
Workshop on 
Ultimate Precision at Hadron Colliders

Institut Pascal (Université Paris-Saclay)
November 25 – December 6, 2019

Global Vision of Electroweak Measurements

Jens Erler
IF-UNAM & Helmholtz Institute Mainz 



🌎 Fits to 
SM & BSM

Z pole MH, mt
MW, ΓW

low-energy
precision mc, mb, ∆α…



Various groups, programs, approaches, renormalization schemes: 

GAPP (M!S ! scheme, FORTRAN, options for BSM fits, used for PDG)"
JE, hep-ph/0005084

Gfitter (on-shell scheme, C++) "
Flächer et al., arXiv:0811.0009

HEPfit (on-shell scheme, allows fit to Wilson coefficients) "
de Blas et al., arXiv:1608.01509

ZFITTER (on-shell scheme, FORTRAN, used for LEPEWWG) "
Bardin et al., hep-ph/9412201

Global electroweak fits
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news on AFB(b) and APV 

Tevatron and LHC

Qweak, CE$NS & APV isotope chains

heavy weights

MW

mt

MH
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tuning in on the Z resonance

leptonic and heavy quark FB asymmetries in e+e– annihilation near s = MZ2

leptonic FB asymmetries in pp (pp!) Drell-Yan in a window around mll = MZ

LR asymmetry (SLC) and final state )  polarization (LEP) and their FB asymmetries
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Weak mixing angle approaches

$ scattering parity violating e– scattering (PVES)

leptonic v*  – e– e– – e–

DIS heavy nuclei (NuTeV) deuteron (E–122, PVDIS, SoLID)

elastic CEvNS (COHERENT) proton, 12C (Qweak, P2)

APV heavy alkali atoms and ions isotope ratios (Mainz)
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2-loop QCD correction
with mb +  0

new measured 
transition vector polarizability

Tho et al.
arXiv:1905.02768

Bernreuther et al.
arXiv:1611.07942

AFB(q) = ¾ Ae Aq

Ab (Ac) 78 (10) times less 
sensitive to sin2#W than Ae
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0.23149 ± 0.00013

0.23153 ± 0.00004
global fit

Tevatron:
0.23148 ± 0.00033

LHC:
0.23131 ± 0.00033

LEP & SLC:
0.23153 ± 0.00016

average direct
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0.23148 ± 0.00013

0.23155 ± 0.00004
global fit

Tevatron:
0.23148 ± 0.00033

LHC:
0.23131 ± 0.00033

LEP & SLC:
0.23151 ± 0.00016

average direct

P2 MOLLER
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Running weak mixing angle
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Ferro-Hernández 
& JE

 arXiv:1712.09146



only experimental input: "
electronic widths of J/,  and , (2S) 

continuum contribution from                                                
self-consistency between sum rules"
&  continuum over-constrained

include ℳ0 &  stronger (milder) sensitivity "
to continuum (mc) Luo & JE, hep-ph/0207114
quark-hadron duality needed"
only in finite region (not locally)

m!c(m!c) = 1272 ± 8 + 2616 [%!s(MZ) – 0.1182] MeV

Masjuan, Spiesberger & JE, arXiv:1610.08531
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Parity Violating e– Scattering (PVES) — Elastic
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Qweak @ CEBAF (JLab)
hydrogen (completed)

Ee = 1149 MeV       

|Q| = 158 MeV (# = 7.9°)

APV = 2.3 × 10–7       

- APV = ± 4.1%

- QW(p) = ± 6.25%

sin2θW = 0.2383 ± 0.0011
FFs from fit to ep asymmetries

arXiv:1905.08283
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2 Determining the Weak Mixing Angle from
Parity Violating Electron Scattering

In this chapter, the experimental method for measuring
the proton’s weak charge QW(p) is presented and the
achievable precision in the determination of the electroweak
mixing angle sin2 ✓W is discussed.

2.1 Experimental method

For the P2 experiment, MESA will provide a beam of lon-
gitudinally polarized electrons. The beam energy will be

Ebeam = 155MeV (1)

and the beam current is scheduled to be

Ibeam = 150µA. (2)

The helicity of the beam electrons will be switched with
a frequency f ⇠ 1 kHz. The beam electrons impinge on
an unpolarized `H2-target with a length of L = 600mm
oriented along the beam direction. The electrons, which
are scattered elastically o↵ the protons, are detected in an
azimuthally symmetric Cherenkov detector. Figure 3 il-
lustrates the measurement principle. Since the luminosity

Detector

Scattered electrons

Proton target Beam dump

Longitudinally
polarized 
beam electrons

Fig. 3. Experimental method to be used in the P2 experiment:
A longitudinally polarized beam of electrons is impinged on a
long proton target. For each helicity state of the beam electrons
the elastically scattered electrons are detected.

L of the P2 experiment is projected to be

L = Ibeam/e á⇢part áL = 2.38 ⇥ 1039 cm! 2s! 1, (3)

where e is the elementary charge and ⇢part is the proton
density in `H2, the total rate of the electrons scattered
elastically o↵ protons which needs to be detected is in the
order of 0.1 THz. This makes an integrating measurement
of the event rates necessary.

2.1.1 Parity-violating asymmetry in elastic electron-proton
scattering

The main observable in the P2 experiment is the parity-
violating asymmetry APV in elastic electron-proton scat-
tering. It is an asymmetry in the cross section which may

be defined by

APV
⌘

d�+
ep � d�!

ep

d�+
ep + d�!

ep
. (4)

In this equation, d�±
ep is the di↵erential cross section for

the elastic scattering of electrons with helicity ± 1/2 o↵
unpolarized protons.

e e ee

N NNN

Fig. 4. Feynman diagrams showing the exchange of a virtual
photon and Z -boson in the process of electron-nucleon scatter-
ing.

APV is due to the interference between the exchange of
a virtual photon and a Z-boson in the scattering process,
both of which are illustrated in Fig. 4. The di↵erential
cross section of the scattering process can be written

✓
d�±

ep

d⌦

◆
=

✓
↵em

4mpQ2

Ef

Ei

◆2 ��M ±
ep

��2, (5)

where ↵em is the electromagnetic coupling, mp is the pro-
ton mass, and

Q2
⇡ 4EiEf sin

2 (✓f/2) (6)

is the negative square of the 4-momentum transfer be-
tween electron and proton. Here, the electron mass can be
neglected. Ei is the electron’s initial state energy, Ef the
energy of the scattered electron and ✓f the scattering angle
with respect to the beam direction. M ±

ep is the transition
matrix element, at leading order given by the Feynman
diagrams shown in Fig. 4.

The resulting parity-violating helicity asymmetry is
written as

APV =
�GFQ2

4⇡↵em

p
2

⇥
QW(p) � F (Ei, Q

2)
⇤
, (7)

where GF is the Fermi coupling constant. Here, the weak
charge of the proton, QW(p), is defined as the limit of the
asymmetry at zero-momentum transfer, normalized such
that Eq. (7) holds, i.e., F (Ei, Q2 = 0) = 0. At non-zero
momentum transfer, the hadronic structure of the proton
has to be taken into account, parametrized by the Q2- and
energy-dependent function F (Ei, Q2). The function F is
often written as F (Ei, Q2) = Q2B(Q2) and the energy-
dependence not shown explicitly.

