the difference between aExp

μ and aSM (Pheno)
μ

amounting to 26.0 · 10−10 [3], impacted in particular by the
statistical (systematic) experimental uncertainties of the aμ

measurement of 5.4 (3.3), in the same units of 10−10.

In the Approach0 we apply the same scaling factor for
the contributions (from some energy range of the hadronic
spectrum) to the aHVP, LO

μ and Δαhad(M2
Z ) phenomenolog-

ical values determined from dispersion integrals, in order
to reach some “target” value for aHVP, LO

μ . This scaling can
be modelled e.g. as a change of normalisation of the inclu-
sive hadronic spectrum in the corresponding energy range,
which is in this sense similar to the studies done in Refs. [16–
18]. The EW fit is then performed using as input the shifted
Δ′αhad(M2

Z ) value, with the corresponding uncertainty.5

For the Approach1 the goal is to include aHVP, LO
μ in the

EW fit, using the information on the correlations between
the uncertainties of aHVP, LO

μ and Δαhad(M2
Z ). The covari-

ance matrix of the two quantities can be described by a set of
two uncertainty components, often called “nuisance param-
eters” (NPs), each of them being fully correlated between
the two quantities, but the two being independent between
each-other. There is indeed an infinite number of ways of per-
forming such description of the information in the covariance
matrix using two NPs. One set of such NPs that is especially
interesting in this case has the format indicated in Table 2,
the key point being that NP1 impacts both quantities, while
NP2 only impacts Δαhad(M2

Z ). One can evaluate the number
of standard deviations by which NP1 has to be shifted, in
order for the aHVP, LO

μ determined from dispersion integrals
to reach some “target” value. The same relative shift of the
NP1 can then be applied to Δαhad(M2

Z ). This shifted value
Δ′αhad(M2

Z ) is used as input for Gfitter, with the uncertainty
provided by the NP2 (which impacts Δαhad(M2

Z ), but not
aHVP, LO
μ ).

While the full aSM
μ prediction, which is directly compara-

ble with aExp
μ , also involves contributions from higher order

hadronic loops, hadronic light-by-light scattering, QED and
EW effects, for aHVP, LO

μ a direct comparison between the
phenomenological and Lattice QCD approaches is possible.
Without loss of generality, in the current application of the
two approaches above, the “target” values of the contribution
scaling or uncertainty shift are chosen to bring the aHVP, LO

μ (Pheno)

contribution derived phenomenologically to the Lattice QCD
value aHVP, LO

μ (Lattice), or to bring the aSM
μ value to the aExp

μ , or yet
to reach these values minus one standard deviation of the
corresponding uncertainties.6 Given the different contribu-

5 We do not apply here a relative scaling of the Δαhad(M2
Z ) uncertain-

ties forApproach0, because in case such corrections would be necessary
for the central values it is not obvious that the uncertainties would be
expected to scale accordingly. Furthermore, even in cases when the scal-
ing is applied only to (part of) the range covered by exclusive channels
and the scale factor is therefore at the few percent level, the relative
impact on the total Δαhad(M2

Z ) uncertainty would be small.
6 For the studies where the “target” value is aExp

μ minus the corre-
sponding uncertainty, we did not include in the definition of this “target”
other uncertainty components (e.g. from the light-by-light contribution)
involved in the aExp

μ −aSM
μ comparison. Even if (shifts of the values of)
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Table 1 Values of the aHVP, LO
μ and Δαhad(M2

Z ) integrals computed
in either the full energy range (“Full HVP”) or some restricted
region, through either a phenomenological approach using experimen-

tal hadronic spectra [3] or with Lattice QCD [9]. Where relevant, ρ

indicates the correlation coefficient of the uncertainties of the two phe-
nomenological dispersion integrals

Computation (energy range) aHVP, LO
μ [10−10] Δαhad(M2

Z ) [10−4] ρ

Phenomenology (full HVP) 694.0 ± 4.0 275.3 ± 1.0 44%

Phenomenology ([Th.; 1.8 GeV]) 635.5 ± 3.9 55.4 ± 0.4 86%

Phenomenology ([Th.; 1 GeV]) 539.8 ± 3.8 36.3 ± 0.3 99.5%

Lattice (full HVP) 712.4 ± 4.5 – –

Table 2 NPs used to describe the covariance matrix of the uncertainties
of aHVP, LO

