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The electroweak (EW) precision program started about 50 years ago

MW, MZ, mt, MH (and mc) have all been successfully predicted before their discoveries

2012 the Standard Model (SM) was completed … 

    … and it is as successful as it is unsatisfactory (dark matter, naturalness, …)

no new states discovered at the LHC yet, so perhaps they show up in EW physics first

General remark: the higher the precision, the more physics issues will enter in the 
interpretation of precision measurements

this is an obstacle when looking at single observables but is a feature in global analyses 
(across different observables and subfields of particle, nuclear and atomic physics)   

some tensions in gµ–2, MW, and the first row CKM matrix unitarity constraint

Electroweak precision physics
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W boson mass

3

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
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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 (pp̅) Drell-Yan in a window around mll = MZ

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

ν scattering parity violating e– scattering (PVES)

leptonic vμ – 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)

 recent first measurements 
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Weak mixing angle measurements

5

0.23148 ± 0.00013

0.23153 ± 0.00004
global fit

Tevatron:
0.23148 ± 0.00033

LHC:
0.23129 ± 0.00033

LEP & SLC:
0.23151 ± 0.00016

average direct

P2 MOLLER
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MH – mt today
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indirect mt 

176.4 ± 1.9 GeV 
(1.9 σ high)

including
correlated theory errors 
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Freitas & JE, PDG (2020)
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∆MW (LHC) 

≈ 3.8stat + 3.8syst + 3.8PDF MeV

≈ (5/3)½ × 3.8 MeV ≈ 5 MeV

(for 3 detectors) based on

Azzi et al.
arXiv:1902.04070

∆sin2θW (LHC) ≈ 10–4
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Higgs boson mass

9

∆MH = ± 1.4 GeV
(∆MH = ± 5.7 GeV with no theory improvement)

Blondel et al.
arXiv:1905.05078
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Parity Violating e– Scattering (PVES) — Elastic

10

Qweak @ CEBAF (JLab)
hydrogen (completed)

Ee = 1149 MeV       

|Q| = 158 MeV (θ = 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

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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Nf = 3 Nf = 1 bosonic ψ2 ψ4 (∆B = 0) ψ4 (∆B ≠ 0)

D = 0 1 1 1 – – –

D = 1 – – – – – –

D = 2 1 1 1 – – –

D = 3 – – – – – –

D = 4 55 7 1 6 – –

D = 5 12 2 – 12 – –

D = 6 3045 84 15 31 30 8

D = 7 1542 30 – 10 12 8

D = 8 44807 993 89 386 420 98

Standard Model Effective Field Theory (SMEFT)

11

Henning et al., arXiv:1512.03433

BSM

SM
mν ≠ 0

𝛬C ≠ 0

MH ≠ 0



38 four-Fermi-operators

SMEFT@ D = 6

3 L4 + 13 L2Q2 + 8 LQ3 (ΔB ≠ 0) + 14 Q4 operators

3 L4 = eVeV + eAeV (MOLLER) + eAeA

13 L2Q2 = 7 vector and axial-vector combinations + 4 scalar + 2 tensor

2 eVqV (C0) + 2 eAqV (C1) (APV, Qweak, P2)       + 2 eVqA (C2) (SLAC-E122, PVDIS, SoLID) 

                 + 2 eAqA (C3) (e+@SoLID)    –1 constraint:    (uLγμuL − dLγμdL)eRγμeR = 0
12

ψV = ψ̄γμψ
ψA = ψ̄γμγ5ψ
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Parity-violating 4-fermion electron-quark couplings
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 JE et al., arXiv:1401.6199 
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Scale exclusions post Qweak
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Nν
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year from σhad global fit development

2006
2.984 ± 0.008

LEPEWWG                  
hep-ex/0509008

2.986 ± 0.007 CIPT for ττ

2010 2.991 ± 0.007 FOPT for ττ

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



αs from the Z pole

observable αs(MZ)
ΓZ = 2495.5 ± 2.3 MeV 0.1215 ± 0.0048

σhad = 41.481 ± 0.033 nb 0.1201 ± 0.0065

Re = 20.804 ± 0.050 0.1295 ± 0.0082

Rμ = 20.784 ± 0.034 0.1264 ± 0.0054

Rτ = 20.764 ± 0.045 0.1157 ± 0.0072

BW(had) = 0.6741 ± 0.0027 0.104 ± 0.037

combination 0.1228 ± 0.0028

global fit 0.1185 ± 0.0016

16

change: ∆σhad = –40 pb, ∆ΓZ = ±0.3 MeV  Voutsinas et al., arXiv:1908.01704
additional change: ∆σhad = –27 pb             Janot & Jadach, arXiv:1912.02067

7 52. Plots of Cross Sections and Related Quantities

52.4 Annihilation Cross Section Near MZ
Courtesy of M. Grünewald and the LEP Electroweak Working Group, 2007.

 

 

Figure 52.4: Combined data from the ALEPH, DELPHI, L3, and OPAL Collaborations for
the cross section in e+e≠ annihilation into hadronic final states as a function of the center-of-mass
energy near the Z pole. The curves show the predictions of the Standard Model with two, three, and
four species of light neutrinos. The asymmetry of the curve is produced by initial-state radiation.
Note that the error bars have been increased by a factor ten for display purposes. References:
ALEPH [101], DELPHI [102], L3 [103], OPAL [104], Combination [105],

1st June, 2020 8:30am

Nν = 3.0024 
    ± 0.0061



αs from the Z pole

observable αs(MZ) FCC–ee αs@FCC–ee
ΓZ = 2495.5 ± 2.3 MeV 0.1215 ± 0.0048 ± 25 keV ± 0.00007

σhad = 41.481 ± 0.033 nb 0.1201 ± 0.0065 ± 4 pb ± 0.00064

Re = 20.804 ± 0.050 0.1295 ± 0.0082

Rμ = 20.784 ± 0.034 0.1264 ± 0.0054 ∆Rl = ± 0.0006 ± 0.00010

Rτ = 20.764 ± 0.045 0.1157 ± 0.0072

BW(had) = 0.6741 ± 0.0027 0.104 ± 0.037 ± 0.00002 ± 0.00027

combination 0.1228 ± 0.0028 ± 0.00006

global fit 0.1185 ± 0.0016 ± 0.00005
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change: ∆σhad = –40 pb, ∆ΓZ = ±0.3 MeV  Voutsinas et al., arXiv:1908.01704
additional change: ∆σhad = –27 pb             Janot & Jadach, arXiv:1912.02067



S and T
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S 0.00 ± 0.07

T 0.05 ± 0.06

∆χ2 – 3.9

MKK ≳ 3.6 TeV in warped  
extra dimension models 

MV ≳ 4 TeV in minimal  
composite Higgs models  
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S and T at the FCC–ee (and preliminary update)

19

(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 ∆ΓZ = 100 MeV → 25 MeV



No conclusive evidence for physics beyond the SM found so far

oblique parameters (STU…) more model-dependent and illustrative 

SMEFT systematic and model-independent framework (if no new “light” states)

recent LEP luminosity update confirms Nν = 3 (active neutrinos),                           
but αs from electroweak processes now somewhat puzzling

many precise and complementary measurements of sin2θW

future developments

ultra-high precision PVES (MOLLER, P2 and SoLID) competitive alternatives to high 
energy frontier

a leap in precision can be expected from future lepton colliders (“Higgs factories”) 
ILC, CEPC, FCC–ee, CLIC, muon collider

Conclusions
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