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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 
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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.
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JRA3 PrecisionSM - Composition
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o JRA3 unifies 18 Institutions from 9 EU countries  

o Fosters cooperation with 5 non-EU based partners (USA, Russia, China) 

o Leading institutions: Mainz and Uppsala 

o Spokespersons: Mikhail Gorshteyn (Mainz), Andrzej Kupsc (Uppsala) 

o Goal: provide decisive support to the interpretation of low-energy 

precision tests of SM in the electroweak sector 

o Dispersion relations as the main tool. Input extensively uses data, 

directly (HVP to muon g-2) or indirectly (HLbL to muon g-2, EW boxes for 

extraction of Vud and weak mixing angle)
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Muon g-2 and precision test of QED
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Dirac theory: gyromagnetic ratio g=2

Small deviations observed in HF structure of atoms: 
1948 explained by Schwinger - radiative correction

Introduc1on

• Dirac equation (1928): g is 2 for fundamental fermions 

• 1947: small deviations from predictions in hydrogen and deuterium hyperfine 

structure; Kusch & Foley propose explanation with gs= 2.00229 ± 0.00008

• 1948: Schwinger calculates the famous radiative correction: 

that g = 2 (1+a), with

a = (g-2)/2 = α/(2π) = 0.001161

This explained the discrepancy and was a crucial step

in the development of perturbative QFT and QED `` If you can’t join ‘em, beat ‘em “

• The anomaly a (Anomalous Magnetic Moment) is from the Pauli term:

This is a dimension 5 operator, non-renormalisable and hence not part of the fundamental (QED)

Lagrangian. But it occurs through radiative corrections and is calculable in perturbation theory.

�LAMM
e↵ = �Qe

4m
a ̄(x)�µ⌫ (x)Fµ⌫(x)

~µ = g
Qe

2m
~s

aμ =
g − 2

2
=

α
2π

= 0.001161

Spokesperson: Andrzej Kupsc
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Since then QED calculations went a long way: 
Aoyama, Hayakawa, Kinoshita, Nio 2012
Complete 5-loop QED calculation >12000 diagrams

aμ
QED Kinoshita et al.: g-2 at 1, 2, 3, 4 & 5-loop order

T. Aoyama, M. Hayakawa,
T. Kinoshita, M. Nio (PRLs, 2012) A triumph for perturba1ve QFT and compu1ng!

• code-generating
code, including

• renormalisation

• multi-dim. 
numerical 
integrations

aμ
QED

• Schwinger 1948: 1-loop  a = (g-2)/2 = α/(2π) = 116 140 970 × 10-11

• 2-loop graphs:

• 72  3-loop and 891  4-loop diagrams …

• Kinoshita et al. 2012:  5-loop completed numerically (12672 diagrams):

aμ
QED = 116 584 718.951 (0.009) (0.019) (0.007) (0.077) × 10-11

errors from:   lepton masses,   4-loop,     5-loop,    α from 87Rb

• QED extremely accurate, and the series is stable:

contr. to aμ ≈  1×10-3 ,          4 × 10-6 ,                         3 × 10-7 ,                  4 × 10-9 ,            5 × 10-11

• Could aμ
QED still be wrong? 

Some classes of graphs known analytically (Laporta;  Aguilar, Greynat, deRafael), 

C2,4,6,8,10
µ = 0.5, 0.765857425(17), 24.05050996(32), 130.8796(63), 753.29(1.04)

aQED
µ = C2n

µ

X

n

⇣↵
⇡

⌘n

Spokesperson: Andrzej Kupsc
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Electroweak corrections 1 and 2-loop 
Czarnecki, Krause, Marciano, Vainshtein; 
Knecht, Peris, Perrotet, de Rafael; Gnedinger, Stöckinger, Kim

aμ
Electro-Weak

• Electro-Weak 1-loop diagrams:

aμ
EW(1) = 195×10-11

• known to 2-loop (1650 diagrams, the first full EW 2-loop calcula1on):
Czarnecki, Krause, Marciano, Vainshtein;   Knecht, Peris, Perromet, de Rafael