μ and Δαhad(M2
Z ) (see text). The σ in front of various quan-

tities indicates the corresponding uncertainty and ρ their correlation
coefficient

Uncertainty components aHVP, LO
μ Δαhad(M2

Z )

NP1 σ(aHVP, LO
μ ) σ(Δαhad(M2

Z )) · ρ

NP2 0 σ(Δαhad(M2
Z )) · √

1 − ρ2

tions entering in the various energy ranges involved in the
aHVP, LO
μ (Pheno) calculation [3], it is difficult to identify a possible

effect that would cause a constant global scaling for all of
them, although this cannot be fully excluded either. In view
also of the indications from Ref. [10] and from the updated
version of Ref. [9], it is indeed important to perform the stud-
ies of the impact on the EW fit for changes of the hadronic
spectra in more restricted energy ranges too. Studies are per-
formed considering scenarios where the contribution scaling
or uncertainty shift is done either for the full HVP dispersion
integral, or for the sum of the exclusive channels from the
energy threshold up to 1.8 GeV, or yet for their contribu-
tion up to 1 GeV.7 These various choices are summarised in
Table 3.

Approach2 consists in performing the EW fit including
aHVP, LO
μ as an extra free parameter, constrained by both the

Footnote 6 continued
such contributions would certainly impact the picture in the aExp

μ −aSM
μ

comparison, exploring the consequences for the EW fit would be too
speculative at this stage and remains beyond the goal of our study. We
note however that contributions like hadronic light-by-light, impacting
aSM
μ but not Δαhad(M2

Z ), reduce the correlations between the two and
hence the impact of aμ on the EW fit.
7 For the study involving the range between the energy threshold and
1 GeV only the Approach0 is used, because of the existing correlations
between the data uncertainties in this range and in the [1 ; 1.8] GeV inter-
val respectively. Indeed, treating (uncertainties from) the low energy
range in Approach1 independently of the [1 ; 1.8] GeV interval would
not be justified, while the coherent treatment of the two intervals would
effectively require applying the Approach1 for the full range up to
1.8 GeV. Note also that the relative uncertainties are also rather similar
for the aHVP, LO

μ and Δαhad(M2
Z ) integrals up to 1 GeV, while being also

strongly correlated. Due to this, the Approach1 restricted to the range
up to 1 GeV would anyway yield rather similar results to theApproach0.

phenomenological value from dispersion integrals aHVP, LO
μ (Pheno)

and by the Lattice QCD value aHVP, LO
μ (Lattice). The correlations

between the uncertainties of the aHVP, LO
μ (Pheno) and Δαhad(M2

Z )

dispersion integrals for the full energy range [3] are taken
into account in the fit. The uncertainty due to the finite
precision of αS (entering here through the pQCD part of
the dispersion integrals in the phenomenological approach)
also impacts other quantities in the EW fit and is therefore
treated separately. It amounts to 0.14 · 10−10 (0.41 · 10−4)
for aHVP, LO

μ (Pheno) (Δαhad(M2
Z )) and is treated as fully corre-

lated between the two quantities, as well as with the other
αS-related uncertainties in the fit. The remaining uncertain-
ties are of 3.96 · 10−10 for aHVP, LO

μ (Pheno) and 0.91 · 10−4 for

Δαhad(M2
Z ), with a correlation coefficient of 47% between

the two. In the Lattice QCD calculation, pQCD is used in
the range Q2 > 3 GeV2 for an aHVP, LO

μ contribution that
amounts to 0.16 · 10−10, while its uncertainty due to the
finite precision of αS is negligible [9].

Approach2 brings a slightly improved treatment of the uncer-
tainties and correlations compared to Approach1, where
the total covariance matrix (including the αS-related uncer-
tainty) has to be used when computing the NP1 that impacts
aHVP, LO
μ . There, the αS uncertainty impacting Δαhad(M2

Z )

is treated as a sub-component of NP2 (and further correlated
with other quantities in the EW fit), which effectively de-
correlates it from the corresponding uncertainty of aHVP, LO

μ .
This approximate treatment in Approach1 is however well
justified, given the relatively small contribution of the αS

uncertainty to aHVP, LO
μ .

