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Goals For This Talk 

•  Set the context for the workshop 

•  Introduce topics to be addressed in more 
detail during following talks & discussions 

•  Pose some challenges for the future 
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Goals For This Talk 

•  Set the context for the workshop 

•  Introduce topics to be addressed in more 
detail during following talks & discussions 

•  Pose some challenges for the future 

Caveat: I will not provide a comprehensive review, and 
some results are undoubtedly out of date. Omissions 
are not intentional, and I welcome corrections, updates, 
and other input! 
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I.  Context 

II.  PV Electron Scattering 

III.  CC Weak Interactions 
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Two EW Boson Exchange 

V V V γ	 γ	

V = Z0, W, γ  
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Two EW Boson Exchange 

V V V γ	 γ	

V = Z0, W, γ  

•  QED ( γγ ) in semileptonic interactions is still a puzzle ! 

•  No direct probes of EW boxes ( γZ, γW ) available, but 
reliable SM computations needed. Can we trust the 
quoted theoretical uncertainties ? Can we reduce them 
further ? 
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Two-boson exchange in semileptonic processes: important 
for elastic PV eN & eA scattering (12C) & nuclear β-decay; 
beam normal asymmetry, Olympus… provide tests 

V V V γ	 γ	

V = Z0, W, γ  
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V V V γ	 γ	

V = Z0, W, γ  

V = γ  Beam normal 
asymmetry 

Abrahamyan et al, PRL 
109 (2012) 192501 

•  J Lab Hall A 
•  Future: Mainz, J Lab  

Two-boson exchange in semileptonic processes: important 
for elastic PV eN & eA scattering (12C) & nuclear β-decay; 
beam normal asymmetry, Olympus… provide tests 
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Two EW Boson Exchange 

V V V γ	 γ	

V = Z0, W, γ  

 γγ 

 γZ 

 γW 

✔     ✔      ✔     ✖        ✖          ✖       ✔  

 dσ   An   APV   ft1/2   a,A…  δ(E)   dA 

✖     ✖      ✔      ✖        ✖          ✖       ✖  

✖     ✖      ✖      ✔        ✔          ✔      ✖  



Dispersion Corrections 

12 

Two-boson exchange in semileptonic processes: important 
for elastic PV eN & eA scattering (12C) & nuclear β-decay; 
beam normal asymmetry provides, Olympus… provide tests 

V V V γ	 γ	

V = Z0, W, γ  

V = γ  Beam normal 
asymmetry 

V = Z0, W Nucleus-dependent QED & 
EW corrections 

Important for O (0.1%) 
probes of PV 12C(e,e’) & 
superallowed β-decay   
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Proposal: (1) carry out a consistent set of computations for 
An , PV asymmetry, & δNS using different methods (2) develop 
a program of An measurements to test computations 

V V V γ	 γ	

V = Z0, W, γ  

V = γ  Beam normal 
asymmetry 

V = Z0, W Nucleus-dependent QED & 
EW corrections 

Important for O (0.1%) 
probes of PV 12C(e,e’) & 
superallowed β-decay   
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II. PV Electron Scattering 



Parity-Violation & Weak Charges  
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Parity-Violation & Neutral Currents  
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Parity-Violating electron scattering 
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=
GFQ
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4 2πα
QW + F(Q2,θ)[ ]

Assume SM NC correct & use to 
probe hadron & nuclear struture 
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Parity-Violation & Neutral Currents  

18 

R. Carlini, PANIC 2017 Beijing 



Weak Mixing in the SM: Uncertainties 

Full SU(2)L x U(1)Y RGE 

Relate running of sin2θW 
to running of α 

1.  Run α & sin2θW  to µ ~ mc 

2.  Bound s-quark contribution to 
α(mc ) -- relative to u and d 
contributions -- using heavy 
quark and SU(3)f limits  

Uncertainties: sin2θW (0) 

