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Goals for This Talk

• Provide the NTNP collaboration a framework for 
communicating the scientific motivation, significance, 
and impact of FSNN theory to our colleagues within 
and beyond nuclear physics 

• Illustrate the multifaceted role for FSNN theory in this 
context

• Summarize some of the open challenges that the 
NTNP collaboration can address
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Key Themes

• Fundamental symmetry tests with nuclei & hadrons 
address compelling questions about the fundamental 
laws of nature both within and beyond the Standard 
Model

• Advances in experimental sensitivities challenge 
theory to push the state-of-the-art in Standard Model 
computations and delineate the broader implications of 
of these experiments for our understanding of the 
strong interaction and beyond Standard Model physics

• Theoretical developments are meeting this challenge 
head on, uncovering new puzzles, and pointing toward 
the next horizon in experimental sensitivity
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Caveats & Thanks

• Most of the work referred to in this talk will involve my 
collaborations – due to time limitations in preparing 
this talk and not due to any judgement about the 
importance of work not cited

• Many colleagues have made important contributions 
not cited today, and our field is enriched by this work

• I owe a debt of gratitude to the many students, post-
docs, and faculty collaborators with whom I’ve had the 
privilege of working over the years on the topics 
discussed today
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I. Context: Scientific Quest

II. Four Quests

A. Parity-violation with electrons
B. b-Decay: 65 years after Wu et al
C. Lepton Number: 0nbb-Decay
D. CP: Electric Dipole Moments & the Origin of Matter

III. Concluding Remarks

Today

Time 
permitting
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Fundamental Questions
Matter, Energy & Mass
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Nucleon & Nuclear Structure

How does QCD build nucleons and 
nuclei with quarks & gluons ?

Beyond Standard Model

Within Standard ModelOrigin of  mf



Nuclear Science Strategic Vision
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Nuclei & Hadrons as Laboratories

EDM searches:

BSM CPV, Origin of Matter

0nbb decay searches:

Nature of neutrino, Lepton 
number violation, Origin of 
Matter

Electron & muon prop’s & 
interactions:

SM Precision Tests, BSM 
“diagnostic” probes

Radioactive decays & other 
tests

SM Precision Tests, BSM 
“diagnostic” probes

Lepton Number Violation

CP Violation

Parity Violation
Parity Violation

Illustrative story Challenges (see 
also CY Seng talk)

Challenges (see 
also J Engel talk)



Theoretical Challenges
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SU(3)C x SU(2)L x U(1)Y

“I am incomplete, 
but I need you” 

“I want you to better 
understand me” 

Electroweak probes

Nuclei as 
laboratories

BSM physics
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Experiments

BSM Physics

Theoretical Challenges

Early Universe

Theory

theorist

Precision Electroweak Studies

• Perturbation theory
• Effective Field Theory
• Non-equilibrium QFT
• Dispersion Relations
• Collider simulations & 

phenomenology



Theoretical Challenges
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• What level of precision/sensitivity is needed to have 
significant scientific impact ? 

• How reliably can we interpret electroweak processes 
at the nuclear and hadronic scales in terms of 
• nucleon & nuclear structure ?
• beyond Standard Model physics ?

• What is the theoretical error bar ? 



FSNN Theory: An Urban Legend
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FSNN 
Theory

Matrix Elements

Science 
World

FSNN 

Exp’t

HEP 

Theory

Fundamental Physics

Ar
Xi

v

ArXiv

Scientific Significance



FSNN Theory: Comprehensive Role
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FSNN 
Theory

Precision Calc’s
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World
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Experiments

BSM Physics

Theoretical Challenges

Early Universe

Theory

theorists

Precision Electroweak Studies

• Perturbation theory
• Effective Field Theory
• Non-equilibrium QFT
• Dispersion Relations
• Collider simulations & 

phenomenology

Connecting physics 

at multiple scales 

Nuclear 



IIA. Parity-Violation with Electrons
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Parity-Violation & Weak Charges
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APV =
N↑↑ − N↑↓

N↑↑ + N↑↓

=
GFQ

2

4 2πα
QW + F(Q2,θ)[ ]

QCD effects (s-quarks)

Challenge: precision 
electroweak probe 

“Weak Charge” = 0 in SM
Sensitivity to BSM physics
Challenge: reducing the 
theoretical uncertainties

/



PV Electron Scattering
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St’d Model 
& QCD

K. Kumar

BSM

K. Kumar



Electroweak Radiative Corrections
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PV Electron Scattering
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Parity-Violation & Weak Charges
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Weak Charge & Weak Mixing 
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sin2θW =
g(µ)Y

2

g(µ)2 + g(µ)Y
2

SU(2)L U(1)Y

Weak mixing depends on scale

Near cancellation



Weak Mixing: Energy Scale Dependence

MS bar scheme

Marciano & Czarnecki ’00 
Erler & MJRM  ‘05
Erler & Ferro-Hernandez ‘18

Particle 
thresholds

Parity violation



Electroweak Radiative Corrections
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Weak Mixing in the SM: Uncertainties

Full SU(2)L x U(1)Y Renormalization Group

1. Relate running of sin2qW to running of a

2. Run a & sin2qW  to µ ~ mc

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

Erler & R-M

R = s (e+e- à had) / s (e+e- à µ+µ-) 
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Dispersion Relation
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e−€ 

γ
e+ e+

Data !



Weak Mixing in the SM: Uncertainties

Full SU(2)L x U(1)Y Renormalization Group

1. Relate running of sin2qW to running of a

2. Run a & sin2qW  to µ ~ mc

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

Erler & R-M

R = s (e+e- à had) / s (e+e- à µ+µ-) 

Uncertainties: sin2qW (0)

+/- 3 x 10-5 : Da (3)(mc ) 

+/- 5 x 10-5: Da (2)(ms )

+/- 3 x 10-5: OZI 

+/- 1.5 x 10-4 : sin2qW (MZ)



Electroweak Radiative Corrections
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Radiative Correction Uncertainties
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APV =
N↑↑ − N↑↓

N↑↑ + N↑↓

=
GFQ

2

4 2πα
QW + F(Q2,E)[ ]
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d QW ~ 0.1%
Order as

2

Erler, Kurylov  
& R-M



Radiative Correction Uncertainties
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APV =
N↑↑ − N↑↓

N↑↑ + N↑↓

=
GFQ

2

4 2πα
QW + F(Q2,E)[ ]

γ€ 

Z
p

  e−

€ 

p

  e−E-dependent: E = 1.165 GeV

Equivalent to ~ 2.8% 
uncertainty in QW

[11] Gorchtein & Horowitz

[15] Sibirtsev et al

[17] Rislow & Carlson 

**    Gorchtein, Horowitz, R-M

**

Includes estimate of 
model uncertainty

1102.3910 [nucl-th]



Radiative Correction Uncertainties
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APV =
N↑↑ − N↑↓

N↑↑ + N↑↓

=
GFQ

2

4 2πα
QW + F(Q2,E)[ ]

γ€ 

Z
p

  e−

€ 

p

  e−
E-dependent: E = 1.165 GeV

Dispersion Theory : photo- & lepto-production

*
*

Unpack contributions to 
structure function FgZ

Dominant contributions; 
scarce data 

Measure APV in extrapolation 
region: direct probe of FgZ
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Intensity Frontier: BSM Footprints

Fundamental symmetry tests: draw 
inferences about BSM scenarios 
from a variety of measurements 

High energy searches: 
does the observed BSM 
“species” fit the footprints ?
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Precision ~ BSM Mass Scale

d NEW ~ C  ( MW / L )2

L ~ 10 TeV (tree)

L < 1 TeV (loop) Above example

Loop effect
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Deviations: BSM “Footprints”
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PV Electron Scattering: Diagnostic Tool
d 

Q
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W
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d QW
e, SUSY / QW

e, SM

SUSY loops : light & 
compressed spectrum

Erler, Su ‘13
Kurylov, Su, R-M

Q-Weak (ep)

Moller (ee)

6 GeV

12 GeV

RPV: No c0 DM 
but Majorana n s

gµ-2

MESA @ 
Mainz



PV Electron Scattering
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Deviations: BSM “Footprints”
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Two-Loop EW Radiative Corrections

Closed fermion loops: gauge invariant 

40



Two-Loop EW Radiative Corrections

Loop order
# of closed 
fermion loops

% shift

- 39%
+ 4%

- 4.4%
+ 3.4%

+/- 0.4%

*

* Relative to preceding order

Du, Freitas, Patel, MJRM PRL 126 (2021) 
131801 [1912.08220] 
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δ(QeW) = ± 2.1 % (stat.) ± 1.1 % (syst.) Exp’t precision (goal)

Must !

Safe !

BSM probe !



PV Moller Scattering
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Type II Seesaw: H++Dark Sector: Z’

Search for additional neutral weak force that is 
inaccessible to the Large Hadron Collider

Dark Z’ Davoudiasl
et al (2012)

LR Symmetric Model

Dev, MJRM, Zhang 
PRD 98 (2018) 5



PV Moller Scattering
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Type II Seesaw &  H++ : G. Li, MJRM, 
S. Urrutia-Quiroga, J.C. Vasquez

Interplay with 0nbb decay & collider searches



Minimal LR Symmetric Model: 0nbb-Decay
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Long range chiral enhancement

Thanks! Juan Carlos Vasquez



PVES: Lessons
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• Integrated treatment of physics at a wide range of 
scales is essential à draws on multiple theoretical 
tools and variety of expertise

• Sustained effort over many years required

• Close collaboration with experimentalists: 
experimental advances challenge theory while 
theoretical advances open new horizon for experiment

• Fundamental interaction physics is multifaceted & 
dynamic à must continually incorporate results from 
multiple frontiers 
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III. Concluding Remarks



FSNN Theory: Comprehensive Role
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Experiments

BSM Physics

Theoretical Challenges

Early Universe

Theory

theorists

Precision Electroweak Studies

• Perturbation theory
• Effective Field Theory
• Non-equilibrium QFT
• Dispersion Relations
• Collider simulations & 

phenomenology

Connecting physics 

at multiple scales 

Nuclear

+ other important methods 
not in my personal 
scientific tool kit !



49

Key Themes

• Fundamental symmetry tests with nuclei & hadrons 
address compelling questions about the fundamental 
laws of nature both within and beyond the Standard 
Model

• Advances in experimental sensitivities challenge 
theory to push the state-of-the-art in Standard Model 
computations and delineate the broader implications of 
of these experiments for our understanding of the 
strong interaction and beyond Standard Model physics

• Theoretical developments are meeting this challenge 
head on, uncovering new puzzles, and pointing toward 
the next horizon in experimental sensitivity
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Theory & Exp’t: Close Collaboration

Career-long teamwork !
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Exciting Challenges Remain

Welcome to join !