• agreement, aμ
EW rela1vely small, 2-loop relevant:  aμ

EW(1+2 loop) = (154±2)×10-11

• with Higgs mass now known, updated by Gnendiger, Stoeckinger, S-Kim,
PRD 88 (2013) 053005

aμ
EW(1+2 loop) = (153.6±1.0)×10-11 ✓

• Recently new numerical 2-loop EW result, based on GRACE-FORM packages, 
avoiding the heavy mass expansion used previously:

Ishikawa, Nakazawa, Yasui, PRD 99 (2019) 073004 

↪ weak 2-loop: -41.2 (1.0) à (-38.6 ± 1.0) ×10-11 , i.e. shi} up of EW by < 2%

Compare with aμ
QED = 116 584 718.951 (80) ×10-11
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Spokesperson: Andrzej Kupsc
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aμ
hadronic

• Hadronic: non-perturbative, the limiting factor of the SM prediction?     ✗à ✓

ahadµ = ahad,VP LO
µ + ahad,VP NLO

µ + ahad,Light−by−Light
µ

had.

LO

µ

had.

NLO

µ

γ
had.

L-by-L

µ

Hadronic corrections 2 and 3-loop: main limitation

aμ
had, VP: Hadronic Vacuum Polarisation

HVP: - most precise prediction by using e+e- hadronic cross section (+ tau) data
and well known dispersion integrals

- done at LO and NLO (see graphs)

- and also at NNLO  [Steinhauser et al., PLB 734 (2014) 144, also F. Jegerlehner]
aμ

HVP, NNLO = + 1.24 × 10-10 not so small, from e.g.:

- Alternative: lattice QCD, but need QED and iso-spin breaking corrections.
Lots of activity by several groups, errors coming down, see lattice talks.

ahadµ = ahad,VP LO
µ + ahad,VP NLO

µ + ahad,Light−by−Light
µ

had.

LO

µ

had.

NLO

µ

γ
had.

L-by-L

µ

Main focus of Muon g-2 Theory Initiative

Spokesperson: Andrzej Kupsc
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HVP Contribution to   
from Dispersion Relations

aμ

4

Hadronic Light-by-Light: dispersive approach
Calculating a

had,VP
µ The set-up

Aside: dispersive HLbL

For HVP ) ) Im⇧had(s) =
⇣ s
4⇡↵

⌘
�had(s)

For HLbL ) ⇧µ⌫�� = ⇧pole
µ⌫��

+ ⇧box
µ⌫�� + ⇧̄µ⌫�� + ...

For HLbL ) ⇧µ⌫�� = ⇧⇡
0�pole

µ⌫��
+ ⇧⇡�box

µ⌫��
+ ⇧̄µ⌫�� + ...

) Dominated by pole (pseudoscalar exchange) contributions

⇧pole
µ⌫��

= =

) Sum all possible diagrams to get aHLbL
µ

Alex Keshavarzi (UoL) a
had, VP
µ update 25th July 2017 10 / 37

⇡0,⌘,⌘0

• Recent review by Danilkin+Redmer+Vanderhaeghen using dispersive techniques es1mates
(8.7 ± 1.3) × 10-10 [Prog. Part. Nucl. Phys. 107 (2019) 20]

• With new results & progress, message to scep1cs/poli1cians: L-by-L _can_ be reliably predicted! ✓

HVP cross section input
a
had,VP
µ : data analysis

Hadronic cross section input

Alex Keshavarzi (g � 2)µ 4th May 2018 13 / 45

a
had,LOVP

µ =
↵
2

3⇡2

Z 1

sth

ds
s

R(s)K(s), where R(s) =
�
0

had,�(s)

4⇡↵2/3s

 0.1

 1

 10

 100

 1000

 10000

 1  10  100

R
(s

)

√s [GeV]

ρ/ω

φ

J/ψ

ψ(2s)

Υ(1s−6s)⎧⎨⎩

Non-perturbative

(Experimental data,
isopsin, ChPT...)

Non

-perturbative/

perturbative

(Experimental data,
pQCD,

Breit-Wigner...)

Perturbative

(pQCD)

Must build full hadronic cross section/R-ratio...
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Novel idea: MUonE @ CERN: 150 GeV muons scattering on atomic electrons 
Probe the HVP in the space like regime - complementary to the R-scan
Carlone Calame, Passera, Trentadue, Venanzoni 2014

M. Passera    HC2NP   September 23-28 2019 !3

Spacelike proposal for aμHLO

Δαhad(t) is the hadronic contribution to the running of  α in the 
spacelike region: aμHLO can be extracted from scattering data! 