It is worth noting that in the various scenarios displayed
in Table 3 the scaling factors applied in Approach0 go well
beyond the (sub-percent level) systematic uncertainties of
the modern experimental measurements of hadronic spec-
tra, used in the phenomenological dispersion integrals. For
this reason we also do not consider applying Approach0 in
more restricted energy ranges below 1 GeV, as the result-
ing scaling factors would be even larger and hence unlikely.
Similarly, the shifts of NP1 (expressed as a number of stan-
dard deviations) in Approach1 are relative large, assuming
hence that the Gaussian approximation and the correlation
coefficients between the dispersion integrals are still valid in
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Table 3 Scaling factors of the hadronic spectra in Approach0, shifts
applied to NP1 (in terms of a number of standard deviations) and the
uncertainty to be used in the EW fit σ ′ (Δαhad(M2

Z )
)

(which incor-
porates NP2 and the uncertainty from high mass contributions if a
restricted range is used for the uncertainty shift, hence including the
αS-related uncertainty too) inApproach1, together with the correspond-
ing modified Δ′αhad(M2

Z ) values, for various shifts of the aHVP, LO
μ .

The latter are achieved through a contribution scaling (Approach0) or

uncertainty shift (Approach1), applied for various energy ranges of the
hadronic spectrum (see text). The “−1σ” following various quantities
indicates a subtraction of one standard deviation of the corresponding
aHVP, LO
μ or aExp

μ uncertainty. For Approach0 the uncertainty indicated
for “Full HVP” in Table 1 applies to all the configurations presented
here, while distinguishing the αS-related uncertainty and its comple-
mentary part (see text)

aHVP, LO
μ shift Approach0 Approach1

(Energy range) Scaling factor Δ′αhad(M2
Z ) Shift NP1 σ ′ (Δαhad(M2

Z )
)

Δ′αhad(M2
Z )

aHVP, LO
μ (Lattice) − aHVP, LO

μ (Pheno) (Full HVP) 1.027 0.02826 4.6 9.0 · 10−5 0.02774

(aHVP, LO
μ (Lattice) − 1σ) − aHVP, LO

μ (Pheno) (Full HVP) 1.020 0.02808 3.5 9.0 · 10−5 0.02769

aHVP, LO
μ (Lattice) − aHVP, LO

μ (Pheno) ([Th.; 1.8 GeV]) 1.029 0.02769 4.7 9.5 · 10−5 0.02768

(aHVP, LO
μ (Lattice) − 1σ) − aHVP, LO

μ (Pheno) ([Th.; 1.8 GeV]) 1.022 0.02765 3.5 9.5 · 10−5 0.02764

aHVP, LO
μ (Lattice) − aHVP, LO

μ (Pheno) ([Th.; 1 GeV]) 1.034 0.02765 – – –

(aHVP, LO
μ (Lattice) − 1σ) − aHVP, LO

μ (Pheno) ([Th.; 1 GeV]) 1.026 0.02762 – – –

aExp
μ − aSM (Pheno)

μ (Full HVP) 1.037 0.02856 6.6 9.0 · 10−5 0.02782

(aExp
μ − 1σ) − aSM (Pheno)

μ (Full HVP) 1.028 0.02831 5.0 9.0 · 10−5 0.02775

aExp
μ − aSM (Pheno)

μ ([Th.; 1.8 GeV]) 1.041 0.02776 6.6 9.5 · 10−5 0.02774

(aExp
μ − 1σ) − aSM (Pheno)

μ ([Th.; 1.8 GeV]) 1.031 0.02770 5.0 9.5 · 10−5 0.02769

aExp
μ − aSM (Pheno)

μ ([Th.; 1 GeV]) 1.048 0.02771 – – –

(aExp
μ − 1σ) − aSM (Pheno)

μ ([Th.; 1 GeV]) 1.036 0.02766 – – –

Table 4 Input parameters of the EW fit, based on [36] as well as expected future uncertainties after the high-luminosity LHC phase