Based on a flavour decomposition of the matrix ele-
ments of the electromagnetic and weak neutral currents,
the form factor contribution F (Q2) is usually written as
a sum of three terms

F (Ei, Q
2) ⌘ FEM(Ei, Q

2)+FA(Ei, Q
2)+F S(Ei, Q

2), (8)
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Qweak @ CEBAF (JLab)
hydrogen (completed)

Ee = 1149 MeV       

|Q| = 158 MeV (# = 7.9°)

APV = 2.3 × 10–7       

- APV = ± 4.1%

- QW(p) = ± 6.25%

sin2θW = 0.2383 ± 0.0011
FFs from fit to ep asymmetries

arXiv:1905.08283

LETTERRESEARCH

backgrounds and corrections associated with each of the two halves of 
the experiment, are provided in Methods.

The asymmetry measurement results are Aep = −223.5 ± 15.0 
(statistical) ± 10.1 (systematic) p.p.b. in the first half of the experi-
ment, and Aep = −227.2 ± 8.3 (statistical) ± 5.6 (systematic) p.p.b. in 
the second half. These values are in excellent agreement with each 
other and consistent with our previously published commissioning 
result3. Accounting for correlations in some systematic uncertainties  
between the two measurement periods, the combined result is 
Aep = −226.5 ± 7.3 (statistical) ± 5.8 (systematic) p.p.b. The total 
uncertainty achieved (9.3 p.p.b.) sets a new level of precision for  
parity-violating electron scattering (PVES) from a nucleus.

The relationship between the measured asymmetries Aep and the 
proton’s weak charge Qw

p  is expressed by equation (3), where the  
hadronic-structure-dependent term B(Q2, θ) grows with the momen-
tum transfer Q2. Higher-Q2 data from previous PVES experiments (see 
online references, Methods) were included in a global fit3,7,8 to con-
strain the proton-structure contributions for the short extrapolation 
from our datum to Q2 = 0 in order to determine Qw

p, the intercept of 
equation (3). The average Q2 of this experiment (0.0248 GeV2 c−2) is 
much smaller than that of any other PVES experiments used in this fit, 
with correspondingly smaller contributions from the proton structure. 
The superior precision of the Qweak measurement tightly constrains the 
fit near Q2 = 0, where the connection to Qw

p can be made.
The parameters of the global fit3,7,8 to the PVES data are the  

axial-electron–vector-quark weak-coupling constants C1u and C1d, the 
strange charge radius ρs and strange magnetic moment µs (which char-
acterize the strength of the proton’s electric and magnetic strange-quark 
form factors) and the strength of the neutral weak (Z0 exchange) isovector  
(T = 1) axial form factor =G Z T

A
( 1). The EM form factors GE and GM used 

in the fit were taken from ref. 9; uncertainties in this input were 
accounted for in the result for Qw

p and in its uncertainty.
The ep asymmetries shown in Fig. 2 were corrected1,3 for the energy- 

dependent part of the γZ-box weak radiative correction10–13 and its 
uncertainty. No other electroweak radiative corrections need to be 
applied to determine Qw

p. However, ordinary electromagnetic radiative 
corrections (bremsstrahlung) were accounted for in the asymmetries 
used in the fit, including our datum. Details of the fitting procedure, as 

well as a description of the corrections applied to the asymmetry for 
this experiment, are described in Methods.

The global fit is shown in Fig. 2 together with the ep data, expressed 
as Aep(Q2, θ = 0)/Α0. To isolate the Q2 dependence for this figure,  
the θ dimension was projected to 0° by subtracting [Acalc(Q2, θ) −  
Acalc(Q2, θ = 0)] from the measured asymmetries Aep(Q2, θ), as 
described in refs 3,8. Here Acalc refers to the asymmetries determined 
from the global fit. The fit includes all relevant PVES data for the 
scattering of polarized electrons on protons (ep), deuterons (e2H) and 
4He (e4He); see Methods. The PVES database provides a data-driven 
(as opposed to a more theoretical) constraint on the nucleon structure 
uncertainties in the extrapolation to Q2 = 0. We consider this to be 
the best method to provide our main result (denoted in Table 1 as 

e

e

�J

�J

p

Z0

Z0

Fig. 1 | Parity-violating electron scattering from the proton. An 
incoming electron, e, with helicity +1 scatters away from the plane of  
the ‘parity-violating mirror’. The image in the parity-violating mirror 
shows the incoming electron with the opposite helicity, −1; instead of 
scattering into the plane of the parity-violating mirror (as it would in a  
real mirror), it scatters out of the plane of the parity-violating mirror.  
The dominant electromagnetic interaction, mediated by the photon  
(γ, blue wavy line), conserves parity. The weak interaction, mediated 
by the neutral Z0 boson (dashed red line), violates parity. The weak 
interaction is studied experimentally by exploiting parity violation through 
reversals of the incident-beam helicity, which mimic the parity-violating 
mirror ‘reflection’.
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Fig. 2 | The reduced asymmetry ! = / = +A A Q Q B Q 0( , )ep 0 w
p 2 2  versus Q2.  

The global fit is illustrated using ep asymmetries from this experiment 
(Qweak 2018), from the commissioning phase of this experiment3 (Qweak 
2013), as well as from the earlier experiments HAPPEX, SAMPLE, PVA4 
and G0 (see Methods), projected to θ = 0° and reduced by a factor A0(Q2) 
appropriate for each datum. The data shown here include the γZ-box 
radiative correction and uncertainty. Inner error bars correspond to one 
standard deviation (s.d.) and include statistical and systematic uncertainties. 
Outer error bars on the data indicate the additional uncertainty estimated 
from the forward-angle projection (for some data points, inner and outer 
error bars coincide). The solid line represents the global fit to the complete 
PVES database (see Methods), and the yellow band indicates the fit 
uncertainty (1 s.d.). The arrowhead at Q2 = 0 indicates the standard-model 
prediction2, = .Q 0 0708(3)w

p , which agrees well with the intercept of the fit 
( = . ± .Q 0 0719 0 0045w

p ). The inset shows a magnification of the region 
around this experiment’s result, at 〈 〉 = . −Q c0 0248 GeV2 2 2.

Table 1  | Results extracted from the asymmetry measured in the 
Qweak experiment

Method Quantity Value Error

PVES fit Qw
p 0.0719 0.0045

ρs 0.20 0.11
µs −0.19 0.14

=GZ T
A

( 1) −0.64 0.30
PVES fit + APV Qw

p 0.0718 0.0044
Qw

n −0.9808 0.0063
C1u −0.1874 0.0022
C1d 0.3389 0.0025
C1 correlation −0.9318

PVES fit + LQCD Qw
p 0.0685 0.0038

Qweak datum only Qw
p 0.0706 0.0047

Standard model Qw
p 0.0708 0.0003

‘PVES fit’ refers to a global fit incorporating the Qweak result and the PVES database, as described 
in Methods. When combined with APV14,15 (to improve the C1d precision), this method is denoted 
as ‘PVES fit + APV’. If the strange form factors in the global fit (without APV) are constrained to 
match LQCD calculations16, we label the result as ‘PVES fit + LQCD’. The method labelled ‘Qweak 
datum only’ uses the Qweak datum, together with electromagnetic9, strange16 and axial18 form 
factors from the literature in lieu of the global fit. Uncertainties are 1 s.d.

