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Motivation

Electron proton scattering at low and high momentum transfer, Q2

Goals:

Ü High-precision measurements of the nucleon structure

Ü Search for new physics

Ü Electroweak physics:

Test of the standard model, and after LHC discoveries

Test of the standard model extended with new physics

Ü Key parameter of the standard model: sin2 θw

This talk:

Ü The MESA project at Mainz University:
low-energy elastic ep scattering arXiv:1802.04759

Ü Precision measurements of electroweak couplings
at high energies: HERA, LHeC arXiv:1806.01176
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The Running Weak Mixing Angle: Present Measurements of sin2 θ̂W (MS)

10. Electroweak model and constraints on new physics 15
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Figure 10.2: Scale dependence of the weak mixing angle defined in the
MS scheme [101,102] (for the scale dependence of the weak mixing angle defined
in a mass-dependent renormalization scheme, see Ref. 103). The minimum of the
curve corresponds to µ = MW , below which we switch to an effective theory with
the W± bosons integrated out, and where the β-function for the weak mixing
angle changes sign. At the location of the W boson mass and each fermion mass
there are also discontinuities arising from scheme dependent matching terms which
are necessary to ensure that the various effective field theories within a given
loop order describe the same physics. However, in the MS scheme these are very
small numerically and barely visible in the figure provided one decouples quarks at
µ = m̂q(m̂q). The width of the curve exceeds the theory uncertainty from strong
interaction effects which at low energies is at the level of ±2×10−5 [102]. Following
the estimate [104] of the typical momentum transfer for parity violation experiments
in Cs, the location of the APV data point is given by µ = 2.4 MeV. For NuTeV we
display the updated value from Ref. 105 and chose µ =

√
20 GeV which is about

half-way between the averages of
√

Q2 for ν and ν interactions at NuTeV. The
Tevatron and LHC measurements are strongly dominated by invariant masses of the
final state dilepton pair of O(MZ) and can thus be considered as additional Z pole
data points. For clarity we displayed the Tevatron and LHC points horizontally to
the left and to the right, respectively.

where the numerically small adjustments are discussed in Ref. 75 and include the result
of the γZ-box correction from Ref. 115. E.g., QW (133Cs) is extracted by measuring
experimentally the ratio of the parity violating amplitude, EPNC, to the Stark vector
transition polarizability, β, and by calculating theoretically EPNC in terms of QW . One

June 5, 2018 19:47

PDG 2018

• QW (APV ):
atomic parity violation (Cs)
• QW (p): QWeak

• QW (e): Moller scattering
at SLAC E158
• NuTeV: Neutrino scattering

(re-analysis needed)

Z -pole measurements:
• LEP1 and SLC
• Tevatron
• LHC: CMS and ATLAS

At low energy scale, Q2 → 0: the weak charge QW

at high energy scale: effective Z -fermion couplings
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Standard Model Relation: Higgs Boson Mass versus sin2 θW

Combination of precision measurements
at the Z -pole
Ü MHiggs - sin2 θ̂W (µ) SM relation
(red-blue band)

Precision measurement of sin2 θ̂W (µ)
has provided indirect evidence for
the allowed range of MHiggs

Combination of measurements provide
strong tests of the SM . . .
. . . and maybe evidence for new physics

H. Spiesberger (Mainz) 11. 07. 2018 4 / 46



Elastic Electron Scattering: P2@MESA

MESA =
Mainz Energy-recovering Superconducting Accelerator
A small superconducting accelerator for particle and nuclear physics

Funded by PRISMA - Cluster of Excellence and

Collaborative Research Center 1044

German Science Foundation (DFG)

P2 (Project Precision 2):
Parity-violating electron proton scattering

Other Projects: Search for a dark photon,
Nuclear physics program

Commissioning planned for 2023
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Parity-Violating Electron Scattering: History
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ep Scattering - Context

P. Newman
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ep Scattering - Context

(10,000 h)
data taking Ü∫
Ldt ' 8.6 ab−1

P. Newman
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Polarization Asymmetry

Measure the (tiny) difference between cross sections for
electrons with positive and negative helicity to filter out the weak interaction

ALR =
σ(e↓)− σ(e↑)
σ(e↓) + σ(e↑)

= − GF Q2

4
√

2πα

(
QW (N )− F (Q2)

)
QW (N ) = −2[(2Z + N)C1u + (Z + 2N)C1d ]

Weak charge of the proton:

QW (p) = −2[2C1u + C1d ] = 1− 4 sin2 θW

∆ sin2 θW

sin2 θW
=

1− 4 sin2 θW

4 sin2 θW

∆QW (p)

QW (p)

1.5 % precision for QW (p) corresponds to 0.13 % precision for sin2 θW

Measurement errors from: statistics, polarization (Aexp = Pe ALR),
systematic effects and required hadronic phyiscs: form factors
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Form Factors

F (Q2) = FEMFF(Q2) + FAxial(Q2) + FStrangeness(Q2)

ALR = AQweak + AEMFF + AAxial + AStrangeness

FEMFF(Q2) = − εG
p
E Gn

E + τGp
MGn

M

ε(Gp
E )2 + τ(Gp

M )2
,

FAxial(Q2) = − (1− 4 sin2 θW )
√

1− ε2
√
τ(1 + τ)Gp

MGp
A

ε(Gp
E )2 + τ(Gp

M )2
,

FStrangeness(Q2) = − εG
p
E Gs

E + τGp
MGs

M

ε(Gp
E )2 + τ(Gp

M )2
− εGp

E Gud
E + τGp

MGud
M

ε(Gp
E )2 + τ(Gp

M )2
,

ε = [1 + 2(1 + τ) tan2(θ/2)]−1 , τ = Q2/4m2
p
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Contributions to the PV Asymmetry and Expected Error