Future Circular e+e- & pp

Electroweak precision calc’s

Electron-nucleus interaction

“Old School” 
theoretical physics

Atomic EDMs
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Thank You !
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Back Up Slides



IIB. Beta-Decay
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Weak Decays: CKM Unitarity
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Charged current universality and the MSSM

Sky Bauman,1,* Jens Erler,2,† and Michael J. Ramsey-Musolf1,3,‡

1Department of Physics, University of Wisconsin, Madison, Wisconsin 53706, USA
2Departamento de Fı́sica Teórica, Instituto de Fı́sica, Universidad Nacional Autónoma de México, 04510 México D.F., México

3California Institute of Technology, Pasadena, California 91125, USA
(Received 29 June 2012; published 6 February 2013)

We analyze the prospective impact of supersymmetric radiative corrections on tests of charged current

universality involving light quarks and leptons. Working within the R-parity conserving minimal super-

symmetric Standard Model, we compute the corresponding one-loop corrections that enter the extraction

of the Cabibbo-Kobayashi-Maskawa matrix element Vud from a comparison of the muon-decay Fermi

constant with the vector coupling constant determined from nuclear and neutron ! decay. We also revisit

earlier studies of the corrections to the ratio Re=" of pion leptonic decay rates !½#þ ! eþ$ð%Þ% and
!½#þ ! "þ$ð%Þ%. In both cases, we observe that the magnitude of the corrections can be on the order of

10&3. We show that a comparison of the first row Cabibbo-Kobayashi-Maskawa unitarity tests with

measurements of Re=" can provide unique probes of the spectrum of first generation squarks and first and

second generation sleptons.

DOI: 10.1103/PhysRevD.87.035012 PACS numbers: 14.80.Ly

I. INTRODUCTION

New physics beyond the Standard Model (BSM) is
widely expected to be discovered at the Large Hadron
Collider (LHC). If so, a key challenge will be to identify
the scenario that best accounts for the collider signatures
and to determine the parameters of the corresponding
Lagrangian. In this respect, high precision measurements
of electroweak precision observables (EWPOs), such as the
muon anomalous magnetic moment, may provide crucial
input. During the first decade of LHC operations, much
of the effort at the intensity frontier or precision frontier
will involve low-energy studies involving hadronic, nu-
clear, and atomic systems (for recent reviews, see, e.g.,
Refs. [1,2]). In this paper, we consider one such class of
observables that involves the weak decays of light quarks
and leptons.

Historically, such studies played a crucial role in testing
and confirming the universality of the Standard Model
(SM) charged current (CC) interaction. The comparison
of Fermi constants extracted from the muon lifetime and
neutron/nuclear ! decays, respectively, indicated that the
underlying universality of CC interactions of leptons and
quarks is obscured by the mismatch between quark flavor
and mass eigenstates—leading ultimately to the Cabibbo-
Kobayashi-Maskawa (CKM) matrix—but is otherwise
intact. Today, the most stringent tests of lepton-quark
universality involve the first row CKM unitarity relation,

jVudj2 þ jVusj2 þ jVubj2 ¼ 1: (1.1)

The largest and most precisely known entry in this
relation, Vud is obtained from a comparison of the muon
decay Fermi constant, G" with the corresponding ! decay

Fermi (or vector coupling) constant G!
V extracted from

superallowed 0þ ! 0þ nuclear ! decays [3]. The value
of Vus is obtained from Ke3 decay branching ratios [4].
For both the nuclear and kaon decays, extraction of the
corresponding CKM matrix element requires theoretical
input (see, e.g., Refs. [3–6]). Given the overall resulting
uncertainty and the much smaller magnitude of Vub, the
latter can be ignored in testing Eq. (1.1). A measure of this
test is given by the quantity

"CKM ¼ ðjVudj2 þ jVusj2 þ jVubj2Þexp & 1; (1.2)

where the exp subscript indicates the value extracted
from experiment with the corresponding theoretical input.
Currently,

"CKM ¼ &0:0001( 0:0006; (1.3)

with comparable uncertainties coming from Vud and Vus

[5]. This agreement with the SM places stringent con-
straints on a variety of BSM scenarios.
A similarly powerful test of CC universality involves the

ratio of pion decay branching ratios

Re=" ¼ !½#þ ! eþ$ð%Þ%
!½#þ ! "þ$ð%Þ% : (1.4)

The theoretical interpretation of this ratio in terms of BSM
physics is remarkably clean, as many hadronic theory
uncertainties that affect the individual branching ratios
cancel from the ratio. Recent work using chiral perturba-
tion theory puts the overall relative error bar at the 10&4

level [7], leading to a present error bar dominated by the
experimental uncertainty:

*sbauman@physics.wisc.edu
†erler@fisica.unam.mx
‡mjrm@physics.wisc.edu
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CKM unitarity: Vud the main contributor  
to the sum and to the uncertainty

� ���� ���� ��������	
�����������
 �� ��
��������������������������


 
 
 ��
�������	
�
��	��

���	
��

�
����

������	�����������




���������������
��
������ ����
�����	
��



����	
��
������

������


����

����

���


��
��
���

��
��

�� ���!��� "�
����#���$������$� %��&�����$������$�

'�""�%(�)(*(�)�+,������*%-�'./��%0(*"0(1��
�

�����

��2��

�����

���&���
���������� �

�����$� ���&���
!���$��

 �$�

��

� ��������
���������
��


|Vud|2 = 0.94906± 0.00041

|Vub|2 = 0.00002

|Vus|2 = 0.05031± 0.00022

0+-0+ nuclear decays

K decays

B decays

|Vud|2 + |Vus|2 + |Vub|2 = 0.9994± 0.0005
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We analyze the prospective impact of supersymmetric radiative corrections on tests of charged current

universality involving light quarks and leptons. Working within the R-parity conserving minimal super-

symmetric Standard Model, we compute the corresponding one-loop corrections that enter the extraction

of the Cabibbo-Kobayashi-Maskawa matrix element Vud from a comparison of the muon-decay Fermi

constant with the vector coupling constant determined from nuclear and neutron ! decay. We also revisit

earlier studies of the corrections to the ratio Re=" of pion leptonic decay rates !½#þ ! eþ$ð%Þ% and
!½#þ ! "þ$ð%Þ%. In both cases, we observe that the magnitude of the corrections can be on the order of

10&3. We show that a comparison of the first row Cabibbo-Kobayashi-Maskawa unitarity tests with

measurements of Re=" can provide unique probes of the spectrum of first generation squarks and first and

second generation sleptons.
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I. INTRODUCTION

New physics beyond the Standard Model (BSM) is
widely expected to be discovered at the Large Hadron
Collider (LHC). If so, a key challenge will be to identify
the scenario that best accounts for the collider signatures
and to determine the parameters of the corresponding
Lagrangian. In this respect, high precision measurements
of electroweak precision observables (EWPOs), such as the
muon anomalous magnetic moment, may provide crucial
input. During the first decade of LHC operations, much
of the effort at the intensity frontier or precision frontier
will involve low-energy studies involving hadronic, nu-
clear, and atomic systems (for recent reviews, see, e.g.,
Refs. [1,2]). In this paper, we consider one such class of
observables that involves the weak decays of light quarks
and leptons.

Historically, such studies played a crucial role in testing
and confirming the universality of the Standard Model
(SM) charged current (CC) interaction. The comparison
of Fermi constants extracted from the muon lifetime and
neutron/nuclear ! decays, respectively, indicated that the
underlying universality of CC interactions of leptons and
quarks is obscured by the mismatch between quark flavor
and mass eigenstates—leading ultimately to the Cabibbo-
Kobayashi-Maskawa (CKM) matrix—but is otherwise
intact. Today, the most stringent tests of lepton-quark
universality involve the first row CKM unitarity relation,

jVudj2 þ jVusj2 þ jVubj2 ¼ 1: (1.1)

The largest and most precisely known entry in this
relation, Vud is obtained from a comparison of the muon
decay Fermi constant, G" with the corresponding ! decay

Fermi (or vector coupling) constant G!
V extracted from

superallowed 0þ ! 0þ nuclear ! decays [3]. The value
of Vus is obtained from Ke3 decay branching ratios [4].
For both the nuclear and kaon decays, extraction of the
corresponding CKM matrix element requires theoretical
input (see, e.g., Refs. [3–6]). Given the overall resulting
uncertainty and the much smaller magnitude of Vub, the
latter can be ignored in testing Eq. (1.1). A measure of this
test is given by the quantity

"CKM ¼ ðjVudj2 þ jVusj2 þ jVubj2Þexp & 1; (1.2)

where the exp subscript indicates the value extracted
from experiment with the corresponding theoretical input.
Currently,

"CKM ¼ &0:0001( 0:0006; (1.3)

with comparable uncertainties coming from Vud and Vus

[5]. This agreement with the SM places stringent con-
straints on a variety of BSM scenarios.
A similarly powerful test of CC universality involves the

ratio of pion decay branching ratios

Re=" ¼ !½#þ ! eþ$ð%Þ%
!½#þ ! "þ$ð%Þ% : (1.4)

The theoretical interpretation of this ratio in terms of BSM
physics is remarkably clean, as many hadronic theory
uncertainties that affect the individual branching ratios
cancel from the ratio. Recent work using chiral perturba-
tion theory puts the overall relative error bar at the 10&4

level [7], leading to a present error bar dominated by the
experimental uncertainty:

*sbauman@physics.wisc.edu
†erler@fisica.unam.mx
‡mjrm@physics.wisc.edu
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CKM unitarity: Vud the main contributor  
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|Vud|2 = 0.94906± 0.00041

|Vub|2 = 0.00002

|Vus|2 = 0.05031± 0.00022

0+-0+ nuclear decays

K decays

B decays

|Vud|2 + |Vus|2 + |Vub|2 = 0.9994± 0.0005
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DCKM ~ C  ( v/L )2

Future goal: 10-4 precision

L ~ 10 TeV (tree)

L < 1 TeV (loop)
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CKM Unitarity & BSM Physics

• Precision studies and symmetry tests with neutrons 
are poised to discovery key ingredients of the new 
Standard Model during the next decade

• Physics “reach” complements and can even exceed 
that of colliders: dn~10-28 e-cm  ; dO/OSM ~ 10-4

• Substantial experimental and theoretical progress 
has set the foundation for this era of discovery

• The precision frontier is richly interdisciplinary: 
nuclear, particle, hadronic, atomic, cosmology
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SM Theory: Radiative Corrections & 
Ft Values

Corrected ft values:

Outer 
correction

Nuclear struct
part of MgW
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Theoretical Challenge: Wg Box 
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Dominant source of uncertainty:

Long distance

Sensitive to hadronic & nuclear dynamics
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Theoretical Challenge: Wg Box 
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Input for CgW : Had & Nuc Response  F’n

Nuclei Free nucleons 

11

tions, one must consider modifications of the free nucleon
matrix elements due the presence of the nuclear environ-
ment. The standard approach to organizing the radiative
corrections to nuclear � decay followed in Refs. [4, 5, 40]
is summarized in Eq. (1). The quantity appearing in
the denominator is universal, nucleus-independent, and
related to the measured ft values as

Ft(1+�V
R) = ft(1+�0R)(1��C +�NS)(1+�V

R) . (53)

Here, �0R is the nuclear charge-dependent outer correc-
tion; �C corrects the matrix element of the Fermi oper-
ator for the nucleus-dependent isospin symmetry break-
ing e↵ects; �V

R stands for the universal part that stems
from the �W -box on a free nucleon; and �NS accounts
for nuclear structure corrections within the �W -box. The
latter two corrections combined together should be un-
derstood as the �W -box evaluated on a nucleus, with the
inclusive nuclear and hadronic intermediate states taken
into account.