N A T U R E | www.nature.com/nature
© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



1-loop radiative corrections from"
Marciano & Sirlin  
PRD27 (1983) 552;  
JE & Ramsey-Musolf  
hep-ph/0302149
WW box enhanced by ×7 relative to 
Møller scattering

. Z-box uncertainty

enhanced 2-loop electroweak (. WW-
double box)

running weak mixing angle (see later)

unknown neutron distribution (neutron 
skin for heavier nuclei)
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Theory issues in PVES

Blunden et al., arXiv:1102.5334
JE et al., arXiv:1907.07928
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Qweak @ CEBAF
H (completed)

Ee = 1149 MeV       

|Q| = 158 MeV

APV = 2.3 × 10–7       

- APV = ± 4.1%

- QW(p) = ± 6.25%

sin2θW = 0.2383 ± 0.0011
FFs from fit

arXiv:1905.08283

P2 @ MESA
H (CDR)

Ee = 155 MeV       

|Q| = 68 MeV

APV = 4 × 10–8       

- APV = ± 1.4%

- QW(p) = ± 1.83%

- sin2#W = ± 0.00033

FFs from backward angles

arXiv:1802.04759

P2 @ MESA
12C (CDR)

Ee = 150 MeV       

APV = 6 × 10–7       

- APV = ± 0.3%

- QW(12C) = ± 0.3%

- sin2#W = ± 0.0007

proton skin?

only one FF

arXiv:1802.04759
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Parity Violating e– Scattering (PVES) — Møller
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E158 @ SLC (SLAC)
hydrogen (completed)

Ee = 45 & 48 GeV       

|Q| = 161 MeV

APV = 1.31 × 10–7       

- APV = ± 13%

- QW(e) = ± 13%

sin2θW = 0.2397 ± 0.0013
hep-ex/0504049

MOLLER @ CEBAF (JLab)
hydrogen (proposal)

Ee = 11.0 GeV       

|Q| = 76 MeV

APV = 3.3 × 10–8       

- APV = ± 2.4%

- QW(e) = ± 2.4%

- sin2#W = ± 0.00027

arXiv:1411.4088
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Parity Violating e– Scattering (PVES) — DIS
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E122 @ SLAC
D (completed)

|Q| = 0.96 – 1.40 GeV

APV = 1.2 × 10–4       

- APV = ± 8%

- sin2#W = ± 0.011

PLB 84, 524 (1979)

PVDIS @ CEBAF
D (completed)

|Q| = 1.04 & 1.38 GeV

APV = 1.6 × 10–4       

- APV = ± 4.4%

- sin2#W = ± 0.0051

arXiv:1411.3200

SoLID @ CEBAF
D (pre-CDR)

|Q| = 2.1 – 3.1 GeV

APV = 8 × 10–4       

- APV = ± 0.6%

- sin2#W = ± 0.00057

Higher twist?

Isospin violation?

arXiv:1810.00989
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AG Budker @ JGU Mainz
Ytterbium
170Yb – 176Yb

± 0.5% per isotope

± 100% error in sin2#W

constraints on Z´ with M < 100 keV

sin2θW = 0.258 ± 0.052
neutron skin?

arXiv:1804.05747

Atomic parity violation in an isotope chain
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4 Dominik Becker et al.: The P2 Experiment

2 Determining the Weak Mixing Angle from
Parity Violating Electron Scattering

In this chapter, the experimental method for measuring
the proton’s weak charge QW(p) is presented and the
achievable precision in the determination of the electroweak
mixing angle sin2 ✓W is discussed.

2.1 Experimental method

For the P2 experiment, MESA will provide a beam of lon-
gitudinally polarized electrons. The beam energy will be

Ebeam = 155MeV (1)

and the beam current is scheduled to be

Ibeam = 150µA. (2)

The helicity of the beam electrons will be switched with
a frequency f ⇠ 1 kHz. The beam electrons impinge on
an unpolarized `H2-target with a length of L = 600mm
oriented along the beam direction. The electrons, which
are scattered elastically o↵ the protons, are detected in an
azimuthally symmetric Cherenkov detector. Figure 3 il-
lustrates the measurement principle. Since the luminosity

Detector

Scattered electrons

Proton target Beam dump

Longitudinally
polarized 
beam electrons

Fig. 3. Experimental method to be used in the P2 experiment:
A longitudinally polarized beam of electrons is impinged on a
long proton target. For each helicity state of the beam electrons
the elastically scattered electrons are detected.

L of the P2 experiment is projected to be

L = Ibeam/e · ⇢part · L = 2.38 ⇥ 1039 cm�2s�1, (3)

where e is the elementary charge and ⇢part is the proton
density in `H2, the total rate of the electrons scattered
elastically o↵ protons which needs to be detected is in the
order of 0.1 THz. This makes an integrating measurement
of the event rates necessary.

2.1.1 Parity-violating asymmetry in elastic electron-proton

scattering

The main observable in the P2 experiment is the parity-
violating asymmetry APV in elastic electron-proton scat-
tering. It is an asymmetry in the cross section which may

be defined by

APV
⌘

d�+
ep � d��

ep

d�+
ep + d��

ep
. (4)

In this equation, d�±
ep is the di↵erential cross section for

the elastic scattering of electrons with helicity ±1/2 o↵
unpolarized protons.

e e ee

N NNN

Fig. 4. Feynman diagrams showing the exchange of a virtual
photon and Z-boson in the process of electron-nucleon scatter-
ing.

APV is due to the interference between the exchange of
a virtual photon and a Z-boson in the scattering process,
both of which are illustrated in Fig. 4. The di↵erential
cross section of the scattering process can be written

✓
d�±

ep

d⌦

◆
=

✓
↵em

4mpQ2

Ef

Ei

◆2 ��M±
ep

��2, (5)

where ↵em is the electromagnetic coupling, mp is the pro-
ton mass, and

Q2
⇡ 4EiEf sin

2 (✓f/2) (6)

is the negative square of the 4-momentum transfer be-
tween electron and proton. Here, the electron mass can be
neglected. Ei is the electron’s initial state energy, Ef the
energy of the scattered electron and ✓f the scattering angle
with respect to the beam direction. M

±
ep is the transition

matrix element, at leading order given by the Feynman
diagrams shown in Fig. 4.

The resulting parity-violating helicity asymmetry is
written as

APV =
�GFQ2

4⇡↵em

p
2

⇥
QW(p) � F (Ei, Q

2)
⇤
, (7)

where GF is the Fermi coupling constant. Here, the weak
charge of the proton, QW(p), is defined as the limit of the
asymmetry at zero-momentum transfer, normalized such
that Eq. (7) holds, i.e., F (Ei, Q2 = 0) = 0. At non-zero
momentum transfer, the hadronic structure of the proton
has to be taken into account, parametrized by the Q2- and
energy-dependent function F (Ei, Q2). The function F is
often written as F (Ei, Q2) = Q2B(Q2) and the energy-
dependence not shown explicitly.