LEP/LHC/Tevatron

MZ [GeV] 91.188 ± 0.002 R0
c 0.1721 ± 0.003 MH [GeV] 125.09 ± 0.15

σ 0
had [nb] 41.54 ± 0.037 R0

b 0.21629 ± 0.00066 MW [GeV] 80.380 ± 0.013

ΓZ [GeV] 2.495 ± 0.002 Ac 0.67 ± 0.027 mt [GeV] 172.9 ± 0.5

Al (SLD) 0.1513 ± 0.00207 Al (LEP) 0.1465 ± 0.0033 sin2 θ leff 0.2314 ± 0.00023

Al
FB 0.0171 ± 0.001 mc [GeV] 1.27+0.07

−0.11 GeV After HL-LHC

Ac
FB 0.0707 ± 0.0035 mb [GeV] 4.20+0.17

−0.07 GeV MW [GeV] 80.380 ± 0.008

Ab
FB 0.0992 ± 0.0016 αs(MZ ) 0.1198 ± 0.003 sin2 θ leff 0.2314 ± 0.00012

R0
l 20.767 ± 0.025 Δα

(5)
had(M

2
Z ) [10−5] 2760 ± 9 mt [GeV] 172.9 ± 0.3

this regime. In Approach2 the same effect is reflected into a
χ2 contribution from the aHVP, LO

μ component of the fit at the
level of about 9.3 units (i.e. 3.1 standard deviations), orig-
inating from the tension between aHVP, LO

μ (Pheno) and aHVP, LO
μ (Lattice).

For all these reasons, the current study should not be seen
as an attempt to precisely incorporate the aμ inputs into the
EW fit, but rather to explore their potential impact under
various hypotheses. Indeed, the three approaches (with the
various choices listed in Table 3) allow to probe different
hypotheses concerning the possible source(s) of the differ-
ence between the phenomenological prediction on one side
and the recent Lattice QCD result or the experimental mea-
surement on the other, while assessing the corresponding
impact on the EW fit. While Approach0 considers a sim-

ple normalisation scaling of the hadronic spectra (and is in
this sense comparable with some of the approaches used in
Refs. [16–19]), Approaches 1 and 2 use the information on
the experimental uncertainties, with their phase-space depen-
dence and correlations, to guide the evaluation of coherent
shifts of aHVP, LO

μ and Δαhad(M2
Z ).

4 Results of the EW Fit

The input parameters of the fit are summarized in Table 4.
They include in particular the measurements from the LEP
and SLC collaborations, i.e. the mass and width of the Z
boson, the hadronic pole cross sections as well as the forward-
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backward asymmetry parameters. The W boson mass and the
top-quark mass are based on measurements at the Tevatron
and the LHC, while the Higgs Boson mass is only measured
at the latter. In summary, the floating parameters in the global
EW fit within the Gfitter program are the coupling parame-
ters Δα

(5)
had(M

2
Z ) and αS(M2

Z ), the masses MZ , mc, mb, mt

and MH , as well as four theoretical error parameters. In
Approach2, the χ2 definition is modified to include aHVP, LO

μ

as an extra free parameter, constrained by both aHVP, LO
μ (Pheno) and

aHVP, LO
μ (Lattice) with the corresponding uncertainties, adding hence

one degree of freedom to the fit.
In a first step, we determine the minimal χ2 of the global

EW fit, using various values for Δα
(5)
had(M

2
Z ) according the

different approaches described in Sect. 3.8 The results are
summarized in Table 5. As discussed earlier, in Approach2
the tension between aHVP, LO

μ (Pheno) and aHVP, LO
μ (Lattice) induces a con-

tribution to the χ2 of about 9.3 units.
In a second step, we studied in more detail the aHVP, LO

μ (Lattice)−
aHVP, LO
μ (Pheno) case and used the three different approaches to indi-

rectly determine several selected observables. Technically,
this indirect parameter determination is performed by scan-
ning the parameter in a chosen range and calculating the
corresponding χ2 values. The value of χ2

min is not relevant
for the uncertainty estimation, but only its difference relative
to the global minimum, Δχ2 ≡ χ2 − χ2

min. The Δχ2 = 1
and Δχ2 = 4 profiles define the 1σ and 2σ uncertainties,
respectively. The Δχ2 distributions of selected observables
(MH , MW , sin2θ leff and mt ) are shown in Fig. 1.

When using Approach0 (comparing either aHVP, LO
μ (Lattice) and

aHVP, LO
μ (Pheno), or aExp

μ and aSM (Pheno)
μ ) applying a scaling for the

full energy range of the hadronic spectrum the impact on
Δαhad(M2

Z ) is large, hence the important shift in the fitted
parameters in the EW fit and the corresponding χ2 enhance-
ment. This is especially significant for MH , MW and mt ,
where tensions with the measured values are induced in this
scenario, which as discussed above is, however, unlikely. In
Approaches 1 and 2, as well as when using Approach0 with
shifts of the HVP contribution applied on more restricted
mass ranges, there’s less of a change for Δαhad(M2

Z ) and
one can conclude that under the corresponding (more realis-
tic) scenarios the impact of the tensions for aμ on the EW fit
is small.