Elastic 

Discrete 
Levels 

Quasi- 
Elastic Hadronic 

Resonances Regge/ 
Deep Inelastic 

GDR 

FIG. 8: Idealized structure of virtual photoabsorption on a
nucleus.

In the context of dispersion relations, it is useful to
visualize these contributions in terms of the nuclear re-
sponse to an external lepton in a manner analogous to
what is shown in Fig. 4. To that end, we show in Fig.
8 an idealized structure of the nuclear electroabsorption
spectrum. While the shape in the hadronic regime is
similar to that for a free nucleon in Fig. 4, the lower
part of the nuclear spectrum contains nuclear resonances
and the quasielastic (QE) peak. The latter includes the
one-nucleon knock-out as well as the knock-out of two or
more nucleons in a single scattering process. The nuclear
structure correction �NS thus accounts for the additional
features of the electroabsportion spectrum on nuclei as
compared to that on a free nucleon.

The �W -box on a nucleus should in principle be cal-
culated in using the full nuclear Greens function. Do-
ing so is challenging, however, since the latter should be
known in the full kinematical range to describe all the ef-
fects from lowest-lying nuclear excitations to shadowing

at high energies. In practice, the nuclear modifications
of the �W -box have been calculated using the nuclear
shell model with a semi-empirical Woods-Saxon poten-
tial (WSSH) [5] and nuclear density functional theory[41].
Attempts to address the calculation of �C in nuclear ap-
proaches other than WSSH suggest that the understand-
ing of the nuclear structure corrections may not be at the
level needed to warrant the current ⇠ 2 ⇥ 10�4 relative
precision of the Ft values [42, 43]. We refer the reader to
a detailed discussion in Ref. [5] which contains the list of
relevant calculations, and the critique to those from the
standpoint of semiempirical Woods-Saxon potential shell
model advocated by the authors of that reference.
In what follows, we focus on the modification of the free

nucleon Born correction (↵/2⇡)CB due to the presence
of the QE response. We defer a treatment of the other
features of the low-lying nuclear spectrum to future work.
To proceed, we recall that the procedure for dividing the
full �W -box on a nucleus into a universal and nucleus-
dependent corresponds to rewriting identically,

⇤VA, Nucl.
�W = ⇤VA, free n

�W +
h
⇤VA, Nucl.

�W �⇤VA, free n
�W

i
.(54)

The first term is then absorbed in �V
R , while the second

term makes part of �NS :

↵

2⇡
Cfree n

B ⇢ ⇤VA, free n
�W ⇢ �V

R ,

2
h
⇤VA, Nucl.

�W �⇤VA, free n
�W

i
⌘ �NS . (55)

Note that no approximation has been made at this step.
As a matter of self-consistency, one should compute

the two terms entering �NS in a common framework. In
practice, di↵erent approaches have been utilized to date.
The free nucleon term has been evaluated using phe-
nomenological input from intermediate and high-energy
data as described in the previous sections. The second
(nuclear) term is at present calculated in non-relativistic
nuclear models. The procedure of subtracting the former
from the latter may introduce additional model depen-
dence, raising concerns about additional as of yet un-
quantified theoretical uncertainty. We observe that such
uncertainty would have to be primarily of a systematic,
nucleus-independent nature so as not to spoil the present
agreement with the CVC property of the charged current
weak interaction. In this Section we argue that with the
use of dispersion relations one may evaluate both the
free nucleon term and the nuclear �W -box correction on
an equal footing. In doing so, we will show that the
previous treatment of the latter has, indeed, omitted an
important, universal nuclear correction.
Working with the nucleons as the relevant degrees of

freedom for describing the nuclear structure, the �W -
box calculation has two generic contributions: one arising
from the one-body current operator and a second involv-
ing two-body currents. For a given nuclear model, the
latter are required for consistency with the nuclear con-
tinuity equation (current conservation). Considering now

7
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Resonances 
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FIG. 4: Idealized structure of virtual photoabsorption on the
nucleon.

x = Q2/(2M⌫) and y = ⌫/E, with E the initial neu-
trino energy and ⌫ the virtual W laboratory frame en-
ergy, reads [17]

d2�⌫(⌫̄)

dxdy
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The P-odd structure functions F ⌫p(⌫̄p)
3 of our interest fol-
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(2⇡)4�4(p+ q � pX) hp| (Jµ
W )

†
|Xi hX| J⌫

W |pi =
i✏µ⌫↵�p↵q�
2(p · q)

F ⌫p
3 + ...

1

4⇡

X

X

(2⇡)4�4(p+ q � pX) hp| Jµ
W |Xi hX| (J⌫

W )† |pi =
i✏µ⌫↵�p↵q�
2(p · q)

F ⌫̄p
3 + ... (35)

and their average, F ⌫p+⌫̄p
3 = 1

2 [F
⌫p
3 + F ⌫̄p

3 ] can be ob-
tained from the di↵erence of the neutrino and antineu-
trino cross sections.

We follow the general structure of the parametriza-

tion of F (0)
3 specified in Eq. (29), and describe F ⌫p+⌫̄p

3
at Q2

 2 GeV2 as a sum of elastic (Born) contribu-
tion, non-resonant ⇡N continuum, several low-lying �
and N⇤-resonances, and the high-energy Regge contribu-
tion,

F ⌫p+⌫̄p
3, low�Q2 = F ⌫p+⌫̄p

3,Born + F ⌫p+⌫̄p
3,⇡N + F ⌫p+⌫̄p

3, res + F ⌫p+⌫̄p
3,R .

(36)

Details to the elastic, ⇡N and resonance contributions
are given in the Appendix. Since the Regge contribu-
tion plays a central role in our model, we give its ex-
plicit form here. We assume that it completely dom-
inates at high energies, for W � 2.5 GeV. At lower
energies, we assume that above the two-pion produc-
tion threshold W 2

th = (M + 2m⇡)2 the Regge amplitude
with an appropriate smooth threshold factor fth(W ) =

⇥(W 2
� W 2

th)
⇣
1� exp

n
W 2

th�W 2

⇤2
th

o⌘
represents on aver-

age the contribution of multi-pion and higher energy
channels,

F ⌫p+⌫̄p
3,R (⌫, Q2) =

C(Q2)fth(W )⇥
1 +Q2/m2

⇢

⇤ ⇥
1 +Q2/m2

a1

⇤
✓

⌫

⌫0

◆↵0

(37)

The Reggeized !-exchange is well described by the Regge
intercept ↵0 ⇡ 0.477 [18], and we choose the parame-
ters ⌫0 = ⇤th = 1 GeV. To continue the Regge ampli-
tude to finite Q2 we assume vector (axial) meson domi-
nance which is reflected in the usual VDM form factors
above. We found however, that the pure VDM does not
describe the data, so we added a phenomenological Q2-
dependent function C(Q2) which is obtained from a fit.
That the pure VDM drops short of the virtual photoab-
sorption data is well-known. This fact has motivated
various generalizations of the VDM which also feature
phenomenological ingredients that are needed to account
for this missing strength. Given the quality of the data,
a simple linear form of C(Q2) was enough to describe
the combined BEBC and Gargamelle data n the range
Q2

2 (0.15, 2.0) GeV2 [19],

C(Q2) = A(1 +BQ2), (38)

with A = 5.2± 1.5 and B = 1.08+0.48
�0.28. The two parame-

ters are strongly anti-correlated.
Above Q2 = 2 GeV2 we use the pQCD result for the

Mellin moment with N3LO corrections calculated in Ref.
[20].

M⌫p+⌫̄p
3 (1, Q2) = 3

"
1�

3X

i=1

Ci

⇣ ↵̄s

⇡

⌘i
#
, (39)
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inserting Eq. (8) into Eq. (6), performing the ν integration,
and changing the integration variable ν0 → Q2=ð2MxÞ we
obtain

□

VA
γW ¼ 3α

2π

Z
∞

0

dQ2

Q2

M2
W

M2
W þQ2

Mð0Þ
3 ð1; Q2Þ; ð9Þ

where Mð0Þ
3 ð1; Q2Þ is the first Nachtmann moment of the

structure function Fð0Þ
3 [24,25]

Mð0Þ
3 ð1; Q2Þ ¼ 4

3

Z
1

0
dx

1þ 2r
ð1þ rÞ2

Fð0Þ
3 ðx;Q2Þ; ð10Þ

and r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4M2x2=Q2

p
. To estimate □

VA
γW , we require

the functional form of Fð0Þ
3 depending on x and Q2, or

equivalently, W2 ¼ M2 þ ð1 − xÞQ2=x and Q2.
We draw attention to the fact that Eq. (9) relates [MS]’s

phenomenological function to the first Nachtmann moment

FMSðQ2Þ ¼ 12

Q2
Mð0Þ

3 ð1; Q2Þ; ð11Þ

which will prove useful when comparing their results with
ours. Furthermore, since Fð0Þ

3 depends directly on on-shell
intermediate hadronic states, it provides a better handle on
the physics that may enter at various scales. Figure 2
depicts the domain in theW2–Q2 plane over which Fð0Þ