+/- 3 x 10-5 : Δα (3)(mc )  

+/- 5 x 10-5: Δα (2)(ms ) 

+/- 3 x 10-5: OZI  

+/- 1.5 x 10-4 : sin2θW (MZ) 

Erler & R-M 
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δ QW ~ 0.7%	

δ QW ~ 0.1%	

Order αs
2 

Erler, Kurylov  
& R-M 
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[11] Gorchtein & Horowitz 

[15] Sibirtsev et al 

[17] Rislow & Carlson  

**    Gorchtein, Horowitz, R-M 

** 

Equivalent to ~ 2.8% 
uncertainty in QW 

Includes estimate of 
model uncertainty 

1102.3910 [nucl-th] 



Radiative Correction Uncertainties 

24 R. Carlini, PANIC 2017 Beijing 



Radiative Correction Uncertainties 

25 R. Carlini, PANIC 2017 Beijing 

?  



Radiative Correction Uncertainties 
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APV =
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Z
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  e−
E-dependent: E = 1.165 GeV 

Lower energy measurement 

[1.32 +/- 0.05 (mod avg) +/- 0.27 (bkg)  
+0.11

-0.08 (res) ] x 10 -3 

E = 180 MeV, Q2 =0 



Radiative Correction Uncertainties 
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Two Issues: 

[1] Existence of sufficient SF data in relevant kinematic region 

[2] Isospin rotating Fγγ ! FγZ 



Radiative Correction Uncertainties 
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γ€ 

Z
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  e−
E-dependent: E = 1.165 GeV 

Additional measurements 

*
* 

Dominant contributions; 
scarce data  

Measure APV in extrapolation 
region: direct probe of FγZ 



EW Radiative Corrections to Moller 
 

A. Czarnecki & W.J. Marciano PRD(1996) 
 

•  ARL(ee)= α (1-4sin2θW)      sin2θW(mZ)MS= 0.23124(6)  or 
                                              running + 3.01(25)hadronic% 
                                              sin2θW(Q=0) = 0.23820(60) 
    + WWbox (+3.6%)  γZbox…(-5.5%) partial cancellation 
    + other small 1 loop corrections ! -40(3)% reduction! 
            E158  ΔARL/ARL =±12.5% vs Running unc. ±6%? 
  
 Erler & Ramsey-Musolf ! factor of 8.6 error reduction! 
 +3.01(25)%!+2.99(3)% Theory ±0.6% vs Moller exp ±2.4% 
                 Δsin2θW

RC~±0.00007!  Pristine 
      Potentially another factor of 2 reduction via lattice  
 
      

W. Marciano 
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 Beam Normal Asymmetry 

C. Horowitz 
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 Beam Normal Asymmetry 

C. Horowitz 
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 Beam Normal Asymmetry 

C. Horowitz 
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 An for a Range of Nuclei 

C. Horowitz 
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 Coulomb Distortions for PREX 

C. Horowitz 
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III. CC Weak Interactions 



Weak Decays: New Interactions 
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Present 

MSSM 

Bauman et al ‘12 
C

K
M

 U
ni

ta
rit
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Future 

Lightest chargino mass 

Decay Correlations: Scalar 
& Tensor Currents 

SUSY Corrections to 
CKM Unitarity 

Neutron & Nuclear  β-decay: 0+ ! 0+ ,  Nab, 6He…    

Bhattacharya et al ‘12 
LHC Run II 

Weak 
decays 

Goal:  ε ~ O (10-4) 



Weak decays 
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 0+ ! 0+ Dispersion Corrections: δNS 

Towner & Hardy, PRC 91 (2015) 2, 025501  

bF : scalar currents 

Input for Vud & CKM 
unitarity test 
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 0+ ! 0+ Dispersion Corrections: δNS 

Towner & Hardy, PRC 91 (2015) 2, 025501  

bF : scalar currents 

Input for Vud & CKM 
unitarity test 
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 0+ ! 0+ Decay: δNS 