Ebeam = 200 MeV

Ü Optimal measurement for E = 155 MeV, θe = 35◦ ± 10◦

〈Q 〉 = 0.077 GeV

SM prediction: ALR = −4.0× 10−8, precision goal: 1.4 %

∆ sin2 θw = ±0.00037, i.e. 0.15 %
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Higher-Order Corrections for QW

Polarization asymmetry including higher-order corrections:

ALR = − GF Q2

4
√

2πα

(
QW (N )(1 + δ1)− F̃ (Q2)

)
QW (N )(1 + δ1) = (ρ+ ∆e)(1− 4κ sin2 θ̂W (0) + ∆e′) + δBox

Universal corrections: ρ and κ from loop diagrams: ρ = 1 + ∆ρ, κ = 1 + ∆κ

δBox: WW , ZZ and γZ box graph contributions

∆e, ∆e′ : non-universal vertex and external leg corrections

Scale-dependent MS weak mixing angle (µ→ Q) Ü

sin2 θ̂W (µ2) = κ(µ2) sin2 θ̂W (mZ )

and scheme-dependent

(GF fixed, by definition)
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Higher-Order Corrections

Overview

Virtual corrections (loops): universal and non-universal
Parameter relations at 1-loop, running couplings
Scheme dependence

QED corrections: loops and bremsstrahlung

Box graphs: γγ and γZ (and ZZ , WW )

Under control for proton, to be worked out for 12C
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Electroweak Parameters at 1-Loop

In the (modified) on-shell scheme, use:
• the fine structure constant α = e2/4π,
• a boson mass, mZ , or mW ,

or the weak mixing angle, sW = sin θW , defined by s2
W = 1− m2

W

m2
Z

• the Fermi constant GF (from muon decay).

Parameter relations including universal higher-order corrections:

α −→ α

1−∆α

GNC = GF −→ GNC = ρGF = (1 + ε)GF

m2
W =

π√
2GF

α

sin2 θ0
−→ m2

W =
π√
2GF

α

1−∆α

1
(1 + ∆s) sin2 θ0

Then:
s2

W = (1 + ∆) sin2 θ0 with ∆ = ∆s − c2
W

s2
W
ε

m2
W =

π√
2GF

α

s2
W (1−∆r)

with ∆r = ∆α− c2
W

s2
W
ε
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Effective Couplings

Including quantum loop corrections, universal contributions:
Self energy diagrams of the exchanged boson (γ, Z , W )
Schematically:

+
γ γ γ

Πγ Ü α→ α + ∆α = α(Q2)

+
Z γ Z

ΠγZ Ü sin2 θW → sin2 θeff (Q2) Ü ∆s

+
W W W

ΠW Ü GF → GF (1−∆r + . . .)
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Effective Couplings: ∆α

• Vacuum polarization:

f

f̄

weak

bosons

∝ log Q2

m2
f
→ O(10 %) small, O(1 %)

• Photon self energy = vacuum polarization, absorbed and resummed in the
running fine structure constant:

α→ α(Q2) =
α

1− Πγ(Q2)

∆α(Q)

−Q [GeV]
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Jegerlehner: hadr5n12
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Effective Couplings: ∆r

• One-loop corrections to the muon decay: ∆r

GF =
πα√

2 sin2 θW m2
W

1
(1−∆r)

with ∆r = ∆r(α,mW , sin θW ,mtop,MHiggs, . . .)

• Z -boson self energy: a small correction if written in terms of:

α

sin θ2
W cos θ2

W
→ m2

Z GF
√

2
π

1−∆r
1− ΠZ (Q2)
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Effective Couplings: Scale-Dependent sin2 θW

• Photon-Z mixing
f

f̄

weak

bosons

γ Z γ Z
Ü ΠγZ (Q2)

absorbed into effective, running, scale-dependent weak mixing angle

Definitions of the weak mixing angle:

On-shell definition: cos θW = mW
mZ

(→ large contribution from mtop, e.g. in ∆r )

sin2 θeff(Q2) absorbs ΠγZ (Q2), but not only

Ü different prescriptions by Jegerlehner, Czarnecki&Marciano,
Ferroglia&Ossola&Sirlin, ...

MS scheme: sin θ̂W (µ) (used in the PDG plot)
less sensitive to mtop, suited for comparisons with extensions of the SM
resum higher orders by RGE

Known prescriptions with very small uncertainties,
estimated below 10−4 (Erler, Ferro-Hernández, JHEP18)
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Scheme Dependence of sin2 θ̂W

Ü Relation

sin2 θ̂W (µ) =

(
1 +

ρt

tan2 θW
+ . . .

)
sin2 θW

with ρt = 3GF m 2
top/8

√
2π2 = 0.00939 (mtop/173 GeV)2

Ü sin2 θeff(Q2) known at 2-loop order: Awramik, Czakon, Freitas, 2006

Scheme dependence, at fixed order compensated by δnon−universal :
Match definition of sin2 θ̂W (Q) with the complete 1-loop corrections !

Hadronic contributions ?
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sin2 θ̂W : Hadronic Contributions

Definition of sin2 θW (Q): absorbing ΠγZ and part of vertex+box corrections

0.01 0.10 1 10 100 1000
-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

Q[GeV]

Δ
sw
2/
sw
2[
%
]

sin2 θeff (Q): (J-CM)/J

Czarnecki-Marciano 1996-00
Jegerlehner 2010-12

sin2 θeff (Q) for Moller

• J: ’old’ and ’new’ hadr5,
hadronic VP from data
(different SU(3) flavor splitting)

• CM: hadronic part with mq,eff

• different prescriptions
for the hadronic part:
1 - 2 permille

Ü need matching
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Higher-Order Corrections: Hadronic Contributions

Πγγ and ΠγZ are sensitive to low-scale hadronic physics

Ü Use dispersion relation, e.g.