The dependence of the predicted value for MH , MW ,
sin2 θ leff and mt on Δαhad(M2

Z ) in the global EW fit is illus-
trated in Fig. 2. The results of theApproach0 andApproach1,
applied either for the full HVP contribution or for the range
[Th.; 1.8 GeV], for the aHVP, LO

μ (Lattice) − aHVP, LO
μ (Pheno) case, are also

8 The Δα
(5)
had(M

2
Z ) values are obtained based on the values in Table 3,

after subtracting the contribution of the top quark to the pQCD calcu-
lation, which amounts to −0.72 · 10−4 with a negligible uncertainty.
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Fig. 1 Indirect determination of MH (upper left), MW (upper right),
sin2 θ leff (lower left) and mt (lower right) with the global EW fit, using
different approaches for Δαhad(M2

Z ) as indicated in Table 3, for the

aHVP, LO
μ (Lattice) − aHVP, LO

μ (Pheno) (Full HVP) case. The shaded bands indicate the
theoretical uncertainties within the global EW fit. The measured value
and its uncertainty of each observable is indicated as gray vertical band

indicated. The remarks made above about the shifts with
respect to the nominal fit result are clearly visible here too.

Thirdly, we determine indirectly the value of Δα
(5)
had(M

2
Z )

(without including any explicit constraint on it in the EW
fit) using the other EW observables, including and excluding
the Higgs boson mass9 as well as assuming improved pre-
cisions on the EW observables at the end of the high lumi-
nosity LHC phase (see Table 4). The corresponding Δχ2

distributions are shown in Fig. 3 for all three cases, yield-
ing values of Δα

(5)
had(M

2
Z ) = 0.02716 ± 0.00033 (including

mH ), Δα
(5)
had(M

2
Z ) = 0.02817 ± 0.00087 (excluding mH )

and Δα
(5)
had(M

2
Z ) = 0.02706 ± 0.00025 (with future mea-

surement precisions), respectively. In addition, we indicate
the predicted values of Δα

(5)
had(M

2
Z ), previously discussed in

Sect. 3. The uncertainties on these predictions are estimated

9 The comparison of the χ2-distributions when not including the Higgs
boson mass in the fit was added to illustrate the impact of the Higgs
Boson discovery on the prediction of Δα

(5)
had(M

2
Z ).

based on the uncertainty of the “target” value, driven either
by the experimental measurement or the Lattice QCD calcu-
lation.

Including the constraint on the Higgs boson mass signif-
icantly improves the accuracy of the indirect Δα

(5)
had(M

2
Z )

determination. Then, in all the configurations the tension
between the fitted and the predicted Δαhad(M2

Z ) is enhanced,
compared to the one for the nominal prediction. However,
here also the tension becomes significant only when using
the Approach0 applying a scaling for the full energy range
of the hadronic spectrum.

5 Summary and conclusions

We studied the potential impact on the EW fits of the ten-
sions between the current determinations of the HVP contri-
butions to aμ, based on either phenomenological dispersion
integrals of hadronic spectra or respectively on Lattice QCD
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Fig. 2 The dependence of the predicted value for MH (upper left), MW
(upper right), sin2 θ leff (lower left) andmt (lower right) on Δαhad(M2

Z ) in
the global EW fit, together with the corresponding 68%/95% confidence
level (C.L.) intervals, are indicated by the blue bands. The measured
value and its uncertainty of each observable is indicated as gray hori-

zontal band. The vertical grey line indicates the result of the nominal
fit. The vertical colored lines indicate the results for the Approach0
and Approach1, applied either for the full HVP contribution (con-
tinuous lines) or for the range [Th.; 1.8 GeV] (dashed lines), for the
aHVP, LO
μ (Lattice) − aHVP, LO