One-body Two-body: 
GS ! GS 

Full nuclear Greens fn: 
excited intermediate states  

J. Engel 
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 0+ ! 0+ Decay: δNS 

One-body Two-body: 
GS ! GS 

Full nuclear Greens fn: 
excited intermediate states  

Towner 1992; T&H compilations  

J. Engel 
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 0+ ! 0+ Decay: δNS 

One-body Two-body: 
GS ! GS 

Full nuclear Greens fn: 
excited intermediate states  

Towner 1992; T&H compilations  

Needed: state of 
art calc’s & tests 
w/ An  

J. Engel 
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Dispersion Corrections: pp Reaction 

p	
p	

n	
p	

γ	W	

 e+	ν	

p	
p	

n	
p	

γ	W	
p	
p	

n	
p	

γ	W	
+ +… 

Project: pionless EFT computation 
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IV. Time Reversal 



Schiff Screening 

Atomic effect from 
nuclear finite size: 
Schiff moment 

EDMs of diamagnetic 
atoms ( 199Hg )  

Diamagnetic Systems: P- & T-Odd Moments 

Schiff moment, MQM,…  
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Diamagnetic Systems 
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Diamagnetic Systems 

CJ 

TM
J  

TE
J 

P T   P T   P T   P T 

E     ✖      ✖     O 

O     ✖      ✖     E 

✖     O      E     ✖ 

Nuclear Moments 

Nuclear 
Enhancements EDM, Schiff… 

MQM…. 

Anapole… 
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Schiff Screening 

Atomic effect from 
nuclear finite size: 
Schiff moment 

EDMs of diamagnetic 
atoms ( 199Hg )  

Schiff moment, MQM,…  

Nuclear Schiff Moment  

(RN / RA)2 suppression  

Diamagnetic Systems: Schiff Moments 



51 

Nuclear Schiff Moment 

EDMs of diamagnetic atoms ( 199Hg )  

Schiff moment, MQM,…  

Nuclear Enhancements 

Nuclear polarization: 
mixing of opposite parity 
states by HTVPV ~ 1 / ΔE  
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Nuclear Schiff Moment 

EDMs of diamagnetic atoms ( 225Ra )  

Nuclear Enhancements: 
Octupole Deformation  

Nuclear polarization: 
mixing of opposite parity 
states by HTVPV ~ 1 / ΔE  

Opposite parity states 
mixed by HTVPV 

Thanks: J. Engel 

“Nuclear amplifier” 

94 
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Schiff Screening & Corrections 

Schiff Screening 

Atomic effect from 
nuclear finite size: 
Schiff moment 

EDMs of diamagnetic 
atoms ( 199Hg )  

Screened EDM  Schiff moment, MQM,…  

CJ 
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J  

TE
J 

P T   P T   P T   P T 

E     ✖      ✖     O 

O     ✖      ✖     E 

✖     O      E     ✖ 

EDM, Schiff… 

MQM…. 

TE
J=1   x  TE

J=2  ? 

S. Inoue, MRM 
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Two-boson exchange in semileptonic processes: important 
for elastic PV eN & eA scattering (12C) & nuclear β-decay; 
beam normal asymmetry, Olympus… provide tests 

V V V γ	 γ	

V = Z0, W, γ  

V = γ  Diamagnetic EDM 
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J 

P T   P T   P T   P T 
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EDM, Schiff… 

MQM…. 

TE
J=1   x  TE

J=2  ? 
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V. Workshop Questions 

•  What is the path forward for improving our 
understanding of γγ exchange in semileptonic 
processes?  

•  How reliable are the present contributions of Zγ and 
Wγ boxes for nucleons and nuclei ? 

•  What additional theoretical developments/
computations are needed? 

•  Is there a program of experimental measurements that 
could be used to refine theoretical predictions ?  
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