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The over-constrained SM
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The E = mc2 of the SM

5

sin2 θW =
g′￼

2

g2 + g′￼
2

= 1 −
M2

W

M2
Z

=
πα

2GFM2
W



sin2 θe
eff

1 + Δ ̂k
=

̂g′￼

2

̂g2 + ̂g′￼
2

= 1 −
(1 − Δ ̂ρ)M2

W

M2
Z

=
πα

(1 − Δ ̂r) 2GFM2
W

Radiative corrections

6

∝
αm2

t

M2
W Δα̂ + …



LEP

SLC

CDF

DØ

ATLAS

CMS

LHCb

E158

Qweak

combination

global fit

MOLLER

P2–H

P2–C

0.23 0.2305 0.231 0.2315 0.232 0.2325 0.233 0.2335 0.234 0.2345

e+e–

pp̄

pp

fixed target

all

future

sin2θℓeff anno 2024

77



25.04.2019 8

Parity Violating e– Scattering (PVES) — Elastic

8

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
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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 · ⇢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

✓
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ep
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◆
=
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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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Parity Violating e– Scattering (PVES)
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Running M̄S ̄weak mixing angle
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updated from 
Ferro-Hernández & JE
arXiv:1712.09146

for dark Z interpretation
👉 Eduardo Peinado’s talk
     tomorrow



Z-Zʹ mixing: modification of Z vector coupling

oblique parameters: STU (also need MW and ΓZ)

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

dark Z: renormalization group evolution (low versus very low energy measurements)
25.04.2019 11

Discriminating new physics
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Latest developments
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LEP
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MW – mt

15

mt = 175.2 ± 1.8 GeV
         (indirect)

1.4 σ above

mt = 172.61 ± 0.58 GeV
         (Tevatron + LHC)

Freitas & JE, PDG (2024)
figure: Rodolfo Ferro
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MH – mt

16

MH = 97+18–16 GeV (indirect)

1.6 σ below

MH = 125.10 ± 0.09 GeV 
(LHC)

𝜒2∕d.o.f. = 49.5∕47
(p-value = 37%)

Freitas & JE, PDG (2024)
figure: Rodolfo Ferro
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ΓW anno 2024 [GeV]
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S – T

18

S –0.05 ± 0.07

T   0.00 ± 0.06

Freitas & JE, PDG (2024)
figure: Rodolfo Ferro

T constrains
doublet mass splittings
👉 Spyros Argyropoulos’  talk 
     Monday afternoon



Hadronic vacuum polarization



Hadronic vacuum polarization

20

CMD–3 and figure from
Davier et al., arXiv:2312.02053

E
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 0

 ±
 2
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-400 -350 -300 -250 -200 -150 -100 -50 0-450 50

aµ - aµ
   exp    [ × 10

-11
 ]

BABAR (100% of 2π below 1.8 GeV)

−168 ± 38 ± 29

CMD-3 (98.9%)

−50 ± 42 ± 29

KLOEwide
(97.1%)

−263 ± 51 ± 29

KLOEpeak
(75.3%)

−265 ± 23 ± 29

Tau (100%)

−135 ± 34 ± 29

BMW (lattice QCD)
−105 ± 55 Borsanyi et al., arXiv:2002.12347

BaBar and earlier data based on 
Davier et al. arXiv:1908.00921 

Δ𝛂 from Cè et al., arXiv:2203.08676 
also enters through correlationsfirst errors: 𝜋+𝜋– contribution

after isospin rotation according to
Davier et al., arXiv:2312.02053

KLOE based on 
Davier et al. arXiv:1908.00921 
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gµ–2, 𝛼(MZ) and sin2𝜃W(0)
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ΔMW = – 2.7 MeV     

ΔMH  = – 7.0 MeV

2022:

2024:

Δαhad(2 GeV) = (58.84 ± 0.51) × 10−4

Δαhad(2 GeV) = (60.30 ± 0.43) × 10−4
➲

Ferro-Hernàndez, Kuberski
& JE, arXiv:2406.16691



…if there is time…



𝛼s from the Z pole

observable 𝛼s(MZ) comment

ΓZ = 2495.5 ± 2.3 MeV 0.1215 ± 0.0048  update: ΓZ = +0.3 MeV

σhad = 41.481 ± 0.033 nb 0.1201 ± 0.0065  update: ∆σhad = –60 pb

Re = Γhad∕Γe = 20.804 ± 0.050 0.1295 ± 0.0082

Rµ = Γhad∕Γµ = 20.784 ± 0.034 0.1264 ± 0.0054 mµ ≠ 0

R𝜏 = Γhad∕Γ𝜏 = 20.764 ± 0.045 0.1157 ± 0.0072 m𝝉 ≠ 0

BW(had) = 0.6736 ± 0.0018 0.098 ± 0.025  recent (LEP 2 + CMS)

combination 0.1223 ± 0.0028  future lepton collider ~ 10–4

global fit 0.1185 ± 0.0016 includes 𝜏 decays

24

electromagnetic beam-beam effects                               Voutsinas et al., arXiv:1908.01704
improved Bhabha X section (luminosity)                        Janot & Jadach, arXiv:1912.02067



after more than 50 years of electroweak precision physics, still no conclusive evidence for BSM

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

the infamous conflict in muon g–2 reduced to about 2.4 𝜎

recent LEP luminosity update confirms Nν = 3 active neutrinos, but 𝛼s somewhat high

new CDF MW result ~ 7 𝜎 higher than other measurements !!!

outlook

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

leap in precision expected from future lepton collider(s)  
ILC, CEPC, FCC–ee, CLIC, 𝜇 collider

Conclusions
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Thank You