Based on a flavour decomposition of the matrix ele-
ments of the electromagnetic and weak neutral currents,
the form factor contribution F (Q2) is usually written as
a sum of three terms

F (Ei, Q
2) ⌘ FEM(Ei, Q

2)+FA(Ei, Q
2)+F S(Ei, Q

2), (8)
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Scale exclusions post Qweak
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Z-Z/ mixing: modification of Z vector coupling

oblique parameters: STU (also need MW and ( Z)

new amplitudes: off- versus on-Z pole measurements (e.g. heavy Z/)

dark Z: renormalization group evolution (low versus very low energy measurements)
25.04.2019  20

Discriminating new physics
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heavy weights
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W boson mass measurements
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80.2 80.3 80.4 80.5 80.6

MW [GeV]

ATLAS

D0 Run II

D0 Run I

CDF Run II

CDF Run I

OPAL

L3

DELPHI

ALEPH

LEP
Tevatron
LHC
world average
SM

average direct
80.379 ± 0.012 GeV

indirect
80.352 ± 0.006 GeV

(2.0 σ low)

including
mtpole from X-sections



loop factors including enhancement factors NC = NF = 3 or sin–2#W 0  mt21MW2 0  4:

                          8 %(MW)12  = 0.020 (QED)

                         3 %s(MW)12  = 0.116 (QCD)

        3 %(MW)12  sin2#W(MW) = 0.032 (CC)

(3 – 6 s2W + 8 s4W)/2  s2W c2W = 0.029 (NC) 

- SZ = ± 0.0034 (may be combined with -% had),  

- T = ± 0.0073 (t-b doublet) 

- U = SW – SZ = ± 0.0051

assuming - SZ, - T and - U to be sufficiently different (uncorrelated) induces theory 
correlations between different observables        Schott & JE, arXiv:1902.05142

Theoretical uncertainties and correlations

!23

}



mtMC measurements

!24

central 
value

statistical systematic total error arXiv
Tevatron 174.30 0.35 0.54 0.64 1608.01881

ATLAS Run 1 172.69 0.25 0.41 0.48 1810.01772
CMS Run 1 172.43 0.13 0.46 0.48 1509.04044
CMS Run 2 172.26 0.07 0.61 0.61 1812.10534
average 172.8 0.11 0.29 0.31
for stat.-syst. total error separation, see JE, arXiv:1507.08210

2.8 '  discrepancy between lepton + jet channels from DØ and CMS Run 2 

mtpole = 172.80 ± 0.25uncorr. ± 0.17corr. ± 0.32QCD GeV + - MC = 172.80 ± 0.44 GeV + - MC

- MC: uncertainty & non-universal shift (?) of order %s(Q0) Q0; Q0 ≃ ( t ⇒ - MC ~ 0.54 GeV

for a review, see G. Corcella, arXiv:1903.06574                              



mtpole measurements

!25

X-section mtpole (GeV) αs(MZ) corr. arXiv

CMS Run 2 tt ! 170.5 ± 0.8 0.1135+0.0021–0.0017 3%,m = 0.3 1904.05237

CMS Run 2 tt ! 171.1 ± 0.8 0.119 ± 0.001 adjusted

ATLAS Run 1 tt ! + 1-jet 171.1+1.2–1.1 0.119 ± 0.001 1905.02302

these are differential cross-section at NLO

total cross-sections currently give larger errors ≳ 2 GeV



MH fits

!26

mt (GeV) MH (GeV) χ2∕d.o.f.

no external mt 173.2+6.5–5.3 91+73–38 35.6139

mtMC (- MC = 0) 172.8 ± 0.44 88+18–16 35.7140

mtMC (- MC = 0 ± 0.54 GeV) 172.8 ± 0.7 88+19–16 35.7140

mtMC (- MC = 0.54 ± 0.54 GeV) 173.3 ± 0.7 92+20–16 35.6140

mtpole 171.6 ± 0.7 79+17–15 36.0141

mtMC (- MC = 0 ± 0.54 GeV) + mtpole 172.2 ± 0.48 83+17–15 37.6142

mtMC (- MC = 0.54 ± 0.54 GeV) + mtpole 172.4 ± 0.48 85+17–16 39.3142
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mt [GeV]
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ΓZ, σhad, Rl, Rq (1σ)
Z pole asymmetries (1σ)
MW (1σ)
direct mt (1σ)
direct MH
all except direct MH (90%)

indirect mt  

176.4 ± 1.9 GeV 
(1.9 σ high)

including
correlated theory errors 
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Figure 2.3: Feynman diagrams generating the QED (left) and QCD (right) radiator functions.

where,152

sin2 ! ! ,0
e! = 0.231533 dt = 27.14 d0

t = ! 1.62 dZ = 6550. d" = ! 96.7 d" s = ! 4.05 (2.8)

This approximation reproduces the full calculation to better than 5 " 10�6. The sign conÞguration in the di153

coefÞcients is identical to the one in theci coefÞcients, reconÞrming that the effects from! " and ! # dominate.154

The predictions for the effective weak mixing angles sin2! l
e! of the four light quarks ( f = u, d, s and c)155

differ slightly from the prediction for charged leptons. For example, there are ßavor dependent corrections156

of O("" s) that do not factorize in the total Z width and need to be included [ 90, 91]. For bottom quarks157

additional O(" m2
t ) [ 92, 93, 94, 95] and O(" 2m4

t ) [ 65, 96] enhanced effects enter theZb̄b-vertex, resulting in158

a qualitatively different dependence on the input parameters. The leading two-loop corrections of O("" sm2
t )159

were obtained in Ref. [96, 97]. The full two-loop electroweak fermionic [ 98] and bosonic [99] corrections160

have been completed more recently.161

2.3. Radiative corrections to gauge boson decay rates162

The ßavor-dependent normalization factors #Z
f deÞned through Equations (1.8) and ( 1.9) absorb the re-163

maining electroweak radiative corrections to the vector and axial-vector couplings gf
V and gf

A , and thus to the164

W and Z boson partial and total decay widths. They have been computed alongside the$Z
f , and we refer to165

the previous subsection for the corresponding references.166

The partial width of the Z boson to decay into an f f̄ pair plus any number of photons and gluon jets is167

given by,168

" f øf
Z =

#
2GF M 3

Z

12%
N f

c

!
|gf

V |2Rf
V (M Z ) + |gf

A |2Rf
A (M Z )

"
. (2.9)

N f
c denotes the number of colors, so thatN f

c = 1 for leptons and N f
c = 3 for quarks. It should be noted that169

scale for the effective couplings isM Z and that the effective coupling gf
V and gf

A are in general complex-valued,170

a fact that starts to be relevant starting at two-loop precision. The vector and axial-vector radiator functions171

Rf
V (M Z ) and Rf

A (M Z ) describe QED and QCD corrections [100] to the Þnal state particles and are illustrated172

in Figure 2.3. For example, for massless quarks they are available up to four-loop order in QCD and take the173

form,174

Rq
V = Rq

A = 1+
" s(M Z )

%
+1.409

" 2
s

%2 ! 12.77
" 3

s

%3 ! 80.0
" 4

s

%4 +Q2
q

#
3

4
!

" s

4%
!