  At present, the leading hadronic contribution aμHLO is computed  
    via the timelike formula:

aHLO
µ =

1

4⇡3

Z 1

4m2
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dsK(s)�0
had(s)

K(s) =

Z 1

0
dx

x2 (1� x)

x2 + (1� x)
�
s/m2

µ

�

  Alternatively, exchanging the x and s integrations in aμHLO

aHLO
µ =

↵

⇡

Z 1

0
dx (1� x)�↵had[t(x)]

t(x) =
x2m2

µ

x� 1
< 0

Hadronst

 Lautrup, Peterman, de Rafael, 1972

Carloni Calame, MP, Trentadue, Venanzoni, 2015
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• Recent review by Danilkin+Redmer+Vanderhaeghen using dispersive techniques es1mates
(8.7 ± 1.3) × 10-10 [Prog. Part. Nucl. Phys. 107 (2019) 20]

• With new results & progress, message to scep1cs/poli1cians: L-by-L _can_ be reliably predicted! ✓

Pauk, Vanderhaeghen 2014;
Colangelo, Hoferichter, Procura, Stoffer 2017

Hadronic LbL contribution is constrained by the data (but not fully determined)

Summary of HLbL contribution of (Colangelo, INT g-2 workshop September 2019):
aHLbL

μ × 1011 = 93.8(4.0)PS poles − 15.9(2)pion box − 8(1)S−wave ππ − 2(3)S,T > 1 GeV + 8(3)Axial + 10(10)SD = 85 ± (12 − 21)
aHLbL

μ × 1011 = 87 ± 13Danilkin, Redmer, Vanderhaeghen 2019
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Teuber at INT g-2 workshop September 2019
a$SM vs. a$EXP discrepancy

Results KNT18 update

KNT18 aSM
µ

update [KNT18: arXiv:1802.02995]

Alex Keshavarzi (g � 2)µ 4th May 2018 43 / 45
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HLMNT11

FJ17

DHMZ17

KNT18

BNL

BNL (x4 accuracy)

3.7σ

7.0σ

7# if E989 obtains same mean value with projected improvement in errorNew experiments: E989@FNAL (concluded - analysis), E34@J-PARC (start 2022 on): 
will reduce the exp. error by factor 4; 
If central value stays — 7  discrepancy; Theory uncertainty needs further reductionσ
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Hyperon and antihyperon physics
Andrzej Kupsc

𝒆𝒆+𝒆𝒆− → J/ψ→ 𝚲𝚲�𝚲𝚲 :
Observation of Λ transverse polarization
Determination of Λ decay asymmetry 

G.Fäldt, AK PLB772 (2017) 16
E.Perotti,G.Fäldt,AK,S.Leupold,JJ.Song PRD99 (2019)056008

Online: May 6th

arXiv:1808.08917
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𝜶𝜶−Λ → 𝑝𝑝𝜋𝜋−:

𝜶𝜶−

𝜶𝜶−𝑃𝑃𝑃𝑃𝑃𝑃<2019

17(3)% larger

α_=0.750±0.009±0.004

Implications of the BESIII result

⟹ Polarization:  
max 25%

ΔΦ=42.3o±0.6o±0.5o

AΛ = -0.006 ± 0.012± 0.007

AΛ =
𝛼𝛼− + 𝛼𝛼+
𝛼𝛼− − 𝛼𝛼+

CP test: 

AΛ=   0.013 ± 0.021
PS185 PRC54(96)1877

∆𝑰𝑰 = 𝟏𝟏
𝟐𝟐
𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫 𝐯𝐯𝐯𝐯𝐯𝐯𝐫𝐫𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯

Included in the PDG 2019 update
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Standard Model
3 interactions, 3 generations of quarks and leptons, Higgs

In SM fermions interact via exchange of a vector boson (or a Higgs)
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WMA: mixing of gauge fieldsWeak mixing angle - mixing of the NC gauge fields

WMA determines the relative strength 
of the weak NC vs. e.-m. interaction

4

The SM running of the weak mixing angle

Qp=+1 QpW =1-4sin2θW
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Incoherent e-q scattering
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Incoherent ν-q scattering
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Atomic PV