μ (Pheno) case

calculations. Similarly, we also considered the impact of the
current tension between the experimental measurement of aμ

and its total theoretical prediction based on the phenomeno-
logical calculations of the HVP. We considered an approach
based on coherent shifts of the hadronic spectra in various
mass ranges (comparable with some of the approaches used
in Refs. [16–19]) and two novel approaches that take into
account the correlations between the uncertainties of the the-
oretical predictions of aμ and of the running of αQED in the
phenomenological approach. It is found that the impact on the
EW fit can be large in scenarios involving global shifts of the
full HVP contribution. However, such scenarios seem unreal-
istic, since they require the same relative shift to be applied in
mass ranges of the hadronic contributions where very differ-
ent methodologies and inputs are being used. Indeed, recent
studies where the Δαhad(M2

Z ) contribution is broken into
energy intervals also indicate that the differences between the

two evaluations, based on the phenomenological and Lattice
QCD calculations respectively, seem to originate from the
low energy region (see Ref. [10] and the updated version of
Ref. [9]). The impact on the EW fit is much smaller if the
shift is restricted to a lower mass range (as also noted in Refs.
[18,19]) and/or if the shift of the aμ prediction is propagated
to αQED following the pattern of the current uncertainties
with their full set of correlations, as done in our two novel
approaches. In the case of the latter scenarios, addressing
the current tensions at the level of aμ would not induce sig-
nificant tensions in the EW fit, implying at most a 2.6/16
increase in the corresponding χ2/n.d.f., while the changes
for the resulting fit parameter values are small too.10

10 In the second version of Ref. [9] a somewhat smaller differ-
ence between the phenomenological and Lattice QCD calculations of
aHVP, LO
μ is observed, reducing even further the potential impact on the

EW fit.
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Fig. 3 Indirect determination of Δαhad(M2
Z ) and comparison to the

different scenarios for Δαhad(M2
Z ) of Table 3, with the one stan-

dard deviation bands indicated therein. The plots correspond to the

aHVP, LO
μ (Lattice) −aHVP, LO

μ (Pheno) case (top) and to aExp
μ −aSM (Pheno)

μ (bottom), for
the Full HVP (left) and for a partial mass range (right)

An improved precision for the experimental measurement
of aμ, further precise measurements of the hadronic spec-
tra allowing to hopefully also clarify the tension between
BABAR and KLOE in the π+π− channel, as well as other
precise Lattice QCD calculations are expected to become
available in the future [2]. Beyond the main goal of explor-
ing the possibility of a contribution from new physics in the
comparison between the measurement of aμ and its theoret-
ical predictions, the improved precision will allow to better
scrutinise the impact of these findings on the EW fit.
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D. Zhuridov, Phys. Rev. D 100, 076004 (2019). https://doi.org/10.
1103/PhysRevD.100.076004. arXiv:1903.10197 [hep-ph]

12. C. Lehner, A.S. Meyer, Phys. Rev. D 101, 074515 (2020). https://
doi.org/10.1103/PhysRevD.101.074515. arXiv:2003.04177 [hep-
lat]

13. D. Bernecker, H.B. Meyer, Eur. Phys. J. A 47, 148 (2011). https://
doi.org/10.1140/epja/i2011-11148-6. arXiv:1107.4388 [hep-lat]

14. C. Lehner ( RBC, UKQCD), EPJ Web Conf. 175, 01024 (2018).
https://doi.org/10.1051/epjconf/201817501024 arXiv:1710.06874
[hep-lat]

15. T. Blum, P. Boyle, V. Guelpers, T. Izubuchi, L. Jin, C. Jung,
A. Juettner, C. Lehner, A. Portelli, and J. Tsang ( RBC,
UKQCD), Phys. Rev. Lett. 121, 022003 (2018).https://doi.org/10.
1103/PhysRevLett.121.022003. arXiv:1801.07224 [hep-lat]

16. M. Passera, W. Marciano, A. Sirlin, Phys. Rev. D 78,
013009 (2008). https://doi.org/10.1103/PhysRevD.78.013009.
arXiv:0804.1142 [hep-ph]

17. A. Crivellin, M. Hoferichter, C.A. Manzari, M. Montull, Phys. Rev.
Lett. 125, 091801 (2020). arXiv:2003.04886 [hep-ph]

18. A. Keshavarzi, W.J. Marciano, M. Passera, A. Sirlin, Phys. Rev. D
102, 033002 (2020). arXiv:2006.12666 [hep-ph]

19. E. de Rafael, Phys. Rev. D 102, 056025 (2020). arXiv:2006.13880
[hep-ph]

20. J. Erler, M.-X. Luo, Phys. Rev. Lett. 87, 071804 (2001). https://
doi.org/10.1103/PhysRevLett.87.071804. arXiv:hep-ph/0101010