3 has
support: the single-nucleon elastic pole is at W2 ¼ M2,
and the inelastic continuum covers the region above
W2 > ðM þmπÞ2.
Our parametrization of Fð0Þ

3 is as follows:

Fð0Þ
3 ¼ FBorn þ

"
FpQCD; Q2 ≳ 2 GeV2

FπN þ Fres þ FR; Q2 ≲ 2 GeV2;

ð12Þ

where each component is given by

FBorn ¼ −
1

4
ðGp

M þGn
MÞGAδð1 − xÞ ð13Þ

Z
1

0
dxFpQCD ¼ 1

12
½1þ pQCD& ð14Þ

FπN ¼ FχPT × ðFp
1 þ Fn

1Þ
jGAj
gA

ð15Þ

Fres ¼ negligible ð16Þ

FR ¼ CγWfth
m2

ω

m2
ω þQ2

m2
a1

m2
a1 þQ2

#
ν
ν0

$
αρ0
; ð17Þ

and supplies the dominant contribution to Fð0Þ
3 in various

regions indicated in Fig. 2, which we describe next.
We obtain the elastic Born contribution at W2 ¼ M2 in

Eq. (13) by using the updated values of the magnetic Sachs
form factorGM and the axial form factorGA for the nucleon
[26,27]. Above the threshold, W2 ≥ ðM þmπÞ2, we con-
sider the dominant physics operating in various of domains
in the Q2–W2 plane separately. At large Q2 ≳ 2 GeV2, the
Nachtmann moment Mð0Þ

3 reduces to the Mellin moment
and is fixed by the sum rule corrected by pQCD in Eq. (14)
by an analogy with that of the polarized Bjorken sum rule
[MS]. At small Q2 ≲ 2 GeV2, we estimate the contribution
[Eq. (15)] near the inelastic threshold by computing the
single pion production contribution FχPT in chiral pertur-
bation theory (χPT) at a leading order. To improve the
behavior of FχPT at a larger Q2, we replace the pointlike
nucleon vertices with measured Dirac and axial nucleon
form factors, F1 and GA. At higherW2, we investigated the
impact of several low-lying I ¼ 1=2 resonances based on a
few models [28–30], and found their contributions to □

VA
γW

to be negligible. Note that Δ resonances do not contribute
since only isoscalar electromagnetic transitions enter Fð0Þ

3 .
Finally, at a large W2, we use the form in Eq. (17)

inspired by Regge phenomenology together with VMD
[31] as illustrated in Fig. 3(a). In this picture, the Regge
behavior ðν=ν0Þα

ρ
0 arises from the exchange of the ρ

trajectory with an intercept αρ0 ¼ 0.477 [32], and is coupled
to the external currents via a1 and ωmesons encoded by the
VMD factors m2

V=ðm2
V þQ2Þ. We include a threshold

function fth ¼ ΘðW2 −W2
thÞð1 − exp½ðW2

th −W2Þ=Λ2
th&Þ,

which smoothly vanishes at the two-pion threshold point
W2

th ¼ ðM þ 2mπÞ2 to model the smooth background in the
resonance region [11]. We choose equal values for
the Regge and threshold scales of ν0 ¼ Λth ¼ 1 GeV to
ensure that Regge behavior sets in around W2 ∼
ð2.5 GeVÞ2. The function CγWðQ2Þ accounts for residual

FIG. 2. Phase space of the structure functions Fð0Þ
3 and Fνpþν̄p

3

in the W2–Q2 plane.
FIG. 3. Regge exchange model (a) for Fð0Þ

3 and (b) for Fνpþν̄p
3

using vector meson dominance.
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tions, one must consider modifications of the free nucleon
matrix elements due the presence of the nuclear environ-
ment. The standard approach to organizing the radiative
corrections to nuclear � decay followed in Refs. [4, 5, 40]
is summarized in Eq. (1). The quantity appearing in
the denominator is universal, nucleus-independent, and
related to the measured ft values as

Ft(1+�V
R) = ft(1+�0R)(1��C +�NS)(1+�V

R) . (53)

Here, �0R is the nuclear charge-dependent outer correc-
tion; �C corrects the matrix element of the Fermi oper-
ator for the nucleus-dependent isospin symmetry break-
ing e↵ects; �V

R stands for the universal part that stems
from the �W -box on a free nucleon; and �NS accounts
for nuclear structure corrections within the �W -box. The
latter two corrections combined together should be un-
derstood as the �W -box evaluated on a nucleus, with the
inclusive nuclear and hadronic intermediate states taken
into account.

Elastic 

Discrete 
Levels 

Quasi- 
Elastic Hadronic 

Resonances Regge/ 
Deep Inelastic 

GDR 

FIG. 8: Idealized structure of virtual photoabsorption on a
nucleus.

In the context of dispersion relations, it is useful to
visualize these contributions in terms of the nuclear re-
sponse to an external lepton in a manner analogous to
what is shown in Fig. 4. To that end, we show in Fig.
8 an idealized structure of the nuclear electroabsorption
spectrum. While the shape in the hadronic regime is
similar to that for a free nucleon in Fig. 4, the lower
part of the nuclear spectrum contains nuclear resonances
and the quasielastic (QE) peak. The latter includes the
one-nucleon knock-out as well as the knock-out of two or
more nucleons in a single scattering process. The nuclear
structure correction �NS thus accounts for the additional
features of the electroabsportion spectrum on nuclei as
compared to that on a free nucleon.

The �W -box on a nucleus should in principle be cal-
culated in using the full nuclear Greens function. Do-
ing so is challenging, however, since the latter should be
known in the full kinematical range to describe all the ef-
fects from lowest-lying nuclear excitations to shadowing

at high energies. In practice, the nuclear modifications
of the �W -box have been calculated using the nuclear
shell model with a semi-empirical Woods-Saxon poten-
tial (WSSH) [5] and nuclear density functional theory[41].
Attempts to address the calculation of �C in nuclear ap-
proaches other than WSSH suggest that the understand-
ing of the nuclear structure corrections may not be at the
level needed to warrant the current ⇠ 2 ⇥ 10�4 relative
precision of the Ft values [42, 43]. We refer the reader to
a detailed discussion in Ref. [5] which contains the list of
relevant calculations, and the critique to those from the
standpoint of semiempirical Woods-Saxon potential shell
model advocated by the authors of that reference.
In what follows, we focus on the modification of the free

nucleon Born correction (↵/2⇡)CB due to the presence
of the QE response. We defer a treatment of the other
features of the low-lying nuclear spectrum to future work.
To proceed, we recall that the procedure for dividing the
full �W -box on a nucleus into a universal and nucleus-
dependent corresponds to rewriting identically,

⇤VA, Nucl.
�W = ⇤VA, free n

�W +
h
⇤VA, Nucl.

�W �⇤VA, free n
�W

i
.(54)

The first term is then absorbed in �V
R , while the second

term makes part of �NS :

↵

2⇡
Cfree n

B ⇢ ⇤VA, free n
�W ⇢ �V

R ,

2
h
⇤VA, Nucl.

�W �⇤VA, free n
�W

i
⌘ �NS . (55)

Note that no approximation has been made at this step.
As a matter of self-consistency, one should compute

the two terms entering �NS in a common framework. In
practice, di↵erent approaches have been utilized to date.
The free nucleon term has been evaluated using phe-
nomenological input from intermediate and high-energy
data as described in the previous sections. The second
(nuclear) term is at present calculated in non-relativistic
nuclear models. The procedure of subtracting the former
from the latter may introduce additional model depen-
dence, raising concerns about additional as of yet un-
quantified theoretical uncertainty. We observe that such
uncertainty would have to be primarily of a systematic,
nucleus-independent nature so as not to spoil the present
agreement with the CVC property of the charged current
weak interaction. In this Section we argue that with the
use of dispersion relations one may evaluate both the
free nucleon term and the nuclear �W -box correction on
an equal footing. In doing so, we will show that the
previous treatment of the latter has, indeed, omitted an
important, universal nuclear correction.
Working with the nucleons as the relevant degrees of

freedom for describing the nuclear structure, the �W -
box calculation has two generic contributions: one arising
from the one-body current operator and a second involv-
ing two-body currents. For a given nuclear model, the
latter are required for consistency with the nuclear con-
tinuity equation (current conservation). Considering now

7
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FIG. 4: Idealized structure of virtual photoabsorption on the
nucleon.

x = Q2/(2M⌫) and y = ⌫/E, with E the initial neu-
trino energy and ⌫ the virtual W laboratory frame en-
ergy, reads [17]

d2�⌫(⌫̄)

dxdy
=

G2
FME

⇡ (1 +Q2/M2
W )

2 (34)
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The P-odd structure functions F ⌫p(⌫̄p)
3 of our interest fol-

low standard definitions:

1

4⇡

X

X

(2⇡)4�4(p+ q � pX) hp| (Jµ
W )

†
|Xi hX| J⌫

W |pi =
i✏µ⌫↵�p↵q�
2(p · q)

F ⌫p
3 + ...

1

4⇡

X

X

(2⇡)4�4(p+ q � pX) hp| Jµ
W |Xi hX| (J⌫

W )† |pi =
i✏µ⌫↵�p↵q�
2(p · q)

F ⌫̄p
3 + ... (35)

and their average, F ⌫p+⌫̄p
3 = 1

2 [F
⌫p
3 + F ⌫̄p

3 ] can be ob-
tained from the di↵erence of the neutrino and antineu-
trino cross sections.

We follow the general structure of the parametriza-

tion of F (0)
3 specified in Eq. (29), and describe F ⌫p+⌫̄p

3
at Q2

 2 GeV2 as a sum of elastic (Born) contribu-
tion, non-resonant ⇡N continuum, several low-lying �
and N⇤-resonances, and the high-energy Regge contribu-
tion,

F ⌫p+⌫̄p
3, low�Q2 = F ⌫p+⌫̄p

3,Born + F ⌫p+⌫̄p
3,⇡N + F ⌫p+⌫̄p

3, res + F ⌫p+⌫̄p
3,R .