Coherent quarks in a nucleus
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Colliders

Z-pole measurement
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Weak charge of the proton from PVES 
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Weinberg angle at low energy
Q2Elastic e-p scattering 

with polarized e�beam

APV (✏, Q2) = � GF Q2
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Qp, tree
W = 1� 4 sin2 ✓tree

W ⇡ 0.05SM at tree-level: suppressed
Good candidate for BSM search

Proton’s weak charge

Elastic scattering of polarized electrons off unpolarized protons at low momentum transfer

APV =
�! � � 
�! + � 

= � GF Q2

4
p

2⇡↵

⇥
Qp

W + Q2B(Q2)
⇤

Effects of hadronic structure - kinematically suppressed 
Existing hadronic data and LQCD used to obtain B and δB
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Effects of hadronic structure - kinematically suppressed 
Existing hadronic data and LQCD used to obtain B and δB
Proton’s weak charge suppressed in SM:  
Reward: a factor ~ 16 gain in precision for 

Qp
W = 1 − 4 sin2 θW ≈ 0.07
sin2 θW
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Electroweak boxes: non-universal corrections
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MG, Horowitz, PRL 102 (2009) 091806;
Nagata, Yang, Kao, PRC 79 (2009) 062501;  
Tjon, Blunden, Melnitchouk, PRC 79 (2009) 055201; 
Zhou, Nagata, Yang, Kao, PRC 81 (2010) 035208; 
Sibirtsev, Blunden, Melnitchouk, PRD 82 (2010) 013011; 
Rislow, Carlson, PRD 83 (2011) 113007; 
MG, Horowitz, Ramsey-Musolf, PRC 84 (2011) 015502;
Blunden, Melnitchouk, Thomas, PRL 107 (2011) 081801; 
Rislow, Carlson PRD 85 (2012) 073002; 
Blunden, Melnitchouk, Thomas, PRL 109 (2012) 262301; 
Hall et al., PRD 88 (2013) 013011; 
Rislow, Carlson, PRD 88 (2013) 013018; 
Hall et al., PLB 731 (2014) 287; 
MG, Zhang, PLB 747 (2015) 305;
Hall et al., PLB 753 (2016) 221; 
MG, Spiesberger, Zhang, PLB 752 (2016) 135;
Erler, MG, Koshchii, Seng, Spiesberger, PRD100 (2019), 053007

7.6% correction in Q-Weak kinematics 
 - missed in the original analysis
⇤�Z(E = 1.165 GeV) = (5.4± 2.0)⇥ 10�3

⇤�Z(E = 0.155 GeV) = (1.1± 0.3)⇥ 10�3

Steep energy dependence observed - added strong motivation for P2 @ MESA

Qp
W (SM) = 0.0713± 0.0008Reference value: 1-loop SM

The model dependence: no or very little inelastic PVES data available
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BSM contributions to WMA running

13

Sensitivity to new physics beyond the Standard Model

Extra	Z
Mixing	with
Dark	photon	or	
Dark	Z

Contact	interaction New
Fermions

Heavy BSM reach: up to 50 TeV 
Light dark gauge sector: down to 70 MeV 
Complementary to colliders

si
n2

 θ
W

(μ
)

P2@MESA will set stringent constraints on BSM 

Precision comparable to Z-pole @ colliders
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Precision determination of Vud
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Standard Model
3 interactions, 3 generations of quarks and leptons, Higgs

Charged current interaction - β-decay (μ, π±, n)
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Precision determination of Vud

14

Standard Model
3 interactions, 3 generations of quarks and leptons, Higgs

Charged current interaction - β-decay (μ, π±, n)

π±

μ±

ν (anti-ν)

μ-
e-

νμ 

-νe 
n

e-

-νe 

p

CKM - Determines the relative strength of the  
weak CC interaction of quarks vs. that of leptons

CKM unitarity - measure of completeness of the SM:  |Vud|2+ |Vus|2+ |Vub|2=1

W coupling to leptons and hadrons very close but not exactly the same:  
quark mixing - Cabbibo-Kabayashi-Maskawa matrix
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Vud and CKM unitarity in early 2018 
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|Vud |2 =
5099.34s