$
1.106 +

3

32
Q2

q

%
"
%

&
" (M Z )

%
. (2.10)

The one-loop correction was known [101, 102] already before the discovery of the charm quark. The non-175

Abelian character of QCD became fully explicit with the advent of the two-loop result [ 103, 104, 105], which176

also radically reduced the scale setting ambiguity in " s(µ). The three-loop [106, 107] and four-loop [ 108]177

calculations brought the uncertainty in the massless series to a currently negligible level. Fermion mass ef-178

fects [109, 110], other than from mt , lead to Rf
V (M Z ) $= Rf

A (M Z ) and are small at the electroweak scale,179

provided one uses theMS quark mass deÞnitions evaluated at theZ mass scale. The last term gives the QED180

and mixed QED/QCD corrections [111]. Expressions for Þnite quark masses can also be found in [100].181

The radiator functions account for the so-called non-singlet diagrams where both gauge bosons in the182

two-point correlation function couple to the same fermion. The non-singlet QCD corrections to W and Z183

7

decays are therefore identical in the massless limit (except for the scale at which ↵s is evaluated). On the184

other hand, for Z decays there are also singlet contributions with purely gluonic intermediate states. As a185

result of Furry’s theorem, they cannot occur for vector currents before three-loop order where they have been186

obtained [106] including tiny top quark decoupling terms [112]. These effects turned out to be much smaller187

than the corresponding non-singlet effects, a fact which is also true for the very recently completed four-loop188

result (for MZ ⌧ mt) [113].189

The axial-vector current, however, is very different. Furry’s theorem does not apply here, and singlet190

effects appear already at two-loop order in QCD [114]. The contributions basically cancel within degenerate191

families, but large non-decoupling effects arise due to the large mass splitting of the third family. Including192

the corresponding contributions at three-loop [115] and four-loop [113] order, we write the effective QCD193

expansion for hadronic Z decays for m̂t(MZ) = 171.4 GeV (in the MS scheme) and mq = 0 for the other194

quarks,195

�had
Z / ⇢

✓
1 +

↵s(MZ)

⇡
+ 0.79

↵
2
s

⇡2
� 15.52

↵
3
s

⇡3
� 69.3

↵
4
s

⇡4

◆
. (2.11)

One can address individual sources of uncertainty by assuming a geometric growth of the higher order196

terms. For example, one can estimate the unknown terms of order ↵n+4
s with n � 1 as197

O(↵n+4
s ) ⇠

O(↵4
s)

n+1

O(↵3
s)

n
, (2.12)

and then sum them up either in quadrature (assuming that the signs are random) or linearly (which is most198

conservative). The latter applied to Equation (2.10) gives an error from perturbative QCD (PQCD) of199

�PQCD ⇡ ±
↵
5
s

⇡4

(80.0)2

12.77⇡ � 80.0↵s

= ±5.1⇥ 10�5
. (2.13)

It affects the ↵s extractions from the lineshape parameters �Z , R` and �
0
had in identical ways, but it is never-200

theless negligible compared to the experimental error in ↵s of ±0.0028 (see Sec. 4). By contrast, uncertainties201

from higher-order electroweak corrections [116, 117, 118] to the vector and axial-vector couplings can affect202

the lineshape observables in different, albeit correlated ways, so there is complementary information when203

analyzed in a global fit. They are discussed in Sec. 2.4 and shift ↵s at levels that are also negligible at present2.204

Radiative corrections to the decay width of the W boson have been calculated at O(↵) [119, 120, 121] and205

at O(↵↵s) [122]. The theoretical uncertainty due to missing higher order corrections is significantly smaller206

than the current experimental precision, making the calculation of further corrections not necessary for now.207

2.4. Theoretical uncertainties due to unknown higher-order electroweak corrections208

The theoretical uncertainties in quantities such as MW , sin2✓le↵ , and �Z , due to unknown higher-order elec-209

troweak corrections, arise from those in the W and Z boson self-energies, in the vertex and box corrections, and210

in further non-factorizable corrections, i.e., those that are not captured by the improved Born approximation.211

The first type can be described by uncertainties in the so-called oblique parameters S, T , and U [123],212

which have been originally introduced to parameterize potential new physics contributions to electroweak213

radiative corrections. There are many variants of oblique parameters in the literature, they may describe SM or214

new physics contributions or both, and are scheme dependent. However, we are only interested in uncertainties215

parameterized by them, so that we do not specify such details here. By using these oblique parameters, one216

can account for some of the theoretical correlations they induce in the suite of observables analyzed in global217

fits. Specifically, we use T to parameterize the uncertainty in weak isospin breaking. Other types of uncertainty218

might cancel in T , and instead appear in the energy-dependence of the W (Z) boson vacuum polarization219

function called SW = S + U (SZ = S) [124]. These uncertainties can be estimated by considering the220

expansion parameters involved. Including the SM fermion content of three full generations as an enhancement221

2There are further theory uncertainties that enter when the lineshape observables are derived from the underlying cross section
measurements, but these are conventionally included in the experimental errors.

8

for massless quarks

after large (top quark driven) singlet corrections (Z boson only) starting at order %s

�PQCD ⇡ ±↵5
s

⇡5

(80.0)2

12.77⇡ � 80.0↵s
= ±6⇥ 10�5 =) �PQCD↵s ⇡ ±0.0002

O(↵5
s) +O(↵↵5

s) +O(↵2↵s) =) �PQCD+mixed↵s ⇡ ±0.0004 (negligible)
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Figure 2.3: Feynman diagrams generating the QED (left) and QCD (right) radiator functions.

where,152

sin2 ! ! ,0
e! = 0.231533 dt = 27.14 d0

t = ! 1.62 dZ = 6550. d" = ! 96.7 d" s = ! 4.05 (2.8)

This approximation reproduces the full calculation to better than 5 " 10�6. The sign conÞguration in the di153

coefÞcients is identical to the one in theci coefÞcients, reconÞrming that the effects from! " and ! # dominate.154

The predictions for the effective weak mixing angles sin2! l
e! of the four light quarks ( f = u, d, s and c)155

differ slightly from the prediction for charged leptons. For example, there are ßavor dependent corrections156

of O("" s) that do not factorize in the total Z width and need to be included [ 90, 91]. For bottom quarks157

additional O(" m2
t ) [ 92, 93, 94, 95] and O(" 2m4

t ) [ 65, 96] enhanced effects enter theZb̄b-vertex, resulting in158

a qualitatively different dependence on the input parameters. The leading two-loop corrections of O("" sm2
t )159

were obtained in Ref. [96, 97]. The full two-loop electroweak fermionic [ 98] and bosonic [99] corrections160

have been completed more recently.161

2.3. Radiative corrections to gauge boson decay rates162

The ßavor-dependent normalization factors #Z
f deÞned through Equations (1.8) and ( 1.9) absorb the re-163

maining electroweak radiative corrections to the vector and axial-vector couplings gf
V and gf

A , and thus to the164

W and Z boson partial and total decay widths. They have been computed alongside the$Z
f , and we refer to165

the previous subsection for the corresponding references.166

The partial width of the Z boson to decay into an f f̄ pair plus any number of photons and gluon jets is167

given by,168

" f øf
Z =
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2GF M 3

Z
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V (M Z ) + |gf

A |2Rf
A (M Z )
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. (2.9)

N f
c denotes the number of colors, so thatN f

c = 1 for leptons and N f
c = 3 for quarks. It should be noted that169

scale for the effective couplings isM Z and that the effective coupling gf
V and gf

A are in general complex-valued,170

a fact that starts to be relevant starting at two-loop precision. The vector and axial-vector radiator functions171

Rf
V (M Z ) and Rf

A (M Z ) describe QED and QCD corrections [100] to the Þnal state particles and are illustrated172

in Figure 2.3. For example, for massless quarks they are available up to four-loop order in QCD and take the173

form,174
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The one-loop correction was known [101, 102] already before the discovery of the charm quark. The non-175