(36)

Details to the elastic, ⇡N and resonance contributions
are given in the Appendix. Since the Regge contribu-
tion plays a central role in our model, we give its ex-
plicit form here. We assume that it completely dom-
inates at high energies, for W � 2.5 GeV. At lower
energies, we assume that above the two-pion produc-
tion threshold W 2

th = (M + 2m⇡)2 the Regge amplitude
with an appropriate smooth threshold factor fth(W ) =

⇥(W 2
� W 2

th)
⇣
1� exp

n
W 2

th�W 2

⇤2
th

o⌘
represents on aver-

age the contribution of multi-pion and higher energy
channels,

F ⌫p+⌫̄p
3,R (⌫, Q2) =

C(Q2)fth(W )⇥
1 +Q2/m2

⇢

⇤ ⇥
1 +Q2/m2

a1

⇤
✓

⌫

⌫0

◆↵0

(37)

The Reggeized !-exchange is well described by the Regge
intercept ↵0 ⇡ 0.477 [18], and we choose the parame-
ters ⌫0 = ⇤th = 1 GeV. To continue the Regge ampli-
tude to finite Q2 we assume vector (axial) meson domi-
nance which is reflected in the usual VDM form factors
above. We found however, that the pure VDM does not
describe the data, so we added a phenomenological Q2-
dependent function C(Q2) which is obtained from a fit.
That the pure VDM drops short of the virtual photoab-
sorption data is well-known. This fact has motivated
various generalizations of the VDM which also feature
phenomenological ingredients that are needed to account
for this missing strength. Given the quality of the data,
a simple linear form of C(Q2) was enough to describe
the combined BEBC and Gargamelle data n the range
Q2

2 (0.15, 2.0) GeV2 [19],

C(Q2) = A(1 +BQ2), (38)

with A = 5.2± 1.5 and B = 1.08+0.48
�0.28. The two parame-

ters are strongly anti-correlated.
Above Q2 = 2 GeV2 we use the pQCD result for the

Mellin moment with N3LO corrections calculated in Ref.
[20].

M⌫p+⌫̄p
3 (1, Q2) = 3

"
1�

3X

i=1

Ci

⇣ ↵̄s

⇡

⌘i
#
, (39)
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tions, one must consider modifications of the free nucleon
matrix elements due the presence of the nuclear environ-
ment. The standard approach to organizing the radiative
corrections to nuclear � decay followed in Refs. [4, 5, 40]
is summarized in Eq. (1). The quantity appearing in
the denominator is universal, nucleus-independent, and
related to the measured ft values as

Ft(1+�V
R) = ft(1+�0R)(1��C +�NS)(1+�V

R) . (53)

Here, �0R is the nuclear charge-dependent outer correc-
tion; �C corrects the matrix element of the Fermi oper-
ator for the nucleus-dependent isospin symmetry break-
ing e↵ects; �V

R stands for the universal part that stems
from the �W -box on a free nucleon; and �NS accounts
for nuclear structure corrections within the �W -box. The
latter two corrections combined together should be un-
derstood as the �W -box evaluated on a nucleus, with the
inclusive nuclear and hadronic intermediate states taken
into account.

Elastic 

Discrete 
Levels 

Quasi- 
Elastic Hadronic 

Resonances Regge/ 
Deep Inelastic 

GDR 

FIG. 8: Idealized structure of virtual photoabsorption on a
nucleus.

In the context of dispersion relations, it is useful to
visualize these contributions in terms of the nuclear re-
sponse to an external lepton in a manner analogous to
what is shown in Fig. 4. To that end, we show in Fig.
8 an idealized structure of the nuclear electroabsorption
spectrum. While the shape in the hadronic regime is
similar to that for a free nucleon in Fig. 4, the lower
part of the nuclear spectrum contains nuclear resonances
and the quasielastic (QE) peak. The latter includes the
one-nucleon knock-out as well as the knock-out of two or
more nucleons in a single scattering process. The nuclear
structure correction �NS thus accounts for the additional
features of the electroabsportion spectrum on nuclei as
compared to that on a free nucleon.

The �W -box on a nucleus should in principle be cal-
culated in using the full nuclear Greens function. Do-
ing so is challenging, however, since the latter should be
known in the full kinematical range to describe all the ef-
fects from lowest-lying nuclear excitations to shadowing

at high energies. In practice, the nuclear modifications
of the �W -box have been calculated using the nuclear
shell model with a semi-empirical Woods-Saxon poten-
tial (WSSH) [5] and nuclear density functional theory[41].
Attempts to address the calculation of �C in nuclear ap-
proaches other than WSSH suggest that the understand-
ing of the nuclear structure corrections may not be at the
level needed to warrant the current ⇠ 2 ⇥ 10�4 relative
precision of the Ft values [42, 43]. We refer the reader to
a detailed discussion in Ref. [5] which contains the list of
relevant calculations, and the critique to those from the
standpoint of semiempirical Woods-Saxon potential shell
model advocated by the authors of that reference.
In what follows, we focus on the modification of the free

nucleon Born correction (↵/2⇡)CB due to the presence
of the QE response. We defer a treatment of the other
features of the low-lying nuclear spectrum to future work.
To proceed, we recall that the procedure for dividing the
full �W -box on a nucleus into a universal and nucleus-
dependent corresponds to rewriting identically,

⇤VA, Nucl.
�W = ⇤VA, free n

�W +
h
⇤VA, Nucl.

�W �⇤VA, free n
�W

i
.(54)

The first term is then absorbed in �V
R , while the second

term makes part of �NS :

↵

2⇡
Cfree n

B ⇢ ⇤VA, free n
�W ⇢ �V

R ,

2
h
⇤VA, Nucl.

�W �⇤VA, free n
�W

i
⌘ �NS . (55)

Note that no approximation has been made at this step.
As a matter of self-consistency, one should compute

the two terms entering �NS in a common framework. In
practice, di↵erent approaches have been utilized to date.
The free nucleon term has been evaluated using phe-
nomenological input from intermediate and high-energy
data as described in the previous sections. The second
(nuclear) term is at present calculated in non-relativistic
nuclear models. The procedure of subtracting the former
from the latter may introduce additional model depen-
dence, raising concerns about additional as of yet un-
quantified theoretical uncertainty. We observe that such
uncertainty would have to be primarily of a systematic,
nucleus-independent nature so as not to spoil the present
agreement with the CVC property of the charged current
weak interaction. In this Section we argue that with the
use of dispersion relations one may evaluate both the
free nucleon term and the nuclear �W -box correction on
an equal footing. In doing so, we will show that the
previous treatment of the latter has, indeed, omitted an
important, universal nuclear correction.
Working with the nucleons as the relevant degrees of

freedom for describing the nuclear structure, the �W -
box calculation has two generic contributions: one arising
from the one-body current operator and a second involv-
ing two-body currents. For a given nuclear model, the
latter are required for consistency with the nuclear con-
tinuity equation (current conservation). Considering now

7

V

Z

Elastic 

Pion Production 

Hadronic 
Resonances 

Regge/ 
Deep Inelastic 

FIG. 4: Idealized structure of virtual photoabsorption on the
nucleon.

x = Q2/(2M⌫) and y = ⌫/E, with E the initial neu-
trino energy and ⌫ the virtual W laboratory frame en-
ergy, reads [17]

d2�⌫(⌫̄)

dxdy
=
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FME

⇡ (1 +Q2/M2
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The P-odd structure functions F ⌫p(⌫̄p)
3 of our interest fol-

low standard definitions:

1

4⇡

X

X

(2⇡)4�4(p+ q � pX) hp| (Jµ
W )

†
|Xi hX| J⌫

W |pi =
i✏µ⌫↵�p↵q�
2(p · q)

F ⌫p
3 + ...

1

4⇡

X

X

(2⇡)4�4(p+ q � pX) hp| Jµ
W |Xi hX| (J⌫

W )† |pi =
i✏µ⌫↵�p↵q�
2(p · q)

F ⌫̄p
3 + ... (35)

and their average, F ⌫p+⌫̄p
3 = 1

2 [F
⌫p
3 + F ⌫̄p

3 ] can be ob-
tained from the di↵erence of the neutrino and antineu-
trino cross sections.

We follow the general structure of the parametriza-

tion of F (0)
3 specified in Eq. (29), and describe F ⌫p+⌫̄p

3
at Q2

 2 GeV2 as a sum of elastic (Born) contribu-
tion, non-resonant ⇡N continuum, several low-lying �
and N⇤-resonances, and the high-energy Regge contribu-
tion,

F ⌫p+⌫̄p
3, low�Q2 = F ⌫p+⌫̄p

3,Born + F ⌫p+⌫̄p
3,⇡N + F ⌫p+⌫̄p

3, res + F ⌫p+⌫̄p
3,R .

(36)

Details to the elastic, ⇡N and resonance contributions
are given in the Appendix. Since the Regge contribu-
tion plays a central role in our model, we give its ex-
plicit form here. We assume that it completely dom-
inates at high energies, for W � 2.5 GeV. At lower
energies, we assume that above the two-pion produc-
tion threshold W 2

th = (M + 2m⇡)2 the Regge amplitude
with an appropriate smooth threshold factor fth(W ) =

⇥(W 2
� W 2

th)
⇣
1� exp

n
W 2

th�W 2

⇤2
th

o⌘
represents on aver-

age the contribution of multi-pion and higher energy
channels,
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The Reggeized !-exchange is well described by the Regge
intercept ↵0 ⇡ 0.477 [18], and we choose the parame-
ters ⌫0 = ⇤th = 1 GeV. To continue the Regge ampli-
tude to finite Q2 we assume vector (axial) meson domi-
nance which is reflected in the usual VDM form factors
above. We found however, that the pure VDM does not
describe the data, so we added a phenomenological Q2-
dependent function C(Q2) which is obtained from a fit.
That the pure VDM drops short of the virtual photoab-
sorption data is well-known. This fact has motivated
various generalizations of the VDM which also feature
phenomenological ingredients that are needed to account
for this missing strength. Given the quality of the data,
a simple linear form of C(Q2) was enough to describe
the combined BEBC and Gargamelle data n the range
Q2

2 (0.15, 2.0) GeV2 [19],

C(Q2) = A(1 +BQ2), (38)

with A = 5.2± 1.5 and B = 1.08+0.48
�0.28. The two parame-

ters are strongly anti-correlated.
Above Q2 = 2 GeV2 we use the pQCD result for the

Mellin moment with N3LO corrections calculated in Ref.
[20].
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Êsph(T ) =
4⇡v̄(T )

g
B(�/g

2
) (3)

'(µ = ⇡/2, ⇠, ✓,�) =
v
p
2
f(⇠)U

1
(µ = ⇡/2)

✓
0

1

◆
(4)

U
1
(µ = ⇡/2) =

1

r

✓
z x+ iy

�x+ iy z

◆
(5)

Ar(µ, r, ✓,�) = 0 (6)

'(µ, r, ✓,�) = [1� h(r)]

✓
0

e
�iµ

cosµ

◆
+ h(r)'

1
(µ, ✓,�) (7)

A{✓,�}(µ, r, ✓,�) = f(r)A
1
{✓,�}(✓,�) (8)

'
1
(µ, ✓,�) =

✓
sinµ sin ✓e

i�

e
�iµ

(cosµ+ i sinµ cos ✓)

◆
(9)

U
1

=

p
2

v

✓
'
1⇤
2

'
1
1

�'
1⇤
1

'
1
2

◆
(10)

A
1
{µ,✓,�} = �@{✓,�} U

1
(U

1
)
�1

(11)

~A · d~x = Ar dr + A✓ d✓ + A� d� (12)

1

Our evaluation Towner & Hardy  previous



65

Impact on dNS
13

• The strength of the nuclear response in the QE
regime is significantly larger than that due to low-
lying nuclear excitations, and covers a broader
range of excitation energy than the latter. Thus,
one might expect that the QE region generally has
a more significant impact on the dispersion integral,
as well. To address the nuclear modification of the
free nucleon contribution in a controlled manner,
the QE knock-out contribution has to be explicitly
included.