21. M. Davier, A. Hocker, Phys. Lett. B 435, 427 (1998). https://doi.
org/10.1016/S0370-2693(98)00825-9. arXiv:hep-ph/9805470

22. J. Lees et al., BaBar. Phys. Rev. D 86, 032013 (2012). https://doi.
org/10.1103/PhysRevD.86.032013. arXiv:1205.2228 [hep-ex]

23. B. Aubert et al., BaBar. Phys. Rev. Lett.103, 231801 (2009). https://
doi.org/10.1103/PhysRevLett.103.231801. arXiv:0908.3589 [hep-
ex]

24. F. Ambrosino et al., KLOE. Phys. Lett. B 670, 285 (2009).
https://doi.org/10.1016/j.physletb.2008.10.060. arXiv:0809.3950
[hep-ex]

25. F. Ambrosino et al., KLOE. Phys. Lett. B 700, 102 (2011).
https://doi.org/10.1016/j.physletb.2011.04.055. arXiv:1006.5313
[hep-ex]

26. D. Babusci et al., KLOE. Phys. Lett. B 720, 336 (2013). https://doi.
org/10.1016/j.physletb.2013.02.029. arXiv:1212.4524 [hep-ex]

27. A. Anastasi et al., KLOE-2. JHEP 03, 173 (2018). https://doi.org/
10.1007/JHEP03(2018)173. arXiv:1711.03085 [hep-ex]

28. D. Y. Bardin et al., In Workshop Group on Precision Calculations
for the Z Resonance (2nd meeting held Mar 31, 3rd meeting held
Jun 13) ( 1997) pp. 7–162, arXiv:hep-ph/9709229

29. H. Flacher, M. Goebel, J. Haller, A. Hocker, K. Monig,
J. Stelzer, Eur. Phys. J. C 60, 543 (2009), [Erra-
tum: Eur.Phys.J.C 71, 1718 (2011)],https://doi.org/10.1140/epjc/
s10052-009-0966-6. arXiv:0811.0009 [hep-ph]

30. M. Ciuchini, E. Franco, S. Mishima, M. Pierini, L. Reina, L. Sil-
vestrini, Nucl. Part. Phys. Proc. 273–275, 2219 (2016). https://doi.
org/10.1016/j.nuclphysbps.2015.09.361. arXiv:1410.6940 [hep-
ph]

31. D.Y. Bardin, P. Christova, M. Jack, L. Kalinovskaya, A. Olchevski,
S. Riemann, T. Riemann, Comput. Phys. Commun. 133,
229 (2001). https://doi.org/10.1016/S0010-4655(00)00152-1.
arXiv:hep-ph/9908433

32. A. Akhundov, A. Arbuzov, S. Riemann, T. Riemann,
Phys. Part. Nucl. 45, 529 (2014). https://doi.org/10.1134/
S1063779614030022. arXiv:1302.1395 [hep-ph]

33. P. Zyla et al. (Particle Data Group). https://doi.org/10.1093/ptep/
ptaa104 PTEP 2020, 083C01 (2020)

34. J. Haller, A. Hoecker, R. Kogler, K. Mönig, T. Peiffer,
J. Stelzer, Eur. Phys. J. C 78, 675 (2018). https://doi.org/10.1140/
epjc/s10052-018-6131-3. arXiv:1803.01853 [hep-ph]

35. M. Baak, M. Goebel, J. Haller, A. Hoecker, D. Kennedy, R.
Kogler, K. Moenig, M. Schott, J. Stelzer, Eur. Phys. J. C 72,
2205 (2012). https://doi.org/10.1140/epjc/s10052-012-2205-9.
arXiv:1209.2716 [hep-ph]

36. J. Erler, M. Schott, Prog. Part. Nucl. Phys. 106, 68 (2019). https://
doi.org/10.1016/j.ppnp.2019.02.007. arXiv:1902.05142 [hep-ph]