Abelian character of QCD became fully explicit with the advent of the two-loop result [ 103, 104, 105], which176

also radically reduced the scale setting ambiguity in " s(µ). The three-loop [106, 107] and four-loop [ 108]177

calculations brought the uncertainty in the massless series to a currently negligible level. Fermion mass ef-178

fects [109, 110], other than from mt , lead to Rf
V (M Z ) $= Rf

A (M Z ) and are small at the electroweak scale,179

provided one uses theMS quark mass deÞnitions evaluated at theZ mass scale. The last term gives the QED180

and mixed QED/QCD corrections [111]. Expressions for Þnite quark masses can also be found in [100].181

The radiator functions account for the so-called non-singlet diagrams where both gauge bosons in the182

two-point correlation function couple to the same fermion. The non-singlet QCD corrections to W and Z183

7

decays are therefore identical in the massless limit (except for the scale at which ↵s is evaluated). On the184

other hand, for Z decays there are also singlet contributions with purely gluonic intermediate states. As a185

result of Furry’s theorem, they cannot occur for vector currents before three-loop order where they have been186

obtained [106] including tiny top quark decoupling terms [112]. These effects turned out to be much smaller187

than the corresponding non-singlet effects, a fact which is also true for the very recently completed four-loop188

result (for MZ ⌧ mt) [113].189

The axial-vector current, however, is very different. Furry’s theorem does not apply here, and singlet190

effects appear already at two-loop order in QCD [114]. The contributions basically cancel within degenerate191

families, but large non-decoupling effects arise due to the large mass splitting of the third family. Including192

the corresponding contributions at three-loop [115] and four-loop [113] order, we write the effective QCD193

expansion for hadronic Z decays for m̂t(MZ) = 171.4 GeV (in the MS scheme) and mq = 0 for the other194

quarks,195
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One can address individual sources of uncertainty by assuming a geometric growth of the higher order196

terms. For example, one can estimate the unknown terms of order ↵n+4
s with n � 1 as197

O(↵n+4
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O(↵3
s)

n
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and then sum them up either in quadrature (assuming that the signs are random) or linearly (which is most198

conservative). The latter applied to Equation (2.10) gives an error from perturbative QCD (PQCD) of199
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It affects the ↵s extractions from the lineshape parameters �Z , R` and �
0
had in identical ways, but it is never-200

theless negligible compared to the experimental error in ↵s of ±0.0028 (see Sec. 4). By contrast, uncertainties201

from higher-order electroweak corrections [116, 117, 118] to the vector and axial-vector couplings can affect202

the lineshape observables in different, albeit correlated ways, so there is complementary information when203

analyzed in a global fit. They are discussed in Sec. 2.4 and shift ↵s at levels that are also negligible at present2.204

Radiative corrections to the decay width of the W boson have been calculated at O(↵) [119, 120, 121] and205

at O(↵↵s) [122]. The theoretical uncertainty due to missing higher order corrections is significantly smaller206

than the current experimental precision, making the calculation of further corrections not necessary for now.207

2.4. Theoretical uncertainties due to unknown higher-order electroweak corrections208

The theoretical uncertainties in quantities such as MW , sin2✓le↵ , and �Z , due to unknown higher-order elec-209

troweak corrections, arise from those in the W and Z boson self-energies, in the vertex and box corrections, and210

in further non-factorizable corrections, i.e., those that are not captured by the improved Born approximation.211

The first type can be described by uncertainties in the so-called oblique parameters S, T , and U [123],212

which have been originally introduced to parameterize potential new physics contributions to electroweak213

radiative corrections. There are many variants of oblique parameters in the literature, they may describe SM or214

new physics contributions or both, and are scheme dependent. However, we are only interested in uncertainties215

parameterized by them, so that we do not specify such details here. By using these oblique parameters, one216

can account for some of the theoretical correlations they induce in the suite of observables analyzed in global217

fits. Specifically, we use T to parameterize the uncertainty in weak isospin breaking. Other types of uncertainty218

might cancel in T , and instead appear in the energy-dependence of the W (Z) boson vacuum polarization219

function called SW = S + U (SZ = S) [124]. These uncertainties can be estimated by considering the220

expansion parameters involved. Including the SM fermion content of three full generations as an enhancement221

2There are further theory uncertainties that enter when the lineshape observables are derived from the underlying cross section
measurements, but these are conventionally included in the experimental errors.

8

for massless quarks

after large (top quark driven) singlet corrections (Z boson only) starting at order %s

�PQCD ⇡ ±↵5
s

⇡5

(80.0)2

12.77⇡ � 80.0↵s
= ±6⇥ 10�5 =) �PQCD↵s ⇡ ±0.0002

O(↵5
s) +O(↵↵5

s) +O(↵2↵s) =) �PQCD+mixed↵s ⇡ ±0.0004 (negligible)

Schott & JE, arXiv:1902.05142
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observable αs(MZ) change χ2∕d.o.f. 
( Z = 2495.5 ± 2.3 MeV 0.1215 ± 0.0048 +0.0006

' had = 41.501 ± 0.037 nb 0.1201 ± 0.0065 +0.0131

Re = 20.804 ± 0.050 0.1295 ± 0.0082 —

R*  = 20.785 ± 0.033 0.1264 ± 0.0054 —

R)  = 20.764 ± 0.045 0.1157 ± 0.0072 —

combination 0.1228 ± 0.0028 +0.0021 2.414

Z-pole + MH 0.1224 ± 0.0027 +0.0017 18.6123

global fit ex. )  decays 0.1214 ± 0.0026 +0.0019 38.3140

!30

change: -' had = –40 pb, -( Z = +0.3 MeV  Voutsinas et al., arXiv:1908.01704
additional change: -' had = –27 pb             Janot & Jadach, arXiv:1912.02067



%s from )  decays
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charm, bottom and strange mass effects not shown but included "
Larin, van Ritbergen & Vermaseren, hep-ph/9411260

ℬ) s = 0.0292 ± 0.0004 (- S = –1) PDG 2018
S(mτ, MZ) = 1.01907 ± 0.0003 JE, hep-ph/0211345

⌧⌧ = ~ 1� Bs
⌧

�e
⌧ + �µ

⌧ + �ud
⌧

= 290.75± 0.36 fs (includes leptonic BRs)

! ud
! =

G2
F m5

! |Vud |2

64! 3 S(m! , M Z )
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%s from )  decays

!32

4NP = 0.003 ± 0.009 (both within OPE & OPE breaking) based on (FOPT)

4NP = –0.004 ± 0.012 (OPAL data) Boito et al., arXiv:1203.3146 

4NP =   0.020 ± 0.009 (ALEPH data) Boito et al., arXiv:1410.3528

4NP = –0.0064 ± 0.0013 (ALEPH data) Davier et al., arXiv:1312.1501
4NP = –0.006 ± 0.009 (ALEPH data) Pich & Rodríguez-Sánchez, arXiv:1605.06830

dominant error from PQCD truncation (FOPT vs. CIPT vs. geometric continuation)

%s(3)(m) ) = 0.317+0.013–0.011 (PQCD) ± 0.009 = 0.317+0.016–0.014               

%s(4)(m) ) = 0.323+0.014–0.011 (PQCD) ± 0.009 = 0.323+0.017–0.014

αs(5)(MZ) = 0.1184+0.0017–0.0014 (PQCD) ± 0.0011 = 0.1184+0.0020–0.0018

updated from Luo & JE, hep-ph/0207114 in Freitas & JE, PDG 2018

global electroweak fit: αs(5)(MZ) = 0.1195+0.0017–0.0016 (mtMC only)