• The dynamics in which the same nucleon partici-
pates in the transition to a state involving a quasi-
free nucleon and spectator nucleus are those of the
QE response, whose peak at ! ⇠ Q2/2M can lie
significantly above the low-lying nuclear excitation
spectrum. In the �W -box this contribution cor-
responds to (i) the virtual W+ knocking out one
neutron from the initial nucleus, converting it to
a proton and a spectator nucleus, corresponding
to a subset of intermediate states |ni in the nu-
clear Green’s function and (ii) reabsorbtion of the
quasifree proton into the final nucleus by emitting
a virtual photon.

• The significant store of data for QE electron-
nucleus scattering implies that, to a first approxi-
mation, one may obtain an adequate description of
the QE response using the free-nucleon form factors
without any quenching factors applied. Inclusion
of subdominant e↵ects arising from nuclear correla-
tions and two-body currents may yield O(10�30%)
corrections [47].

• Finally, the QE contribution to �W -box requires
a quasi-free active nucleon between the � and W
couplings rather than a bound nucleon inside an
excited nuclear state; compare Fig. 9b) and a), re-
spectively. The Q2-dependence under the integral
in the box with the low-lying excited nuclear state
as in Fig. 9a), on the other hand, depends on nu-
clear form factors which are known to drop much
faster than the free nucleon form factors, so the as-
sumption that the integral over form factors should
simply rescale as the charges is not justified.

With these observations in mind, we propose an alter-
native method of addressing the modification of the free
nucleon Born contribution by explicitly accounting for
the QE contribution shown in Fig. 9b). This approach
entails (1) employing the dispersion relation framework
to evaluate the contribution from the QE component of
TA
µ⌫ to �NS , and (2) replacing the Towner and Hardy

computation of the same-nucleon contribution to �NS by
our computation of the QE contribution. We defer a
treatment of the contributions from low-lying nuclear ex-
citations to a future, state-of-the-art many-body compu-
tation. We expect that such a computation will take into
account the underlying many-body dynamics responsi-

FIG. 9: Diagrammatic representation of the quenching mech-
anism of the Born contribution in the approach of Refs.
[40, 46] , diagram a) with the initial (final) nucleus A (A0),
and an excited nuclear state Ã accessed via a Gamow-Teller
transition from the initial nucleus and via a magnetic transi-
tion from the final nucleus. Panel b) shows the quasielastic
picture with a single-nucleon knockout.

ble for the quenching of spin-flip transition strengths in
low-lying nuclear transitions.
We now turn to the dispersion representation of the

�W -box correction in Eq. (23) with the nuclear structure

function F (0), Nucl.
3, �W , defined per active nucleon,

⇤V A, Nucl.
�W =

↵

N⇡M

1Z

0

dQ2M2
W

M2
W +Q2

1Z

0

d⌫
(⌫ + 2q)

⌫(⌫ + q)2

⇥F (0), Nucl.
3, �W (⌫, Q2), (64)

with N the number of neutrons (protons) in the �� (�+)
decay process, respectively. and concentrate on the
quasielastic part only. Instead of defining the quench-
ing via a simple rescaling of the Born we will directly
calculate CQE from a dispersion representation,

CQE = 2

1Z

0

dQ2

⌫⇡Z

⌫min

d⌫(⌫ + 2q)

M⌫(⌫ + q)2
F (0), QE
3, �W (⌫, Q2), (65)

with the limits of the ⌫-integration being ⌫min, the
threshold for the quasielastic breakup specified in
Eq. (69) below and ⌫⇡ = (Q2 + (M + m⇡)2 � M2)/2M
the threshold for pion production. Then, we estimate the
modification of the Born contribution discussed above, as

C Nucl.
B = C free n

B + [CQE � C free n
B ]. (66)

For purposes of this exploratory calculation, we de-
scribe the quasielastic peak in the �W box contribution
to a superallowed �+ decay process A ! A0e+⌫e in the
plane-wave impulse approximation (PWIA). In this pic-
ture, a nucleus first splits into an on-shell spectator nu-
cleus A00 and an active o↵-shell nucleon, and the latter
interacts with the gauge bosons. The e↵ective scatter-
ing process proceeds as AW�

! nA00
! A0�, see Fig.

9b). The active nucleon carries an o↵-shell momentum
k before interacting with the gauge boson. To describe
its distribution in the nucleus we adopt the Fermi gas
model, which assumes a uniform distribution of nucleon
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Refinements
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• The strength of the nuclear response in the QE
regime is significantly larger than that due to low-
lying nuclear excitations, and covers a broader
range of excitation energy than the latter. Thus,
one might expect that the QE region generally has
a more significant impact on the dispersion integral,
as well. To address the nuclear modification of the
free nucleon contribution in a controlled manner,
the QE knock-out contribution has to be explicitly
included.

• The dynamics in which the same nucleon partici-
pates in the transition to a state involving a quasi-
free nucleon and spectator nucleus are those of the
QE response, whose peak at ! ⇠ Q2/2M can lie
significantly above the low-lying nuclear excitation
spectrum. In the �W -box this contribution cor-
responds to (i) the virtual W+ knocking out one
neutron from the initial nucleus, converting it to
a proton and a spectator nucleus, corresponding
to a subset of intermediate states |ni in the nu-
clear Green’s function and (ii) reabsorbtion of the
quasifree proton into the final nucleus by emitting
a virtual photon.

• The significant store of data for QE electron-
nucleus scattering implies that, to a first approxi-
mation, one may obtain an adequate description of
the QE response using the free-nucleon form factors
without any quenching factors applied. Inclusion
of subdominant e↵ects arising from nuclear correla-
tions and two-body currents may yield O(10�30%)
corrections [47].

• Finally, the QE contribution to �W -box requires
a quasi-free active nucleon between the � and W
couplings rather than a bound nucleon inside an
excited nuclear state; compare Fig. 9b) and a), re-
spectively. The Q2-dependence under the integral
in the box with the low-lying excited nuclear state
as in Fig. 9a), on the other hand, depends on nu-
clear form factors which are known to drop much
faster than the free nucleon form factors, so the as-
sumption that the integral over form factors should
simply rescale as the charges is not justified.

With these observations in mind, we propose an alter-
native method of addressing the modification of the free
nucleon Born contribution by explicitly accounting for
the QE contribution shown in Fig. 9b). This approach
entails (1) employing the dispersion relation framework
to evaluate the contribution from the QE component of
TA
µ⌫ to �NS , and (2) replacing the Towner and Hardy

computation of the same-nucleon contribution to �NS by
our computation of the QE contribution. We defer a
treatment of the contributions from low-lying nuclear ex-
citations to a future, state-of-the-art many-body compu-
tation. We expect that such a computation will take into
account the underlying many-body dynamics responsi-

FIG. 9: Diagrammatic representation of the quenching mech-
anism of the Born contribution in the approach of Refs.
[40, 46] , diagram a) with the initial (final) nucleus A (A0),
and an excited nuclear state Ã accessed via a Gamow-Teller
transition from the initial nucleus and via a magnetic transi-
tion from the final nucleus. Panel b) shows the quasielastic
picture with a single-nucleon knockout.

ble for the quenching of spin-flip transition strengths in
low-lying nuclear transitions.
We now turn to the dispersion representation of the

�W -box correction in Eq. (23) with the nuclear structure

function F (0), Nucl.
3, �W , defined per active nucleon,

⇤V A, Nucl.
�W =

↵

N⇡M

1Z
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dQ2M2
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M2
W +Q2
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d⌫
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⌫(⌫ + q)2

⇥F (0), Nucl.
3, �W (⌫, Q2), (64)

with N the number of neutrons (protons) in the �� (�+)
decay process, respectively. and concentrate on the
quasielastic part only. Instead of defining the quench-
ing via a simple rescaling of the Born we will directly
calculate CQE from a dispersion representation,

CQE = 2

1Z

0

dQ2

⌫⇡Z

⌫min

d⌫(⌫ + 2q)

M⌫(⌫ + q)2
F (0), QE
3, �W (⌫, Q2), (65)

with the limits of the ⌫-integration being ⌫min, the
threshold for the quasielastic breakup specified in
Eq. (69) below and ⌫⇡ = (Q2 + (M + m⇡)2 � M2)/2M
the threshold for pion production. Then, we estimate the
modification of the Born contribution discussed above, as

C Nucl.
B = C free n

B + [CQE � C free n
B ]. (66)

For purposes of this exploratory calculation, we de-
scribe the quasielastic peak in the �W box contribution
to a superallowed �+ decay process A ! A0e+⌫e in the
plane-wave impulse approximation (PWIA). In this pic-
ture, a nucleus first splits into an on-shell spectator nu-
cleus A00 and an active o↵-shell nucleon, and the latter
interacts with the gauge bosons. The e↵ective scatter-
ing process proceeds as AW�

! nA00
! A0�, see Fig.