∆α(q2) =
q2

12π2

∫ ∞
4m2

π

ds
s

Rγγ(s)

s − q2 with Rγγ(s) =
σtot (e+e− → γ∗ → hadrons)

4πα2/3s

Ü Similar approach for ΠγZ requires
data for σtot (νν̄ → hadrons)
or use flavor-separated e+e− data,
isospin symmetry and OZI-rule

Ü Use lattice techniques

First results available,
errors start to be competitive

Herdoiza et al., Lattice 2015
ETMC, 1505.03283
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Higher-Order Corrections: QED
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θl [degrees]
−

1
0
0
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∆

Q
2
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Q
2

E = 100 MeV

E = 150 MeV

E = 200 MeV

Straightforward to calculate, but need flexible MC simulation

QED does not violate parity symmetry,
but real photon emission leads to a shift of Q2
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Bremsstrahlung at Order O(α2): Q2 Shift

0 1 2 3 4 5 6 7 8 9 10

6 · 10−8

6.5 · 10−8

7 · 10−8 E = 155 MeV

E′
min = 45 MeV

θl = 35◦

∆θl [degrees]

|A(0)
PV|

|A(0+1)
PV |

|A(0+1+2)
PV |

QED corrections for the asymmetry:
Q2 shift is a kinematic effect: 1γ radiation has it all
Very small O(α2) correction R. Bucoveanu
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Higher-Order Corrections: γZ Box Graphs

Figure from Aleksejevs et al.

H. Spiesberger (Mainz) 11. 07. 2018 24 / 46



Higher-Order Corrections: Box Graphs

ℓ ℓ′

p p′

γ Z + crossed

γZ box graphs
Sensitivity to hadronic physics at
low Q2 Ü an important source of error

Status ∼ 5 years ago:
3 groups with independent analyses
agree in size, but disagree on errors

Hall et al.; Carlson and Rislow;
Gorchtein et al.

Gorchtein, Horowitz, Ramsey-Musolf

P2 (ep) Mainz (E=137 MeV)

For Qweak at JLAB, E = 1.165 GeV: 7σ(theory) effect

Advantage at P2@MESA: low energy E = 0.155 GeV

∆Abox
LR /ALR = ±0.4 %
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Qweak

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 θ= / = +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.

Final results from Qweak
at JLAB, Ee = 1.165 GeV

Used previous data to
extrapolate to Q2 = 0

QW (p) = 0.0719± 0.0045
(SM: = 0.0708± 0.0003)

corresponds to
sin2 θ̂W (0) = 0.2383± 0.0011

Nature 557 (2018)
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Electron Scattering: From Low to High Energies

Low energy, elastic scattering:

〈p′|Jem
µ |p〉, 〈p′|JNC

µ |p〉

Ü form factors (use isospin symmetry, angular momentum decomposition)

Large energy, momentum transfer: inelastic scattering:

〈p|Jem
µ Jem

ν |p〉, 〈p|Jem
µ JNC

ν |p〉, 〈p|JZ
µJNC
ν |p〉

Ü structure functions F1,F2,F3

Factorization theorem of perturbative QCD
Ü parton distribution functions (for quarks and gluons)
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DIS at large Q2: Neutral Current

Neutral current at tree level, polarized e± scattering

d2σNC

dxdQ2 =
2πα2

Q4x

(
Y+F2 + Y−xF3 − y2FL

)
split up: photon + Z exchange + interference:

F2 = Fγ
2 + κZ (−ve ∓ Pae)FγZ

2 + κ
2
Z (v2

e + a2
e ± 2Pveae)FZ

2

xF3 = +κZ (±ae + Pve)xFγZ
3 + κ

2
Z (∓2veae − P(v2

e + a2
e))xFZ

3

κZ (Q2) =
Q2

Q2 + m2
Z

1
4 sin2 θw cos2 θw

split up: sum over quark types:

(Fγ
2 , FγZ

2 , FZ
2 ) = x

∑
(Q2

q , 2Qqvq , v2
q + a2

q )(q + q̄)

x(FγZ
3 , FZ

3 ) = 2x
∑

(Qqaq , vqaq )(q − q̄)

vf = I(3)
f − 2Qf sin2 θw , af = I(3)

f (f = e, u, d , . . .)

Independent SM paramters: α, mZ , sin2 θw

For beyond-SM fits: ve, ae; vu , au ; vd , ad
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DIS at large Q2: Charged Current

Charged current at tree level

d2σCC(e±)

dxdQ2 =
1± P

2
2πα2

Q4x
κ2

W

(
Y+W±2 ± Y−xW±3 − y2W±L

)
with

κW (Q2) =
Q2

Q2 + m2
w

1
4 sin2 θw

W−2 = x(U + D̄), xW−3 = x(U − D̄)

W+
2 = x(Ū + D), xW+

3 = x(D − Ū)

U = u + c, Ū = ū + c̄, D = d + s, D̄ = d̄ + s̄

SM paramters: α, mW , sin2 θw
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Parameter Relations in the Standard Model

Observe parameter relations!