τn(1 + 3g2
A)(1+ΔR)

|Vud |2 =
2984.43s

ℱt(1+ΔV
R)

From neutron decay

From superallowed decays

ΔV
R = 2□A×V

γW + …Model dependence resides in W-boxγ
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The only piece that depends on physics at hadronic scale is the V*A term in the Wγ−box 
diagram:

Its contribution to Rec (“m.d”: model-dependent) is:

where the forward Compton amplitude is defined as:

q q

Radiative Corrections: Modern Treatment

Previous calculation of 𝛾W-box:       Marciano & Sirlin 2006

CKM unitarity: Vud the main contributor  
to the sum and to the uncertainty

|Vud|2 = 0.94906± 0.00041

|Vub|2 = 0.00002

|Vus|2 = 0.05031± 0.00022

0+-0+ nuclear decays

Kl3 and Kl2 average

B decays

|Vud|2 + |Vus|2 + |Vub|2 = 0.9994± 0.0005
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𝛾W-box from Dispersion Relations
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3

FIG. 1: The �W -box diagram relevant for the �
� neutron decay.

III. DISPERSION REPRESENTATION OF THE ”INNER” �W -BOX CORRECTION TO gV .

The �W -box correction is shown in Fig. 1, and is defined as

T�W =
p
2e2GFVud

Z
d4q

(2⇡)4
ūe�µ(k/� q/+me)�⌫(1� �5)v⌫

q2[(k � q)2 �m2
e]

M2
W

q2 �M2
W

T �W
µ⌫ , (6)

where k is the outgoing momentum of the electron. The forward generalized Compton tensor for the �� decay process
W+n ! �p (W�p ! �n for the �+ process relevant for nuclei) represented by the lower blob in Fig. 1 is given by

Tµ⌫
�W =

Z
dxeiqxhp|T [Jµ

em(x)J⌫
W (0)]|ni (7)

with the following definitions of the electromagnetic and charged weak current:

Jµ
em =

2

3
ū�µu�

1

3
d̄�µd

Jµ
W = ūL�

µdL. (8)

Notice that the definition of Tµ⌫
�W above follows that in Ref. [6], which has a di↵erence of factor i comparing to more

common definitions in the analysis of deep-inelastic processes.
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ūep/(1� �5)v⌫ , (9)

and so its connection to the older notation in [5] is just ⇤V A
�W = (↵/2⇡) (Re c)V A

�W . The explicit expression of ⇤V A
�W is

given by:

⇤V A
�W = 4⇡↵Re

Z
d4q

(2⇡)4
M2

W

M2
W +Q2

Q2 + ⌫2

Q4

T3(⌫, Q2)

M⌫
(10)
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Hadronic tensor: two-current correlator
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FIG. 1: The �W -box diagram relevant for the �
� neutron decay.
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µdL. (8)

Notice that the definition of Tµ⌫
�W above follows that in Ref. [6], which has a di↵erence of factor i comparing to more

common definitions in the analysis of deep-inelastic processes.
As the box diagram contains only one heavy boson propagator, it receives contribution from the loop momentum

q of all scales, ranging from infrared (i.e. q ⇠ me) to ultraviolet. The infrared-singular piece in T�W , together with
the electron and proton wavefunction renormalization as well as the real-photon bremsstrahlung diagrams, give rise
to the Fermi function F (�) and the outer-corrections �(1,2) which are known analytically. In the meantime, most
parts of the inner corrections from T�W to gV are either exactly known due to current algebra or depend only on
physics at high-scale and so are perturbatively calculable. The only piece that depends on the physics at the hadron
scale involves the vector-axial vector correlator in Tµ⌫

�W . Following a notation similar to that in Ref. [2], we define its
correction to the tree-level W -exchange amplitude as:

TW + TV A
�W = �

p
2GFVud

�
1 +⇤V A

�W

�
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General gauge-invariant decomposition of a spin-independent tensor
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The only piece that depends on physics at hadronic scale is the V*A term in the Wγ−box 
diagram:

Its contribution to Rec (“m.d”: model-dependent) is:

where the forward Compton amplitude is defined as:

q q

Radiative Corrections: Modern Treatment

Re⇤even
�W =

↵

⇡N

1Z

0

dQ
2

1Z

⌫thr

d⌫
F

(0)
3

M⌫

⌫ + 2q

(⌫ + q)2
+O(E2)

W box from DRγ

2W

2Q

( )2πmM +2M

Bo
rn

Parton + pQCD

Nπ Res.
+B.G

Regge
+VMD

2GeV2~

2GeV5~

Include dispersion in energy; 
Connection to data established 
Explicit matching between nuclear, hadronic and pQCD regimes

Seng, MG, Patel, Ramsey-Musolf, 1807.10197
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Input into the integral was related to neutrino data on Gross-Llewellyn-Smith sum rule

0.01 0.1 1 10 100
Q² (GeV²)
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G
LS
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WA25
CCFR
BEBC/GGM-PS
Regge + Born + Δ
pQCD
MS: INT + Born + Δ

M3WW (1,Q2)

M3γW (1,Q2)

Isospin symmetry

Z 1

0
dx(up

v(x) + dpv(x)) = 3Gross-Llewellyn-Smith sum rule

At sub-asymptotic Q2 receives pQCD corrections
MWW

3 (1,Q2) = 3(1 − αs /π − …)

10⁻⁵ 10⁻⁴ 10⁻³ 10⁻² 10⁻¹ 10⁰ 10¹ 10² 10³ 10⁴ 10⁵
Q² (GeV²)

0.02

0.04

0.06

0.08 Total
No Born
MS

M
3(0

)  (1
,Q

2 ) /
 (1

 +
 Q

2 / M
w

2 )

MS 2006:   ΔV
R = 0.02361(38) |Vud | = 0.97420(10)Ft(18)RC

DR:   ΔV
R = 0.02467(22) |Vud | = 0.97370(10)Ft(10)RC

Uncertainty halved; 3  away from the old valueσ
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��Vud = 0 . 97366 ± 0 . 00015

Seng, MG, Patel, Ramsey-Musolf, 1807.10197

CKM unitarity: Vud und Vus contribute  
equally to the uncertainty

0+-0+ nuclear decays

Kl3 decays

|Vud |2 = 0.94801 ± 0.00029|Vud |2 + |Vus |2 + |Vub |2 = 0.9979 ± 0.0004

|Vus |2 = 0.04987 ± 0.00027

Bazavov et al. (FNAL/MILC), 1809.02827
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Vud from free neutron decay

PERKEO-III 
Märkisch et al., 1812.04666

gA = − 1.2723(23)

PDG2018

gA = − 1.2764(6)

Major improvement in exp. determination of gA

Vud = 0.9763(5)τn
(15)gA

(2)RC Vud = 0.9735(5)τn
(3)gA

(1)RC
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Revision of nuclear corrections to 0+- 0+-beta decay
Seng, MG, Ramsey-Musolf, 1812.03352; MG 1812.04229

Vud = 0.97366(10)Ft(10)RC Vud = 0.97366(32)Ft(10)RC

Vud from free neutron decay

PERKEO-III 
Märkisch et al., 1812.04666

gA = − 1.2723(23)

PDG2018

gA = − 1.2764(6)

Major improvement in exp. determination of gA

Vud = 0.9763(5)τn
(15)gA

(2)RC Vud = 0.9735(5)τn
(3)gA

(1)RC
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Revision of nuclear corrections to 0+- 0+-beta decay
Seng, MG, Ramsey-Musolf, 1812.03352; MG 1812.04229

Vud = 0.97366(10)Ft(10)RC Vud = 0.97366(32)Ft(10)RC

Vud from free neutron decay

PERKEO-III 
Märkisch et al., 1812.04666

gA = − 1.2723(23)

PDG2018

gA = − 1.2764(6)

Major improvement in exp. determination of gA

Vud = 0.9763(5)τn
(15)gA

(2)RC Vud = 0.9735(5)τn
(3)gA

(1)RC

Free neutron decay becomes competitive - ! 
Scrutiny of nuclear corrections with new methods 
BSM: superallowed nuclear decays  
 - main constraint on new S,T interactions!

τn
Δu = − (0.0016 − 0.0021) ± 0.0006
Top-row unitarity: 2,5-3,5  deficitσ

(depending on Vus)



This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.

