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Motivation

Electron proton / ion scattering at low and high 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

Ü Theory for precision measurements of sin2 θW

in low-energy elastic ep scattering
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The Running Weak Mixing Angle: Present Status

µ [GeV]

PDG 2014

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

• QW (e): Moller scattering
• NuTeV: Neutrino scattering

(re-analysis needed)

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

• Most precise single measurements disagree (3σ)
Ü very different implications for new physics
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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
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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, proton radius

Commissioning planned for 2019

Main competition from Qweak at JLAB
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MESA Layout

MAMI (Mainzer Mikrotron)

and MESA
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MESA Parameters
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Parity-Violating Electron Scattering
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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)

)
Weak charge of the proton (SM at LO):

QW (p) = 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

Higher-order corrections
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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 〉 = 0.067 GeV

SM prediction: ALR = −2.8× 10−8, precision goal: 1.5 %

∆ sin2 θw = ±0.00031, i.e. 0.13 %
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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) = (ρNC + ∆e) (1− 4κ sin2 θW + ∆′e) + δBox

Universal corrections: ρNC and κ from loop diagrams:
scale-dependence (µ→ Q) Ü

sin2 θeff(µ
2) = κ(µ2) sin2 θW

and scheme-dependent

δBox from box graphs for WW , ZZ , Zγ exchange,
non-universal vertex correction ∆e, ∆′e, QED corrections
Match complete 1-loop corrections to the definition of sin2 θW
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One-loop Corrections: Scale-Dependent sin2 θW

• Photon-Z mixing
f

f̄

weak

bosons

γ Z γ Z
Ü ΠγZ (Q2)

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

Definitions of the weak mixing angle, κ(Q2) sin2 θW :

On-shell definition: cos θW = mW
mZ

(fixed)

sin2 θeff(Q2) absorbs ΠγZ (Q2), usually together with parts of vertex
corrections (e.g. Czarnecki, Marciano for Moller scattering)

MS scheme: sin θ̂W (µ) (via tan θ̂W (µ) = g1/g2 and RGE)
less sensitive to mtop, suited for comparisons with extensions of the SM

Ü Relation

sin2 θ̂W (µ = MZ ) =

(
1 +

ρt

tan2 θW
+ . . .

)
sin2 θW

with ρt = 3Gµm 2
top/8

√
2π2 = 0.00939 (mtop/173 GeV)2

Ü Additional uncertainty: ∆ sin2 θ̂W ' ±0.0006 for a 1 % error on mtop
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sin2 θ̂W (Q): Uncertainties

• Use running sin2 θ̂W (Q) to compare different measurements

• Match definition of sin2 θ̂W (Q) with the complete 1-loop corrections

Scheme dependence,
partly compensated by δnon−universal

Include higher orders
Ü 2-loop corrections

Parameter dependence? mt , mH , . . .

Hadronic contribution!
need data and models (e.g. ChPT)

Czarnecki-Marciano, Jegerlehner

Prescriptions are known, with small uncertainties . . .
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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: Hadronic Contributions

Ü OZI-rule violating contributions?
Lattice QCD
still with large statistical errors
but obtain an upper limit

Gülpers et al., Lattice 2015
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Higher-Order Corrections: QED
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−100 · 〈∆Q2〉/Q2

θl [degrees]

E = 100 MeV

E = 150 MeV

E = 200 MeV

QED does not violate parity symmetry,
but real photon emission leads to a shift of Q2

Straightforward to calculate, but need flexible MC simulation
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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 ∼ 3 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 (2011)

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 %

More work needed to reduce the error ...
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Box Graphs: Dispersion Relations

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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Box Graphs: Sensitivity to Hadronic Input

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

2 GeV 4 GeV ∞

∞ 0.5% 0.5% 4.6%

6.7% 6.7% 0.5%

60% 20% 0.5%

Wmax

2 GeV2

1 GeV2

Q2max

2 GeV 4 GeV ∞

∞ 1% 1% 3%

3% 2% 1%

76% 10% 2%

Wmax

2 GeV2

1 GeV2

Q2max

Contributions to Re2V
γZ

Contributions to the
uncertainty of Re2V

γZ

Re2V
γZ = 0.00107

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

∆Re2V
γZ = 0.00018

E = 150 MeV, θe = 0)
(QW (p) = 0.0712± 0.0007,
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Higher-Order Corrections: Box Graphs

And more: γγ-box graph corrections with parity violation in the proton:
Anapole moment, vanishes at E = 0, 2PV

γγ ∼ α
π

EQ2 (M. Gorchtein, HS, to appear)
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Nucleon’s Weak Charge

Box graphs are energy dependent
Ü Formal definition of the nucleon’s weak charge

Conventional (old) formulation (assuming F (Q2) = −Q2B(Q2):

Aexp = A0

(
QW (N ) + Q2B(Q2)

)
Ü QW (N ) = lim

Q2→0

Aexp

A0

New: including E-dependent box-graph corrections:

Aexp = A0

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

)
Ü QW (N ) = lim

Q2,E→0

Aexp

A0
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Beyond the Standard Model: New Physics in QW (p)

Searches based on

model-dependent analyses

effective quark couplings

contact interactions

Characteristic shifts of QW predicted
by extensions of the Standard Model

Complementarity between
elastic ep (QW (p)) and
Moller (QW (e)) 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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Dark Photon and sin2 θ̂W (Q)

Dark matter and extra U(1) symmetry with kinetic mixing (B. Holdom)

Ü Dark photon with very small mass: mD = O(50) MeV
Free mixing parameter ε = O(10−3), possibly generated by loop effects
Model with parity violation, like ordinary Z , but suppressed by εZ

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

Q2+m2
D

(ε = 2 · 10−3)

W. Marciano
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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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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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Scale Dependence of sin2 θ̂W (Q): Present and Future

Q [GeV]

1000010001001010.10.010.0010.0001

0.245

0.24

0.235

0.23

0.225

sin2 θ̂W (Q)

P2@MESA

Moller
/

Qweak

SOLID

eDIS
+ EIC

LHeC

HERA

LHC

hs

Future additions to the PDG

Expected from low-energy:

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

HERA estimate
(see DIS2016)

LHeC: from ALR and σNC/σCC ,
energy range 10 - 1000 GeV

future EIC
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Summary

• Present measurements of the weak mixing angle need
improvement

• MESA, a new high-precision measurement of sin2 θw

from parity-violating electron scattering

• Combined with possible future measurements
at low energies, EIC, LHeC:

Ü Precision measurements
will cover a wide range of energy scales

• Uncertainties for PVES

short-range, perturbative contributions, 1-loop under
control
long-range effects in 2A

γZ suppressed by QW (e)
(main limitation at P2@MESA)
long-range effects in 2V

γZ suppressed by low E at
P2@MESA
form factor corrections F (Q2) suppressed by low Q2

• Still interesting theory work to be completed ...
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Extra Slides
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QWeak

First results from Qweak at JLAB

E = 1.165 GeV,
Q2 = 0.025 GeV2

Analyzed 4% of data
(expect factor 5 improved
errors with full data taken)

Used previous data to
extrapolate to Q2 = 0

Qp
W = 0.064± 0.012

(Qp
W (SM) = 0.0710± 0.0007)

arXiv:1307.5275 - PRL111(2013)
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QWeak

First results from Qweak

2-dim fit to quark couplings

Best fit at sin2 θw = 0.23116

arXiv:1307.5275
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Dark Photon

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

May provide solution to the g − 2 discrepancy

Model with parity violation, like ordinary Z , but suppressed by εZ
W. Marciano
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