N$

!33

from σhad global fit development

2006
2.984 ± 0.008

LEPEWWG                  
hep-ex/0509008

2.986 ± 0.007 CIPT for ) )

2010 2.991 ± 0.007 FOPT for ) )

2014 2.990 ± 0.007 Higgs discovery

2019
2.992 ± 0.008 2.998 ± 0.007 Voutsinas et al.    

arXiv:1908.01704

2.9975 ± 0.0074 3.0024 ± 0.0061 Janot & Jadach, 
arXiv:1912.02067
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MH at the FCC–ee

 35

parameter current value FCC-ee unc.- parameter current value FCC-ee unc-
target target

MH 125.09± 0.15 GeV ±0.1 GeV MZ 91.1875± 0.0021 GeV < 0.1 MeV
MW 80.380± 0.013 GeV ±0.6 MeV �Z 2.4952± 0.0023 GeV < 0.1 MeV
�W 2.085± 0.042 GeV ±1.0 MeV �0

had 41.540± 0.037 nb 0.004 nb
mt 172.90± 0.47 GeV ±15 MeV Rb 0.21629± 0.00066 < 0.00006

�↵had ⇥ 105 2758± 10 ±2 AFB

LR (b) 0.0992± 0.0016 ±0.0001

Table 1. Overview of selected observables, their values und current uncertainties which are used
or determined within the global electroweak fit [1]. The future expected FCC-ee uncertainties are
also shown [4].
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Figure 1. Comparisons of �2 distributions for different observables using Gfitter and GAPP and
the current experimental values and uncertainties. The theoretical uncertainties are indicated by
the filled blue and yellow areas, respectively.
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Figure 2. Comparisons of �2 distributions for different observables using GAPP with the current
experimental values and but the expected uncertainties from FCC.

Thus, the indirect test of the internal consistency of the electroweak sector would be brought
to a new level. Likewise, the number of active neutrinos N⌫ can be constrained within
±0.0006 compared to the current result N⌫ = 2.992± 0.007.

References

[1] J. Erler and M. Schott. Electroweak Precision Tests of the Standard Model after the
Discovery of the Higgs Boson. Prog. Part. Nucl. Phys., 106:68–119, 2019.

[2] J. Erler. Global fits to electroweak data using GAPP. In QCD and weak boson physics in Run

II. Proceedings, Batavia, USA, March 4-6, June 3-4, November 4-6, 1999, 1999.
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indirect

∆MH = ± 1.4 GeV

Blondel et al.
arXiv:1905.05078

(theory errors ignored)

∆MW = ± 0.2 MeV
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S and T
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S 0.02 ± 0.07

T 0.06 ± 0.06

-5 2 – 4.2

MKK ≳ 3.2 TeV in warped "
extra dimension models 

MV ≳ 4 TeV in minimal "
composite Higgs models "
"
Freitas & JE 
PDG (2018)
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S and T at the FCC–ee (and preliminary update)

 37

(theory uncertainties ignored)

S 0.01 ± 0.06 1.00 0.82

T 0.06 ± 0.04 0.82 1.00

S ± 0.0035 1.00 0.54

T ± 0.0016 0.54 1.00

FCC projections from                      
Blondel et al., arXiv:1905.05078

except -( Z = 100 MeV &  25 MeV



new developments: 

LEP luminosity update

high precision PVES

APV isotope ratios and coherent elastic $-scattering

changes in AFB(b) from LEP and QW(Cs) from APV

precise mt from tt ! production X-sections 

future developments:

ultra-high precision PVES (MOLLER and P2)

a leap in precision can be expected from future lepton colliders 

Summary

!38
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COHERENT @ SNS
CsI

E$ 0  16 – 53 MeV

'  ~ QW2

134 ± 22 events

constraints on NSI

neutron skin?

arXiv:1708.01294

Coherent Elastic $ Nucleus Scattering (CE$NS)

 40

QW(N,Z) = Z (1 – 4 sin2θW) – N



largest contribution from DIS 
region

largest uncertainty from 
Regge-VMD model

non-vanishing at Ee = 0 
(affects APV)

total error now at 2×10–4 
(0.3%) level

 41

Axial . Z-box 

JE et al., arXiv:1907.07928

3

Figure 2. Dominant physics that enter F �Z
3 in di↵erent

regions in the W 2 �Q2 plane.

In contrast, at lower Q2 the e↵ective degrees of free-
dom are hadrons. It was pointed out recently that non-
perturbative contributions can in principle be obtained
from lattice QCD [27], but before such calculations are
carried out and the respective uncertainties are well un-
derstood, we have to rely on a model constrained by the
experimental input.

The lowest inelastic hadronic state, theN⇡ continuum,
starts contributing above its production threshold. In the
range 1.5 GeV2 < W 2 < 5 GeV2 one observes nucleon
resonances. Above the two-pion threshold at (M+2m⇡)2

multi-hadron states emerge which become dominant at
large W 2. Regge exchange picture provides an economi-
cal description of these contributions which we smoothly
continue down to the two-pion threshold, as described
in the following. We furthermore use the Vector Meson
Dominance (VMD) picture to extend the Regge descrip-
tion to moderate values of Q2. We label this contribu-
tion by the subscript “R”. Correspondingly, we obtain
the �Z-box correction as a sum of five contributions,

⇤A
�Z(E) =

X

i

⇤A, i
�Z (E), (13)

with i = el, ⇡N , res, R, DIS. Each contribution is com-
puted by inserting the corresponding F �Z

3,i into Eq. (5)

and integrating over its support in W and Q2.
The elastic contribution is given in terms of the proton

magnetic Sachs form factor Gp
M and the axial form factor

GA,

F �Z
3,el(x,Q

2) = �Gp
M (Q2)GA(Q

2)�(1� x). (14)

In the numerical evaluation of this part we adopt recent
data on these form factors as given in Refs. [28, 29].

The DIS region contribution to the box diagram can
be represented as an infinite sum of odd Mellin moments
of F �Z

3 upon expanding the function f(r, t0) in Eqs. (5,6)
in powers of x2M2/Q2 [16]. None of the even Mellin
moments of F �Z

3 appear due to the symmetry of the in-
tegrands in x. The result is almost E-independent. Fur-
thermore, the size of contributions from the third and

higher moments to ⇤A
�Z is about 10�5. It is two orders

of magnitude below that from the first Mellin moment
and has little impact on the final result. The first Mellin
moment is independent of the details of the parton distri-
bution functions and its pQCD correction has previously
been considered up to O(↵s). For completeness, we in-
clude here the full O(↵4

s) expression [30, 31],
Z 1

0
dxF �Z

3,DIS(x,Q
2) = (15)

5

3


1�

↵s

⇡
� c2

↵2
s

⇡2
� c3

↵3
s

⇡3
� c4

↵4
s

⇡4

�
�
3

2

↵3
s

⇡3

h
s3 + s4

↵s

⇡

i
.