• cos θW = mW/mZ

• Muon decay constant: GF = πα√
2 sin2 θW m2

W

Ü
d2σCC
dxdQ2 = 1±P

2
GF

2

2πx

(
m2

W
m2

W +Q2

)2
σr ,CC

and

Ü
d2σNC
dxdQ2 using κZ (Q2) = Q2 GF

2πα
m2

Z
Q2+m2

Z

• One-loop corrections to the muon decay: ∆r

GF =
πα√

2 sin2 θW m2
W

(1 + ∆r) with ∆r = ∆r(α,mW , sin θW ,mtop,MHiggs, . . .)

Fits based on different parametrizations
may lead to very different results:
e.g. from H1: ∆Mprop ' 2 GeV, ∆mW ' 0.2 GeV

Future Physics at HERA, 1996
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Deep Inelastic Electron Scattering:

Electroweak Parameters from HERA

Recent analysis of H1 all data (arXiv:1806.01176)

Data at
√

s ' 319 GeV, total integrated luminosity: ' 450 pb−1 (’93 - ’07),
cover 8.5 GeV2 < Q2 < 50, 000 GeV2

e− and e+, NC and CC, electron beam polarization up to ±37 %

Observables: σe−
L (x ,Q2), σe+

L (x ,Q2), σe−
R (x ,Q2), σe+

R (x ,Q2),
both NC and CC

At large x and large Q2: large asymmetries

1. SM fits:
using combinations of mW , mZ , GF , s2

W

2. Extended fit scenarios:
assume free (non-SM) v and a fermion coupling constants

Combined EW+QCD analysis:
fit electroweak parameters and PDFs simultaneously
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H1 mW −mZ−PDF Fit
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-2 GeV-5 = 1.1663787(6) x 10FG

GeV  = 91.1876(21)Z m

H1

Fits: PDF + (mW ,mZ ) or PDF + (mW ), etc.

good fit quality, compatible with SM, PDFs with small uncertainties

mZ fixed:
mW = 80.520± 0.070stat ± 0.055sys ± 0.074PDF = 80.520± 0.115tot

H. Spiesberger (Mainz) 11. 07. 2018 32 / 46



H1 gV − gA−PDF Fit

q

A
g

1− 0.5− 0 0.5 1

q Vg
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1
H1

(d=s,u)SLD  & LEP

4.72) =2 χ∆(D0 

SM

C.L. % 68

u

d

H1

q

A
g

1− 0.5− 0 0.5 1

q Vg
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1
) +PDFd
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) +PDFd
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+gd
A 

g (H1 
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C.L. % 68

u

d

H1

Allow free vf and af fermion couplings, not fixed by the SM

• Fit: PDF + 4 couplings, large correlations
• Fit: PDF + 2 couplings, with smaller uncertainties
• Precision similar to determinations from complementary processes
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H1 ρ− κ−PDF Fit

vf =
√
ρ′f

(
I(3)
f − 2Qf κ

′
f sin2 θw

)
, af =

√
ρ′f I(3)

f (f = e, u, d , . . .)
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)PDF+
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• Precision similar to LEP, SLD and D0 measurements from a single experiment
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H1 ρ− κ−PDF Fit: testing the scale dependence, NC
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• Split into Q2 regions with independent ρ′ and κ′

• Unique measurement of scale dependent couplings in a single experiment
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H1 ρ− κ−PDF Fit: testing the scale dependence, CC

 [GeV]2Q

20 30 100 200

C
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'ρ
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H1SM 
CC,f
'ρ

CC,eq
'ρ

qCC,e
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• First determination for separate quark flavors ρ′eq and ρ′eq̄
• Precision of up to 0.8 %
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The Future of DIS: LHeC and FCC-eh

An old idea: LEP⊗LHC: ep at
√

s = 1.6 TeV, Workshop Aachen 1990

ERL (energy revocery Linac), Ee = 60 GeV
combined with protons from LHC: Ep = 7 TeV,

√
s = 1.3 TeV

or with protons from FCC: Ep = 50 TeV,
√

s = 3.5 TeV

Work together with D. Britzger and M. Klein
(see, e.g. LeHC-CDR, arXiv:1206.2913, and DIS2018)

• Cross section ratios to reduce PDF errors

• Polarized electrons, LR asymmetries: sensitivity at larger Q2,

• NC/CC ratio at lower Q2

• Energy range 10 – 500 GeV

• Scale dependent couplings from one experiment
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From HERA to LHeC and FCC

A text-book plot:
The unification of the electromagnetic and weak interaction at high energy

]2 [GeV2Q
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 [p

b/
G
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2

/d
Q
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p cross section±Unpolarized e
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p CC±HERA e
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Large polarization asymmetries at large Q2
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LHeC: Determination of mW
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Energy-frontier lepton-hadron collisions: LHeC and FCC-eh 5
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EW physics at LHeC and FCC-eh Daniel Britzger

 [GeV]Wm
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[2016] PDG

LHeC & FCC 

FCC 
LHeC 
HERA 

expected uncertainites

W-boson mass

Figure 2: Measurements of the W-boson mass (left) and Z-boson mass (right) from HERA, LHeC and
FCC-eh (simulated) data and compared to the PDG values.

PDFs have to be determined from the same data, and by performing a simultaneously determina-
tion of the PDFs and EW parameters the uncertainties of the PDFs are accounted for accordingly.
The fitting methodology follows closely previous approaches [3, 4, 5] and it is observed that the
prospects for the EW parameters are insensitive to details of the PDF fit methodology. The calcu-
lations are performed in the on-shell scheme, where the theory is expressed in terms of �, mW , mZ ,
and �r.