EW MAID - model of exclusive EW reactions
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Input necessary for EW box calculations  
- structure functions with vector and axial weak current

ImhN |T [Jµ
ZJ⌫

� ]|Ni =
X

X

⇢XhN |Jµ
Z |XihX|J⌫

� |Ni

ImhN |T [Jµ
W J⌫

� ]|Ni =
X

X

⇢XhN |Jµ
W |XihX|J⌫

� |Ni

Saturate the dispersion integral with exclusive channels at low-energies, match onto pQCD, Regge
MAID — existing Mainz web-based partial wave analysis of PS meson e.m. production 

X = πN, ηN, η ́N, KΛ, KΣ

Existing e.-m. MAID 
Q2 < 2 GeV2, W<2 GeV

Proposed weak MAID 
Needed at  
Q2 < 2 GeV2, W<4 GeV

To saturate the dispersion integral for EW boxes extend MAID to include multi-pion, KK-bar, …

Has only been attempted in simple models - need to do better! 
Currently: the absolute and relative strength of γ(Z,W)N ->ρN, ωN, ϕN channels for W>2 GeV 
is used to constrain the HE continuum contribution to EW boxes within VDM - Regge model  
- main uncertainty in the γZ- and γW-box (vector, axial NC, CC currents)
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WP 21: JRA 3 - PrecisionSM

o WP tasks:  
o Task 1: Hadronic effects in precision tests of the weak sector of SM 

Task 1.1: Electroweak MAID  
Task 1.2: New neutrino pion-production MC simulator for DUNE, T2HK 
Task 1.3: Electroweak box correction calculations for PVES and -decay 

o Task 2: Hadronic effects in precision tests of the electromagnetic sector 
of the Standard Model  
Task 2.1: Database for hadronic VP + contribution to  
Task 2.2: Database for hadronic LbL + contribution to 

β

(g − 2)μ
(g − 2)μ

21
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Progress and further a-do

22

To provide improved calculations:  
new data if these directly determine the integrand of DR (HVP); 
new methods to obtain input to DR from existing data (HLbL & EW boxes) 

Plenary Meeting of PrecisionSM planned — June 2-3, 2020 in Krakow, Poland 

- HVP and HLbL: new data (improved precision and coverage) + unified database  
- Contact with HEP-DB group has been made; Alberto Lusiani is the Coordinator for 

submitting information to the database.  
- First channel to submit data -  

- MUonE: test measurements at CERN were conducted; dedicated MC & RC 
developed; postdoc position funded by STRONG-2020 to be filled 

- Electroweak MAID: MG officially joined the Mainz-Tuzla-Zagreb Collaboration; the 
MAID web platform will straightforwardly accommodate the new EW MAID; work 
has started with focus on the upcoming DUNE@FNAL kinematics; early 2020 visit to 
FNAL planned; postdoc position funded by STRONG-2020 to be filled.  

- EW boxes: dispersion representation obtained; established connection to exp. data; 
first calculations already show very high impact on the field; plans for Kl3 decay 

e+e− → π+π−
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Barbara Erazmus, Coordinatrice du projet 
Paris,08/02/2018

JRA3 - PrecisionSM : Deliverables

o Deliverables due for Reporting Period 1 (18 months, June 2019-November 
2020): D21.1 is due M18 (November 2020)

23

o D21.1 Electroweak MAID - Task well on track (joined MAID collaboration, several 
publications towards EW MAID); postdoc position to be filled soon
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Barbara Erazmus, Coordinatrice du projet 
Paris,08/02/2018

JRA3 - PrecisionSM  : Milestones

o MS37 corresponding to D21.1 has to be achieved M18 
o First EW MAID option will include -induced single pion production off nucleon 
o Extended MAID energy range W < 5 GeV (currently W < 2 GeV)  
o Pilot EW MAID website expected to run in fall 2020 

o Summary: project work towards D21.1 and MS37 has started; 
o At first stages of EW MAID local expertise in Mainz is sufficient 
o Next steps will be done in a close collaboration with other nodes of JRA3 - 

Valencia, Krakow and Fermilab, involvement in JPAC@JLab is expected 
o Dispersive formulation of RC to precision tests in context of this JRA have high 

impact on the field already

ν/ν̄
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