123

https://doi.org/10.1103/PhysRevD.73.072003
http://arxiv.org/abs/hep-ex/0602035
http://arxiv.org/abs/2006.04822
https://doi.org/10.1140/epjc/s10052-020-7792-2
http://arxiv.org/abs/1908.00921
https://doi.org/10.1140/epjc/s10052-017-5161-6
http://arxiv.org/abs/1706.09436
https://doi.org/10.1103/PhysRevD.97.114025
http://arxiv.org/abs/1802.02995
https://doi.org/10.1103/PhysRevD.101.014029
http://arxiv.org/abs/1911.00367
https://doi.org/10.1007/JHEP02(2019)006
http://arxiv.org/abs/1810.00007
https://doi.org/10.1007/JHEP08(2019)137
https://doi.org/10.1007/JHEP08(2019)137
http://arxiv.org/abs/1907.01556
http://arxiv.org/abs/2002.12347v1
https://indico.in2p3.fr/event/20890/
https://indico.in2p3.fr/event/20890/
https://doi.org/10.1103/PhysRevD.100.076004
https://doi.org/10.1103/PhysRevD.100.076004
http://arxiv.org/abs/1903.10197
https://doi.org/10.1103/PhysRevD.101.074515
https://doi.org/10.1103/PhysRevD.101.074515
http://arxiv.org/abs/2003.04177
https://doi.org/10.1140/epja/i2011-11148-6
https://doi.org/10.1140/epja/i2011-11148-6
http://arxiv.org/abs/1107.4388
https://doi.org/10.1051/epjconf/201817501024
http://arxiv.org/abs/1710.06874
https://doi.org/10.1103/PhysRevLett.121.022003
https://doi.org/10.1103/PhysRevLett.121.022003
http://arxiv.org/abs/1801.07224
https://doi.org/10.1103/PhysRevD.78.013009
http://arxiv.org/abs/0804.1142
http://arxiv.org/abs/2003.04886
http://arxiv.org/abs/2006.12666
http://arxiv.org/abs/2006.13880
https://doi.org/10.1103/PhysRevLett.87.071804
https://doi.org/10.1103/PhysRevLett.87.071804
http://arxiv.org/abs/hep-ph/0101010
https://doi.org/10.1016/S0370-2693(98)00825-9
https://doi.org/10.1016/S0370-2693(98)00825-9
http://arxiv.org/abs/hep-ph/9805470
https://doi.org/10.1103/PhysRevD.86.032013
https://doi.org/10.1103/PhysRevD.86.032013
http://arxiv.org/abs/1205.2228
https://doi.org/10.1103/PhysRevLett.103.231801
https://doi.org/10.1103/PhysRevLett.103.231801
http://arxiv.org/abs/0908.3589
https://doi.org/10.1016/j.physletb.2008.10.060
http://arxiv.org/abs/0809.3950
https://doi.org/10.1016/j.physletb.2011.04.055
http://arxiv.org/abs/1006.5313
https://doi.org/10.1016/j.physletb.2013.02.029
https://doi.org/10.1016/j.physletb.2013.02.029
http://arxiv.org/abs/1212.4524
https://doi.org/10.1007/JHEP03(2018)173
https://doi.org/10.1007/JHEP03(2018)173
http://arxiv.org/abs/1711.03085
http://arxiv.org/abs/hep-ph/9709229
https://doi.org/10.1140/epjc/s10052-009-0966-6
https://doi.org/10.1140/epjc/s10052-009-0966-6
http://arxiv.org/abs/0811.0009
https://doi.org/10.1016/j.nuclphysbps.2015.09.361
https://doi.org/10.1016/j.nuclphysbps.2015.09.361
http://arxiv.org/abs/1410.6940
https://doi.org/10.1016/S0010-4655(00)00152-1
http://arxiv.org/abs/hep-ph/9908433
https://doi.org/10.1134/S1063779614030022
https://doi.org/10.1134/S1063779614030022
http://arxiv.org/abs/1302.1395
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1140/epjc/s10052-018-6131-3
https://doi.org/10.1140/epjc/s10052-018-6131-3
http://arxiv.org/abs/1803.01853
https://doi.org/10.1140/epjc/s10052-012-2205-9
http://arxiv.org/abs/1209.2716
https://doi.org/10.1016/j.ppnp.2019.02.007
https://doi.org/10.1016/j.ppnp.2019.02.007
http://arxiv.org/abs/1902.05142

	Impact of correlations between aµ and αQED on the EW fit
	Abstract 
	1 Introduction
	2 Description of the EW Fit
	3 Including the correlations between aµ and αQED in the EW fit
	4 Results of the EW Fit
	5 Summary and conclusions
	Acknowledgements
	References