4.2 W-boson, Z-boson and top-quark masses

The uncertainty values of mW and mZ are determined in the PDF+EW-fit, where one of the masses
is determined together with the PDFs, while the other boson mass is taken as external input. The
expected uncertainties are displayed in figure 2 and compared to the PDG values [6], and to the
uncertainties obtained when performing our PDF+EW-fit to the final combined HERA data [3].
The expected uncertainties of mW are

�mW(LHeC) = ±14(exp)±10(PDF) MeV and

�mW(FCC-eh) = ±9(exp)±4(PDF) MeV,

for LHeC and FCC-eh, respectively, where the breakdown into experimental and PDF uncertainties
is obtained by repeating the fit with PDF parameters fixed. The expected uncertainties of mZ are
about 19 MeV and 11 MeV for LHeC and FCC-eh, respectively, and are thus of similar size than
those of mW . The expected precision of mZ can not compete with the precise measurements at the
Z-pole by the LEP and SLC experiments, but the future ep facilities will test the SM much more
precisely than hitherto, and they will improve significantly the current precision of mW .

A simultaneous determination of mW and mZ together with the PDFs is performed and results
are compared to a determination from H1 [5] in figure 3 (left). Due to the large correlation be-
tween mW and mZ , HERA data is not su�cient to determine those values reliably. Contrarily, the
highly increased center-of-mass energy of LHeC or FCC-eh will allow for such a simultaneous
determinaton of mW and mZ with high precision.

4

Fig. 5. W mass measurement accu-

racy at HERA and future ep colliders10.
As a reference, current accuracy from

ATLAS11 is 19 MeV, slightly larger

than the PDG2016 band (±15 MeV).

About the functional forms

However, the Hessian method used e.g. in EPPS16 is not particularly
accurate when there’s no, or only very weak constraints

• Significant non-quadratic components in the global �2 function

• Large correlations among the fit parameters

Would need Monte-Carlo methods to more reliably map the uncertainties

=� Further work needed

Despite all the shortcomings, a typical result using a more flexible form
(the red one in the previous slide) for the gluons:

x

R
P

b
g

(x
,Q

2
=
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x
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b
g
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2
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10
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2
)

No LHeC data LHeC data included

H. Paukkunen for the LHeC study group An update on nuclear PDFs at the LHeC

Fig. 6. Anticipated improvement

on nuclear PDF precision at LHeC
(gluon distribution in lead)14

3.4. Beyond SM physics

It is fair to say that the highest-energy hadron collider is the front runner in the

discovery of new heavy particles or states, but there are places where ep collider

can make a case. An example is a leptoquark (LQ), a hypothetical state that cou-

ples directly with a lepton and a quark. It is expected that LQs found in HL-LHC

would be also found at ep colliders. Then, ep colliders can study thoroughly the

characteristics of the new particle, by determining its quantum numbers such as

lepton/baryon numbers, spin and generation indices, thanks to the ability to con-

trol the electron beam charge and polarization12. Other topics of interest include

compositeness, charged Higgs, sterile neutrinos, long-lived parties, or anomalous

couplings.

3.5. Di↵ractive physics and nuclear PDF

Another interesting area to be probed is the low-x and di↵ractive physics. Compared

to HERA, the reachable kinematics is much enhanced. At very low-x below 10�4,

there is no data to constrain the gluon distribution, which is expected to saturate

somewhere. Also a lot of di↵ractive measurements can be done, using rapidity gap

events or installing roman-pot type forward proton spectrometers13.

If a beam of nuclei is available in the hadron machine (like Pb in the LHC),

the first measurement of nuclear PDFs using electon-hadron collider can be made

(note that HERA circulated only protons as the hadron beam). Compared to the

past measurements from fixed-target experiments, the gain of kinematics is four

orders of magnitude in x and Q2. Figure 6 shows an example of improvement in the

accuracy of nuclear PDF measurement.

W -boson mass from NC and CC data
• HERA: ±63exp ± 29PDF MeV
• LHeC: ±14exp ± 10PDF MeV
• FCC-eh: ±9exp ± 4PDF MeV

PDG 2016: ±15 MeV

Estimate for HERA in 1987:
±80− 100 MeV
Blümlein, Klein
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LHeC: mW -mZ

14FCC physics workshop, Jan 2018 Daniel Britzger – EW at FCC-eh

Simultaneous determination of boson masses

● Benefit from incredibly high cross sections
● mW-mZ correlation reduced (prop to sin2θw)
● PDFs will not be the limiting factor for EW physics 
● 'global' fit becomes possible

FCC-eh
LHeC

preliminarypreliminary

W- and Z-boson masses: Most important input parameters to EW calculation

HERA
● Simultaneous determination not (quite) 

possible (H1prelim-16-041)

FCC-eh
● Greatly improved w.r.t. HERA
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Quark couplings from LHeC: u-quarks

15LHeC workshop, Orsay, June 2018 Daniel Britzger – EW physics at LHeC

Light quark couplings at LHeC and FCC-eh

LHeC and FCC-ep
● Polarisation of lepton beam (Pe ~ ±80%) improves precision
● Very precise measurements of weak light-quark couplings feasible

preliminary

Axial and vector-axial couplings of quarks
● Couplings of quarks to Z-boson

68% C.L.

up-type quarks

Z0

a
q
, v

q

vq= I q , L
(3) −2Qq sin

2θWaq=I q , L
(3)

up-type quarks
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Quark couplings from LHeC . . . and d-quarks

19FCC physics workshop, Jan 2018 Daniel Britzger – EW at FCC-eh

Weak neutral couplings: quarks, electrons

Weak neutral quark couplings
● u- and d-quark couplings determined 

simultaneously
● Very precise measurements feasible

High precision test of electroweak sector of Standard Model

preliminary preliminary

a
u
 =  0.5  +/- 0.003

a
d
 = -0.5  +/- 0.005

v
u
 =  0.20 +/- 0.002

v
d
 = -0.35 +/- 0.005

68% C.L.