9b). The active nucleon carries an o↵-shell momentum
k before interacting with the gauge boson. To describe
its distribution in the nucleus we adopt the Fermi gas
model, which assumes a uniform distribution of nucleon
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Why are superallowed decays special?
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Modified ft-values to include these effects

Ft = ft(1 + �0R)[1� (�C � �NS)]

Ft = 3072.1± 0.7
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δ’R - “outer” correction (depends on e-energy) - QED

• Pioneering work by Sirlin (Phys.Rev. 164, 1767 (1967) , before the 
establishment of SM) was to separate RC into two pieces:

1. “Outer” correction: depends critically on the electron spectrum 
but not on the details of strong and weak interaction

2. “Inner” correction: depends on the details of strong and weak 
interaction but not so much on the electron spectrum

• The “outer” contributions are obtained by retaining only the IR-
singular pieces in the loop diagrams

• Bremsstrahlung diagrams are also needed to cancel IR divergence

Radiative Corrections:Pre-SM

5
Diagrams taken from Ando et al, PLB 595 (2004) 250
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δC - SU(2) breaking in the nuclear matrix elements 
- mismatch of radial WF in parent-daughter 
- mixing of different isospin states
δNS - RC depending on the nuclear structure 
δC,δNS - energy independent

Hardy, Towner 1973 - 2018
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Other Nuclear Corrections

Nuclei Free nucleons 

11

tions, one must consider modifications of the free nucleon
matrix elements due the presence of the nuclear environ-
ment. The standard approach to organizing the radiative
corrections to nuclear � decay followed in Refs. [4, 5, 40]
is summarized in Eq. (1). The quantity appearing in
the denominator is universal, nucleus-independent, and
related to the measured ft values as

Ft(1+�V
R) = ft(1+�0R)(1��C +�NS)(1+�V

R) . (53)

Here, �0R is the nuclear charge-dependent outer correc-
tion; �C corrects the matrix element of the Fermi oper-
ator for the nucleus-dependent isospin symmetry break-
ing e↵ects; �V

R stands for the universal part that stems
from the �W -box on a free nucleon; and �NS accounts
for nuclear structure corrections within the �W -box. The
latter two corrections combined together should be un-
derstood as the �W -box evaluated on a nucleus, with the
inclusive nuclear and hadronic intermediate states taken
into account.

Elastic 

Discrete 
Levels 

Quasi- 
Elastic Hadronic 

Resonances Regge/ 
Deep Inelastic 

GDR 

FIG. 8: Idealized structure of virtual photoabsorption on a
nucleus.

In the context of dispersion relations, it is useful to
visualize these contributions in terms of the nuclear re-
sponse to an external lepton in a manner analogous to
what is shown in Fig. 4. To that end, we show in Fig.
8 an idealized structure of the nuclear electroabsorption
spectrum. While the shape in the hadronic regime is
similar to that for a free nucleon in Fig. 4, the lower
part of the nuclear spectrum contains nuclear resonances
and the quasielastic (QE) peak. The latter includes the
one-nucleon knock-out as well as the knock-out of two or
more nucleons in a single scattering process. The nuclear
structure correction �NS thus accounts for the additional
features of the electroabsportion spectrum on nuclei as
compared to that on a free nucleon.

The �W -box on a nucleus should in principle be cal-
culated in using the full nuclear Greens function. Do-
ing so is challenging, however, since the latter should be
known in the full kinematical range to describe all the ef-
fects from lowest-lying nuclear excitations to shadowing

at high energies. In practice, the nuclear modifications
of the �W -box have been calculated using the nuclear
shell model with a semi-empirical Woods-Saxon poten-
tial (WSSH) [5] and nuclear density functional theory[41].
Attempts to address the calculation of �C in nuclear ap-
proaches other than WSSH suggest that the understand-
ing of the nuclear structure corrections may not be at the
level needed to warrant the current ⇠ 2 ⇥ 10�4 relative
precision of the Ft values [42, 43]. We refer the reader to
a detailed discussion in Ref. [5] which contains the list of
relevant calculations, and the critique to those from the
standpoint of semiempirical Woods-Saxon potential shell
model advocated by the authors of that reference.
In what follows, we focus on the modification of the free

nucleon Born correction (↵/2⇡)CB due to the presence
of the QE response. We defer a treatment of the other
features of the low-lying nuclear spectrum to future work.
To proceed, we recall that the procedure for dividing the
full �W -box on a nucleus into a universal and nucleus-
dependent corresponds to rewriting identically,

⇤VA, Nucl.
�W = ⇤VA, free n

�W +
h
⇤VA, Nucl.

�W �⇤VA, free n
�W

i
.(54)

The first term is then absorbed in �V
R , while the second

term makes part of �NS :

↵

2⇡
Cfree n

B ⇢ ⇤VA, free n
�W ⇢ �V

R ,

2
h
⇤VA, Nucl.

�W �⇤VA, free n
�W

i
⌘ �NS . (55)

Note that no approximation has been made at this step.
As a matter of self-consistency, one should compute

the two terms entering �NS in a common framework. In
practice, di↵erent approaches have been utilized to date.
The free nucleon term has been evaluated using phe-
nomenological input from intermediate and high-energy
data as described in the previous sections. The second
(nuclear) term is at present calculated in non-relativistic
nuclear models. The procedure of subtracting the former
from the latter may introduce additional model depen-
dence, raising concerns about additional as of yet un-
quantified theoretical uncertainty. We observe that such
uncertainty would have to be primarily of a systematic,
nucleus-independent nature so as not to spoil the present
agreement with the CVC property of the charged current
weak interaction. In this Section we argue that with the
use of dispersion relations one may evaluate both the
free nucleon term and the nuclear �W -box correction on
an equal footing. In doing so, we will show that the
previous treatment of the latter has, indeed, omitted an
important, universal nuclear correction.
Working with the nucleons as the relevant degrees of

freedom for describing the nuclear structure, the �W -
box calculation has two generic contributions: one arising
from the one-body current operator and a second involv-
ing two-body currents. For a given nuclear model, the
latter are required for consistency with the nuclear con-
tinuity equation (current conservation). Considering now
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FIG. 4: Idealized structure of virtual photoabsorption on the
nucleon.

x = Q2/(2M⌫) and y = ⌫/E, with E the initial neu-
trino energy and ⌫ the virtual W laboratory frame en-
ergy, reads [17]

d2�⌫(⌫̄)

dxdy
=

G2
FME

⇡ (1 +Q2/M2
W )

2 (34)

⇥


xy2F1 +

✓
1� y �

Mxy

2E

◆
F2 ± x

✓
y �

y2

2

◆
F3

�
.

The P-odd structure functions F ⌫p(⌫̄p)
3 of our interest fol-

low standard definitions:

1

4⇡

X

X

(2⇡)4�4(p+ q � pX) hp| (Jµ
W )

†
|Xi hX| J⌫

W |pi =
i✏µ⌫↵�p↵q�
2(p · q)

F ⌫p
3 + ...

1

4⇡

X

X

(2⇡)4�4(p+ q � pX) hp| Jµ
W |Xi hX| (J⌫

W )† |pi =
i✏µ⌫↵�p↵q�
2(p · q)

F ⌫̄p
3 + ... (35)

and their average, F ⌫p+⌫̄p
3 = 1

2 [F
⌫p
3 + F ⌫̄p

3 ] can be ob-
tained from the di↵erence of the neutrino and antineu-
trino cross sections.

We follow the general structure of the parametriza-

tion of F (0)
3 specified in Eq. (29), and describe F ⌫p+⌫̄p

3
at Q2

 2 GeV2 as a sum of elastic (Born) contribu-
tion, non-resonant ⇡N continuum, several low-lying �
and N⇤-resonances, and the high-energy Regge contribu-
tion,

F ⌫p+⌫̄p
3, low�Q2 = F ⌫p+⌫̄p

3,Born + F ⌫p+⌫̄p
3,⇡N + F ⌫p+⌫̄p

3, res + F ⌫p+⌫̄p
3,R .

(36)

Details to the elastic, ⇡N and resonance contributions
are given in the Appendix. Since the Regge contribu-
tion plays a central role in our model, we give its ex-
plicit form here. We assume that it completely dom-
inates at high energies, for W � 2.5 GeV. At lower
energies, we assume that above the two-pion produc-
tion threshold W 2

th = (M + 2m⇡)2 the Regge amplitude
with an appropriate smooth threshold factor fth(W ) =

⇥(W 2
� W 2

th)
⇣
1� exp

n
W 2

th�W 2

⇤2
th

o⌘
represents on aver-

age the contribution of multi-pion and higher energy
channels,

F ⌫p+⌫̄p
3,R (⌫, Q2) =

C(Q2)fth(W )⇥
1 +Q2/m2

⇢

⇤ ⇥
1 +Q2/m2

a1

⇤
✓

⌫

⌫0

◆↵0

(37)

The Reggeized !-exchange is well described by the Regge
intercept ↵0 ⇡ 0.477 [18], and we choose the parame-
ters ⌫0 = ⇤th = 1 GeV. To continue the Regge ampli-
tude to finite Q2 we assume vector (axial) meson domi-
nance which is reflected in the usual VDM form factors
above. We found however, that the pure VDM does not
describe the data, so we added a phenomenological Q2-
dependent function C(Q2) which is obtained from a fit.
That the pure VDM drops short of the virtual photoab-
sorption data is well-known. This fact has motivated
various generalizations of the VDM which also feature
phenomenological ingredients that are needed to account
for this missing strength. Given the quality of the data,
a simple linear form of C(Q2) was enough to describe
the combined BEBC and Gargamelle data n the range
Q2

2 (0.15, 2.0) GeV2 [19],

C(Q2) = A(1 +BQ2), (38)

with A = 5.2± 1.5 and B = 1.08+0.48
�0.28. The two parame-

ters are strongly anti-correlated.
Above Q2 = 2 GeV2 we use the pQCD result for the

Mellin moment with N3LO corrections calculated in Ref.
[20].

M⌫p+⌫̄p
3 (1, Q2) = 3

"
1�

3X

i=1

Ci

⇣ ↵̄s

⇡

⌘i
#
, (39)

Low-lying transitions Part of dNS

NTNP Challenge
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0+! 0+ Decay: dNS

One-body Two-body: 
GS ! GS

Full nuclear Greens fn: 
excited intermediate states 

J. Engel
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One-body Two-body: 
GS ! GS

Full nuclear Greens fn: 
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0+! 0+ Decay: dNS

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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EDMs & SM Physics

dn ~ (10-16 e cm)  x  qQCD +  dn
CKM
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EDMs & SM Physics

dn ~ (10-16 e cm)  x  qQCD +  dn
CKM

dn
CKM = (1 – 6) x 10-32 e cm

C. Seng arXiv: 1411.1476
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EDMs & BSM Physics

d ~ (10-16 e cm)  x  (u / L)2  x  sinf x yf F
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EDMs & BSM Physics

d ~ (10-16 e cm)  x  (u / L)2  x  sinf x yf F

CPV Phase: large enough for baryogenesis ?
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EDMs & BSM Physics

d ~ (10-16 e cm)  x  (u / L)2  x  sinf x yf F

BSM mass scale: TeV ? Much higher ?

u = 246 GeV Higgs vacuum expectation value
L > 246 GeV Mass scale of BSM physics
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EDMs & BSM Physics

d ~ (10-16 e cm)  x  (u / L)2  x  sinf x yf F

BSM dynamics: perturbative? Strongly coupled? 

yf Fermion f Yukawa coupling
F Function of the dynamics 
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EDMs & BSM Physics

d ~ (10-16 e cm)  x  (u / L)2  x  sinf x yf F

Need information from at least three “frontiers” 

• Baryon asymmetry Cosmic Frontier
• High energy collisions Energy Frontier
• EDMs Intensity Frontier
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• Higgs boson 

• Top quark

• Dark photon

Where is BSM CPV hiding ?