The first term on the right hand side [30] represents
the iso-singlet piece satisfying the polarized Bjorken sum
rule [32]. It receives only contributions from non-singlet
(connected) diagrams. The second term [31] contributes
only to the iso-triplet piece by singlet (disconnected) dia-
grams and enters the GLS [24] sum rule. The coe�cients
in numerical form are given by [30, 31],

c2 = 4.583� 0.333nf ,

c3 = 41.44� 7.607nf + 0.177n2
f ,

c4 = 479.4� 123.4nf + 7.697n2
f � 0.1037n3

f ,

s3 = � 0.413nf ,

s4 = � 5.802nf + 0.2332n2
f . (16)

In the numerical evaluation, we use the running strong
coupling constant ↵s provided by the Mathematica code
RunDec [33] with ↵s(MZ) = 0.118, and values for the
number of flavors, nf , changing by one unit at quark
mass thresholds as implemented in RunDec. Integrat-
ing this expression with Q2

min = 2 GeV2 in Eq. (5)
results in a contribution of 30.4 ⇥ 10�4 to ⇤A

�Z . We
note that our O(↵4

s) result di↵ers from the O(↵s) re-
sult by only about 2%. We have also checked that us-
ing Q2

min =1 GeV2 and the O(↵s) expression we obtain
32.9⇥ 10�4 in good agreement with Ref. [16].
The N⇡ contribution is calculated within the frame-

work of chiral perturbation theory, but with pointlike
electroweak vertex couplings replaced by the Dirac and
axial nucleon form factors, which suppresses their high-
Q2 contribution. Details of this calculation are described
in Ref. [20]. We assign a generous 30% uncertainty due
to higher chiral orders. This uncertainty, however, does
not a↵ect the total error budget.
As for the resonances, our treatment is the same as in

Ref. [16]. The only numerically relevant contribution is
due to the �-resonance, which we calculate using the pa-
rameterization in Ref. [34]. As there are no assigned un-
certainties for the values of the parameters, it is not pos-
sible to provide an error estimate for the �-contribution
to ⇤A

�Z . This contribution is small, at the level of the
overall uncertainty, and even a conservative 30% uncer-
tainty hardly modifies the total error. Moreover, we note
here that the resonance and multi-hadron contributions



The dark Z6 (Zd)

!42

Zd = dark .  (kinetic mixing term ∝ 7 ≪ 1) + extra Higgs (Z-Z6 mass mixing term ∝ 7Z ≪ 1)

g* –2 ∝ 72 %: need invisible Zd decay & cancellation in K &  2  + inv. (but wrong sign in ge–2!)

8 sin2#W(Q2) = –77Z MZ21(MZ62 + Q2) sin2#W12 Davoudiasl et al., arXiv:1402.3620

7
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FIG. 6: Running of the effective weak mixing angle, sin2 θW (Q2) with energy scale Q. The solid (black) curve is the SM
prediction, and the shaded regions are predictions with a dark Z for given masses (a) mZd

= 50 MeV and (b) mZd
= 100,

200 MeV with ε2 from the aµ green band in Fig. 1. BNL kaon decay constraints are applied. The red points and their error
bars represent, respectively, the average Q and the anticipated sensitivities for JLab Moller, Mainz MESA (P2), and JLab
Qweak. The results depend on the charged Higgs mass, and mH± = 160 GeV is used.

of the preferred ε parameter region that can explain the
3.6σ muon g− 2 discrepancy. Considering that there are
active analysis of existing data and numerous future ex-
periments, it is expected the whole region will be tested
soon and possibly ruled out. Of course, a more interest-
ing outcome would be discovery of the dark sector.

Interestingly, the K → π + nothing searches (BNL
E787+E949) can exclude the scenario of dominant Zd

decay into invisible particles in large parts of the dark
photon parameter space. Used in conjunction with re-
cent bounds from e+e− → γ + ‘missing energy’ [41, 53]
(based on BaBar results [54]), one can significantly con-
strain the gµ − 2 preferred ε parameter space. We em-
phasized that for the dark Z, which is essentially a dark
photon with a more general coupling, we can potentially
evade the current rare kaon decay constraints on missing
energy searches due to the possibility of a cancellation be-
tween the kinetic mixing and Z−Zd mass mixing. As the
light Zd contribution to the muon anomalous magnetic
moment is independent of its decay branching ratio, the
Zd can still remain as the solution to the muon anomaly.
In this case, low energy polarized electron scattering as
well as atomic parity violation predictions can provide
sensitive tests of that scenario.
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Appendix A: Formalism

The amplitude for K±(k) → π±(p)+Zd(q) is given by

M(K± → π±Zd)

=
(

εA
〈

π±(p)|q2s̄LγµdL − qµq
ν s̄LγνdL|K

±(k)
〉

±δ
mZd

mZ
B
〈

π±(p)|d̄LγµsL|K
±(k)

〉

)

ϵ∗µ(q) (A1)

=
1

2
f+(q

2)

(

εm2
Zd

A± δ
mZd

mZ
B

)

(k + p)µ ϵ
∗µ(q) (A2)

where we have used ϵµ(q) qµ = 0 and the hadronic matrix
elements

〈

π±(p)|s̄γµd|K
±(k)

〉

= f+(q
2) (k + p)µ , (A3)

〈

π±(p)|s̄γµγ5d|K
±(k)

〉

= 0 , (A4)

with f+(0) = 1. We have allowed for a ± arbitrariness in
the relative sign of A and B because A is dependent on
long distance QCD effects that could change its sign. We
also assume that A is real in our discussion. In principle,
it could have an imaginary part. We avoid that issue by
focusing on mZd

< 2mπ, since imaginary parts are due
primarily to 2 pion intermediate state in the chiral ex-
pansion [74]. Taking the formalism introduced in Ref. [4]
(for A) and Refs. [64, 65] (for B), we have

A =
1

(4π)2
eW

m2
K(f+/2)

(A5)

B =
1

(4π)2
g3m2

tmZ

8m3
W

(U∗
tdUts)X1 (A6)

where we have included only a dominant top quark
loop term in B. (For an approach based on the SM



Leptoquarks: large effects in QW(p) and QW(n) possible,

QW(e) unaffected

SUSY loops: QW(e) and QW(p) strongly correlated (through oblique effects in sin2#W),

relatively small shifts in QW(n) (box graphs numerically small)

RPV SUSY: slepton exchange affects all QW (also CC) through GF, squarks mimic leptoquarks,

overall QW(p) and QW(e) tend to shift with opposite sign                                                     
Kurylov, Ramsey-Musolf & JE, hep-ph/0302149

E6 Z/: QW(e) and QW(p) shift together (also in chiral SUSY models JE, hep-ph/0006051),

QW(n) independent (with kinetic mixing ∃ two independent U(1)/ charge parameters),

no more preference for Z-Z/ mixing after LEP lumi update                                         
Voutsinas et al., arXiv:1908.01704

Simple models
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precision - sin2#W 9NP precision - sin2#W 9NP

E158 14% 0.0013 17.0 TeV MOLLER 2.4% 0.00028 38 TeV

PVDIS 4.1% 0.0043 7.8 TeV SoLID 0.6% 0.00057 22 TeV

Qweak 6.3% 0.0011 27.8 TeV P2 1.83% 0.00033 51 TeV

P2 12C 0.3% 0.0007 49 TeV

APV 133Cs 0.58% 0.0019 32.3 TeV APV 225Ra 0.5% 0.0018 34 TeV

176Yb1170Yb 0.78% 0.052 4.3 TeV 225Ra1213Ra 0.1% 0.0037 16 TeV

New Physics scales 9NP (95% CL)
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