68% C.L.

preliminary

d-type quarks u-type quarks Electrons

Electron couplings
● High precision
● Though: 

LEP with 'ulitmate' precision

Complementary test

FCC-eh

up- and down-type quarks
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Fermion couplings from LHeC . . . and electrons

16LHeC workshop, Orsay, June 2018 Daniel Britzger – EW physics at LHeC

Weak neutral couplings: quarks, electrons

Weak neutral quark couplings
● u- and d-quark couplings determined 

simultaneously
● Very precise measurements feasible

High precision test of electroweak sector of Standard Model

preliminary preliminary

a
u
 =  0.5  +/- 0.003

a
d
 = -0.5  +/- 0.005

v
u
 =  0.20 +/- 0.002

v
d
 = -0.35 +/- 0.005

68% C.L.

68% C.L.

preliminary

d-type quarks u-type quarks Electrons

Electron couplings
● High precision
● Though: 

LEP with 'ulitmate' precision

Complementary test

LHeC/FCCeh

quark and electron couplings
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Fermion couplings from LHeC: scale dependence of ρ and κ

19LHeC workshop, Orsay, June 2018 Daniel Britzger – EW physics at LHeC

Scale dependence of ρ‘ and κ‘ parameters

Unique test of virtual EW corrections (ρ‘ and κ‘ parameters)
● 2 orders of magnitude: up to TeV range
● LEP only measured at Z-pole 
● H1 provided proof-of-concept, with only moderate precision

preliminary

vq=√ρNC ,qρ ' NC ,q (I q , L
(3) −2Qq κNC ,b κ ' NC , bsin

2θW)

aq=√ρNC ,qρ ' NC ,q I q, L
(3 )Beyond SM, all fermions

Can be translated into a determination of sin2 θW

(but still need the proper framework: higher-orders in MS scheme)
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The Vision

Q [GeV]
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eDIS
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hs

Future additions to the PDG

Expected from low-energy:

• Mainz: P2@MESA
• Moller at JLAB
• SOLID at JLAB

LHeC: from σNC and σCC ,
polarized electrons,
energy range 10 - 500 GeV

Ü 0.3 % (FCC: 0.2 %)
precision for sin2 θW

(also: future EIC?)
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Summary

• Present measurements of the weak mixing angle:
need improvement

• P2@MESA: a new high-precision measurement of sin2 θw

from parity-violating electron scattering at low energy

• The final electroweak data analysis of H1

Ü The vision: Precision measurements
combined with possible future measurements:
LHC, DIS at HERA, EIC, LHeC, FCC-eh
will cover a wide range of energy scales
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Beyond the Standard Model
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Beyond the Standard Model: New Physics in QW (p)

Characteristic shifts of QW predicted
by extensions of the Standard Model

Complementarity between
elastic ep and Moller scattering
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Supersymmetric Models and the Weak Charge

Moller
JLab 11 GeV

QWeak
JLab 1.165 GeV

P2
MESA 155 MeV

Example: supersymmetric models
with and without R-parity violation

Also precision measurements
at low-energy
are sensitive to TeV-scale physics

Perspective will shift after LHeC
discoveries

Erler, Su, 2013
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Effective Low-Energy Couplings
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Effective Low-Energy Couplings

MESA combined with

PNC in ¹¹³Cs atoms

The Impact of MESA/P2

Determination of the 

weak mixing angle 

to 0.13% precision

10. Electroweak model and constraints on new physics 17

were nucleon form factors from which the quoted results were obtained by the removal
of a multi-quark radiative correction [126]. Other linear combinations of the Ciq have
been determined in polarized-lepton scattering at CERN in µ-C DIS, at Mainz in e-Be
(quasi-elastic), and at Bates in e-C (elastic). See the review articles in Refs. 127 and 128
for more details. Recent polarized electron asymmetry experiments, i.e., SAMPLE, the
PVA4 experiment at Mainz, and the HAPPEX and G0 experiments at Jefferson Lab, have
focussed on the strange quark content of the nucleon. These are reviewed in Ref. 129,
where it is shown that they can also provide significant constraints on C1u and C1d which
complement those from atomic parity violation (see Fig. 10.2).

Figure 10.2: Constraints on the effective couplings, C1u and C1d, from recent
(PVES) and older polarized parity violating electron scattering, and from atomic
parity violation (APV) at 1 σ, as well as the 90% C.L. global best fit (shaded) and
the SM prediction as a function of the weak mixing angle ŝ 2

Z . (The SM best fit

value ŝ 2
Z = 0.23116 is also indicated.)

The parity violating asymmetry, APV , in fixed target polarized Møller scattering,
e−e− → e−e−, is defined as in Eq. (10.28) and reads [130],

APV

Q2
= −2 C2e

GF√
2πα

1 − y

1 + y4 + (1 − y)4
, (10.31)

where y is again the energy transfer. It has been measured at low Q2 = 0.026 GeV2 in the
SLAC E158 experiment [131], with the result APV = (−1.31±0.14 stat.±0.10 syst.)×10−7.
Expressed in terms of the weak mixing angle in the MS scheme, this yields ŝ 2(Q2) =

June 18, 2012 16:19

MESA/P2

2(18
8C

u
1

+ 211C
d
1
)

2(2C
u1

+
C

d1 )

Conventionally used at low-energy:
Effective 4-fermion interaction

C1q : 2ae ⊗ vq , C2q : 2ve ⊗ aq

Low-energy experiments probe
C1q = −I(3)

q + 2Qq sin2 θW

i.e., quark vector couplings

Parity-violating electron scattering:
PVES at JLAB and MAMI
and at MESA (red)

Atomic PV (Cs, yellow)

SM prediction (black square)
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QWeak LETTER RESEARCH

‘PVES fit’), which is = . ± .Q 0 0719 0 0045w
p . Below we discuss the sensi-

tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w

n
1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
p, 

which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 → 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw

p 
result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.

The Qw
p  determinations described above can be used to test the  

prediction of the standard model for sin2θW, the fundamental  

Q (GeV)

APV
(133Cs)

Qweak
(ep)

E158
(ee) NuTeV

(Q-nucleus)

Tevatron
LHC

LEP1
SLC

PVDIS
(e2H)

0.243

0.241

0.239

0.237

0.235

0.233

0.231

0.229
10–4 10–2 100 102 104

si
n2  
T W

 (Q
) M

S

Fig. 3 | Variation of sin2θW with energy scale Q. The modified-minimal-
subtraction (MS) scheme is shown as the solid curve2,19, together with 
experimental determinations at the Z0 pole2 (Tevatron, LEP1, SLC, LHC), 
from APV on caesium14,15, Møller scattering (E158)22, deep inelastic 
scattering of polarized electrons on deuterons (e2H; PVDIS)23 and from 
neutrino–nucleus scattering (NuTeV)24. It has been argued25, however, 
that the latter result contains substantial unaccounted-for nuclear physics 
effects, such as neutron-excess corrections to the quark momenta, charge-
symmetry breaking and strange-quark momentum asymmetries. Our new 
result is plotted in red at the energy scale of the Qweak experiment, 
Q = 0.158 GeV (slightly offset horizontally for clarity). Error bars (1 s.d.) 
include statistical and systematic uncertainties.
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Fig. 4 | Mass and coupling constraints on new physics. a, Constraints, 
at the 95% confidence level, on the axial-electron–vector-quark weak-
coupling constants C1u and C1d, derived from the weak charge determined 
in this experiment using the global fit method ‘PVES fit’ (blue band) and 
the APV result2,14,15 on 133Cs (gold band). The combined (95% confidence 
level) constraint is shown by the black ellipse. Contours of the mass reach 
Λ/g for new physics with coupling g to arbitrary quark-flavour ratios are 
indicated by dashed circles centred about the standard-model values2 
of C1u and C1d, which are denoted by the red square. b, Mass reach Λ/g 
(95% confidence level) as a function of the quark-flavour mixing angle 
θh for the Qweak ‘PVES fit’ result (blue curve), for the 133Cs APV14,15 
result2 (gold curve) and for both results combined (black curve). The two 
maxima in the blue curve at θh = tan−1(nd/nu) = tan−1(1/2) = 26.6° and 
206.6° correspond to Λ−/g = 8.4 TeV and Λ+/g = 7.4 TeV in equation (4), 
respectively.
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Final results from Qweak

2-dim fit to low-energy effective
quark couplings

exclude new physics at scales
up to 8 TeV

Nature 557 (2018)

H. Spiesberger (Mainz) 11. 07. 2018 54 / 46



New physics reach at P2
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• low-energy
effective quark
couplings

• exclude
new physics
at scales up to
50 TeV
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The Scale of New Physics: Contact Interactions

Leq =

(
GF√

s
geq

VA(SM) +
g2

Λ2

)
ēγµe q̄γµγ5q

Convention: g2 = 4π

P2@MESA probes
Λ up to ' 50 TeV

comparable with
LHC (300 fb−1)

J. Erler
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Dark Z
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Dark Z

Dark matter and U(1) symmetry Ü

Kinetic mixing BµνDµν (parameter ε) (B. Holdom)

Ü Dark photon, interacts via εeDµJem
µ , like eAµJem

µ

Very small mass: mD = O(50) MeV

ε = O(10−3), possibly generated by loop effects

Negligible effect at the Z pole

Would reduce the muon g − 2 discrepancy

Model with parity violation, like ordinary Z , but suppressed by εZ
W. Marciano
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Dark Photon and sin2 θ̂W (Q)

Combine kinetic and mass mixing Ü Shift ∆ sin2 θw (Q2) ' 0.42ε δm2
Z

Q2+m2
Zd
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Higher-Order QED
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QED O(α2) corrections

Matrix elements:

M =MBorn +M1−loop +M2−loop + . . .

dσ ∝ |MBorn|2 + 2 ReM∗BornM1−loop + |M1−loop|2 + 2 ReM∗BornM2−loop + . . .

Add bremsstrahlung: cut-off ∆ to separate soft from hard:

dσ(2) = dσ(0)
[
1 + δ

(1)
1−loop + δ

(2)
2−loop + δ

(1)
1γ (∆) + δ

(2)
2γ (∆) + δ

(1)
1−loopδ

(1)
1γ (∆)

]
+

∫
Eγ>∆

dσ1γ

[
1 + δ

(1)
1−loop + δ

(1)
1γ (∆)

]
+

∫
Eγ ,E∗γ>∆

dσ2γ

δ
(2)
2γ (∆) =

1
2

[
δ

(1)
1γ (∆)

]2
− α2

3

(
ln

Q2

m2
e
− 1
)2
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QED at order O(α2)
P2 Kinematics
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Virtual and soft-photon corrections:

• δ(1) = δ
(1)
1−loop + δ

(1)
1γ (∆)

• δ(2) = δ
(2)
2−loop + δ

(2)
2γ (∆) + δ

(1)
1−loopδ

(1)
1γ (∆)

Combined with hard bremsstrahlung
Test: independent of ∆

R. Bucoveanu
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Box Graphs
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Higher-Order Corrections: Box Graphs

Optical theorem and dispersion relations:

Im2γZ (E) =
α

(s −M2
Z )2

∫ s

W 2
π

dW 2
∫ Q2

max

0
dQ2 M2

Z

Q2 + M2
Z

×
{

FγZ
1 (x ,Q2) + AFγZ

2 (x ,Q2) +
ge

V

ge
A

BFγZ
3

}
Separated into vector and axial-vector parts of the proton current:

Re2V
γZ (E) =

2E
π

∫ ∞
νπ

dE ′

E ′ 2 − E2 Im2V
γZ (E ′) , Re2V

γZ (E = 0) = 0

Re2A
γZ (E) =

2
π

∫ ∞
νπ

E ′dE ′

E ′ 2 − E2 Im2A
γZ (E ′) , Re2A

γZ (E = 0) 6= 0
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Higher-Order Corrections: Box Graphs

Different calculations due to
different assumptions about
the structure function input
(regions, parametrizations)
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γZ Box Graphs Updated

Model with new uncertainty estimate for πN contribution:
Input for the dispersion relation for 2V

γZ

γ∗/Z ∗p → πN with strangeness contribution (Armstrong-McKeown, 2012).
Sensitivity to Gs

M (Q2) from parity-violating asymmetry in π production at A4

non-π resonances (Christy-Bosted fit)

non-resonant background, extended beyond W = 2 GeV: Regge ansatz

Update for "ZV-box
Extend beyond πN contribution: resonances in non-πN channels;!
Background starts at a higher energy
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 APV sensitivity to �s

Up to 20% sensitivity at threshold!
at moderate Q2 = 0.6 GeV2!
Clean below 2 pion threshold
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M. Gorchtein, X. Zhang, HS: PLB752
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γZ Box Graphs Updated

2 GeV 4 GeV ∞

∞ 0.5% 0.5% 4.6%
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Wmax
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Q2max
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Contributions to Re2V
γZ

Contributions to the
uncertainty of Re2V

γZ

Re2V
γZ = 0.00107

from recent 2015 update:
M. Gorchtein, HS, X. Zhang,
PLB752

∆Re2V
γZ = 0.00018

Ü 0.25 % contribution to
QW (p) = 0.0712 for
E = 150 MeV, θe = 0
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Parity Violation in γγ Box Graphs

PV-violating γN interaction:

LPV = iea0∂µFµνN̄γνγ5N
a0 = −(0.74± 1.38) · 10−6 GeV−2

(anapole moment)

Ü Shift of axial box part Re2A
γZ (elastic)
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M. Gorchtein, HS, arXiv:1608.07484

Inelastic contribution (e.g. πN intermediate states, described in BχPT)
contains terms ∝ ln |t |Ü formal definition of the nucleon’s weak charge ?
Aexp = A0

(
QW (N ) + Q2B(Q2) + 2(E)

)
Ü QW (N ) = limQ2,E→0

Aexp
A0

Safe by superconvergence relation for the ln[t ] coefficient:
∫∞
νthr

dν
ν2 Fγγ3 (ν, 0) = 0

For P2@MESA: δQp
W (PVγγ) = (−1.7± 2.5) · 10−4, weakly energy-dependent
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Higher-Order Corrections: Box Graphs
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Update for the γZ box

for Qweak : E = 1.165 GeV:

Re2V ,πN
γZ = (2.10± 0.05)× 10−3

Re2V ,res
γZ = (0.35± 0.15)× 10−3

Re2V ,bg
γZ = (3.23± 1.5)× 10−3

Re2V ,tot
γZ = (5.68± 1.5)× 10−3

for P2@MESA: E = 0.155 GeV:

Re2V ,πN
γZ = (0.60± 0.02)× 10−3

Re2V ,res
γZ = (0.04± 0.02)× 10−3

Re2V ,bg
γZ = (0.43± 0.18)× 10−3

Re2V ,tot
γZ = (1.07± 0.18)× 10−3

M. Gorchtein, X. Zhang, HS, PLB752
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Higher-Order Corrections: Box Graphs

H. Spiesberger (Mainz) 11. 07. 2018 71 / 46



LHeC and FCC-ep
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LHeC: polarized electrons

Large polarization asymmetries at large Q2
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ρ and κ

17LHeC workshop, Orsay, June 2018 Daniel Britzger – EW physics at LHeC

ρ‘ and κ‘ parameters
Introduce 

● Introduce: ρ‘ and κ‘ parameters
● Recently also measured by H1 (arxiv:1806.01176)

LEP+SLD Phys.Rept. 427 (2006) 257

● Relative uncertianty on measurement of ρ and 
κ parameters 

● Combined result from 5 independent 
experiments

LHeC expectation
● LHeC and FCC with very high precision:

much better than 1%

● Exceed precision of a single LEP or SLD 
experiment

● Somewhat orthogonal to LEP:
Lepton & quark couplings

vq=√ρNC ,qρ ' NC ,q (I q , L
(3) −2Qq κNC ,q κ ' NC ,qsin

2θW)

aq=√ρNC ,qρ ' NC ,q I q, L
(3 )

preliminary

beyond SM, all fermions
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ρ and κ

18LHeC workshop, Orsay, June 2018 Daniel Britzger – EW physics at LHeC

Light-quark ρ‘ and κ‘ parameters

Orthogonal test to LEP: quark parameters
● Separate parameters for u-type and d-type quarks
● Light-quark couplings not accessible at LEP (only heavy quarks: c,b,(s))
● Fairly moderate precision at HERA

H1 Collab. [arxiv:1806.01176]

Greatly improved 
precision w.r.t. 
HERA (H1)

preliminary

beyond SM, quarks
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