This talk

Back up slides / 
question period
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What is the CP Nature of the Higgs Boson ?

• Interesting possibilities if part of an 
extended scalar sector

• Two Higgs doublets ?

• New parameters:

H ! H1 , H2

tan b = <H1> / <H2>
sin ab
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What is the CP Nature of the Higgs Boson ?

• Interesting possibilities if part of an 
extended scalar sector

• Two Higgs doublets ?

• New parameters:

H ! H1 , H2

tan b = <H1> / <H2>
sin ab

CPV : scalar-pseudoscalar
mixing from V(H1, H2)



Higgs Portal CPV: EDMs 
CPV & 2HDM: Type II illustration l6,7 = 0 for simplicity
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FIG. 10: Current and prospective future constraints from electron EDM (blue), neutron EDM (green), Mercury EDM (red) and
Radium (yellow) in flavor conserving 2HDMs. First row: type-I model; Second row: type-II model. The model parameters
used are the same as Fig. 6. Central values of the hadronic and nuclear matrix elements are used. Left: Combined current
limits. Middle: combined future limits if the Mercury and neutron EDMs are both improved by one order of magnitude. Also
shown are the future constraints if electron EDM is improved by another order of magnitude (in blue dashed curves). Right:
combined future limits if the Mercury and neutron EDMs are improved by one and two orders of magnitude, respectively.

matrix elements, there is guidance from näıve dimensional analysis, which takes into account the chiral structures of
the operators in question. However, the precise value of matrix elements involving quark CEDMs and the Weinberg
three-gluon operator are only known to about an order of magnitude, and dimensional analysis does not tell us the
signs of the matrix elements. We highlight two places where these uncertainties can change our results.

• In Figs. 7 and 8, we see that the Weinberg three-gluon operator is always subdominant as a contribution to the
neutron and mercury EDMs. It is possible, though, that the actual matrix element may be an order of magnitude
larger than the current best value. Then, the Weinberg operator would make the largest contribution to the
neutron and mercury EDMs at large tan� in the type-II model.

• In the left panel of Fig. 7, the quark EDM and CEDM contributions to nEDM in the type-I model are shown to
be nearly equal, but with opposite signs, suppressing the total neutron EDM in the type-I model. If overall sign
of the CEDM matrix element is opposite to that used here, the two e↵ects would add constructively, making
the neutron EDM limit much stronger.

In the absence of hadronic and nuclear matrix element uncertainties, improvements in neutron and diamagnetic
atom searches will make them competitive with present ThO result when in constraining CPV in 2HDM. At present,
however, theoretical uncertainties are significant, making it di�cult to draw firm quantitative conclusions regarding
the impact of the present and prospective neutron and diamagnetic EDM results.

Present Future: 

dn x 0.1

dA(Hg) x 0.1

dThO x 0.1

dA(Ra) [10-27 e cm]

Future: 

dn x 0.01

dA(Hg) x 0.1

dThO x 0.1

dA(Ra)

ThO

n

Hg

sin ab : CPV 
scalar mixing

Inoue, R-M, Zhang: 1403.4257

Ra

83

New ThO: ACME

2014 Status



Higgs Portal CPV: EDMs & LHC
CPV & 2HDM: Type II illustration l6,7 = 0 for simplicity
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FIG. 10: Current and prospective future constraints from electron EDM (blue), neutron EDM (green), Mercury EDM (red) and
Radium (yellow) in flavor conserving 2HDMs. First row: type-I model; Second row: type-II model. The model parameters
used are the same as Fig. 6. Central values of the hadronic and nuclear matrix elements are used. Left: Combined current
limits. Middle: combined future limits if the Mercury and neutron EDMs are both improved by one order of magnitude. Also
shown are the future constraints if electron EDM is improved by another order of magnitude (in blue dashed curves). Right:
combined future limits if the Mercury and neutron EDMs are improved by one and two orders of magnitude, respectively.

matrix elements, there is guidance from näıve dimensional analysis, which takes into account the chiral structures of
the operators in question. However, the precise value of matrix elements involving quark CEDMs and the Weinberg
three-gluon operator are only known to about an order of magnitude, and dimensional analysis does not tell us the
signs of the matrix elements. We highlight two places where these uncertainties can change our results.

• In Figs. 7 and 8, we see that the Weinberg three-gluon operator is always subdominant as a contribution to the
neutron and mercury EDMs. It is possible, though, that the actual matrix element may be an order of magnitude
larger than the current best value. Then, the Weinberg operator would make the largest contribution to the
neutron and mercury EDMs at large tan� in the type-II model.

• In the left panel of Fig. 7, the quark EDM and CEDM contributions to nEDM in the type-I model are shown to
be nearly equal, but with opposite signs, suppressing the total neutron EDM in the type-I model. If overall sign
of the CEDM matrix element is opposite to that used here, the two e↵ects would add constructively, making
the neutron EDM limit much stronger.

In the absence of hadronic and nuclear matrix element uncertainties, improvements in neutron and diamagnetic
atom searches will make them competitive with present ThO result when in constraining CPV in 2HDM. At present,
however, theoretical uncertainties are significant, making it di�cult to draw firm quantitative conclusions regarding
the impact of the present and prospective neutron and diamagnetic EDM results.

Present Future: 

dn x 0.1

dA(Hg) x 0.1

dThO x 0.1

dA(Ra) [10-27 e cm]

Future: 

dn x 0.01

dA(Hg) x 0.1

dThO x 0.1

dA(Ra) 

ThO

n

Hg

sin ab : CPV 
scalar mixing

Inoue, R-M, Zhang: 1403.4257

Ra
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LHC 300 fb-1

LHC 3 ab-1

Chen, Li,  R-M: 1708.00435

Alignment limit

New ThO: ACME

H à Zh

2017 Status
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2. Improvement of up to two orders of magnitude for the the neutron-EDM [21–26]

3. 2-3 orders of magnitude improvement for 129Xe[27, 28, 42]

4. New diamagnetic atom EDM measurements from the octupole enhanced systems 225Ra [29] and 221Rn/223Rn[30]

5. Possible new paramagnetic atom EDM measurement from Fr [14] and Cs [43]

6. Plans to develop storage-ring experiments to measure the EDMs of the proton and light nuclei 2H and 3He [44]

Some scenarios for improved experimental sensitivity and their impact are presented in Table VIII. In the first line
we summarize the current upper limits on the parameters at the 95% CL. The remainder of the table lists the impact
of one or more experiments with the improved sensitivity noted in the third column, assuming a central value of zero.
Note that we do not consider a possible future proton EDM search. While every experiment has the potential for
discovery in the sense that improving any current limit takes one into new territory, it is clear from Table VIII that
inclusions of new systems in a global analysis may have a much greater impact on constraining the parameters than
would improvement of experimental bounds in systems with current results.

For example, ThO provides such a tight correlation of de and CS , as shown in Fig. 1, that narrowing the experimental
upper and lower limits without improvements to the other experiments does not significantly improve the bounds on
de and CS . Adding a degree of freedom, such as a result in Fr, with ↵CS/↵de ⇡ 1.2 ⇥ 10�20 [12], could significantly
tighten the bounds. Similarly, a result in an octupole-deformed system, e.g. 225Ra or 221Rn/223Rn would add a

degree of freedom and over-constrain the the set of parameters CT , ḡ
(0)
⇡ , ḡ(1)⇡ and d̄n. Due to the nuclear structure

enhancement of the Schi↵ moments of such systems, their inclusion in a global analysis could have a substantial impact

on the ḡ(i)⇡ as well as on CT . In contrast , the projected 100-fold improvement in 129Xe (not octupole-deformed) would
have an impact primarily on CT . In the last line of Table VIII, we optimistically consider the long term prospects
with the neutron and 129Xe improvements and the octupole-deformed systems. The possibility of improvements to
TlF, for example with a cooled molecular beam [45] or another molecule will, of course, enhance the prospects.

From a theoretical perspective, it is interesting to consider the theoretical implications of the present and prospective
global analysis results. Perhaps, not surprisingly, the resulting constraints on various underlying CPV sources are

weaker than under the “single-source” assumption. For example, from the limit on ḡ
(0)
⇡ in Table I and the “reasonable

range” for the hadronic matrix element computations given in Ref. [1], we obtain |✓̄|  ✓̄max, with

2⇥ 10�7 <⇠ ✓̄max
<⇠ 1.6⇥ 10�6 (global) (IV.39)

a constraint considerably weaker than the order 10�10 upper bound obtained from the neutron or 199Hg EDM under

the “single-source” assumption. Similarly, for the dimensionless, isoscalar quark chromo-EDM, the ḡ(0)⇡ bounds imply

�̃
(+)
q

⇣
v

⇤

⌘2
<⇠ 0.01 . (IV.40)

where we have used the upper end of the hadronic matrix element range given in Ref. [1]. Since the quark chromo-
EDMs generally arise at one-loop order and may entail strongly interacting virtual particles, we may translate the

range in Eq. (IV.40) into a range on the BSM mass scale ⇤ by taking �̃
(+)
q ⇠ sin�CPV ⇥ (↵s/4⇡) where �CPV is a

CPV phase to obtain

⇤ >⇠ (2 TeV)⇥
p
sin�CPV Isoscalar quark chromo� EDM (global) . (IV.41)

We note, however that given the considerable uncertainty in the hadronic matrix element computation these bounds
may be considerably weaker7.

For the paramagnetic systems, the present mass reach may be substantially greater. For the electron EDM, we
again make the one-loop assumption for illustrative purposes, taking �e ⇠ sin�CPV ⇥ (↵/4⇡) so that

⇤ >⇠ (1.5 TeV)⇥
p
sin�CPV Electron EDM (global) (IV.42)

7 The uncertainty for the quark CEDM is substantially larger than for those pertaining to ✓̄ owing, in the latter case, to the constraints
from chiral symmetry as discussed in Ref. [1].

14

de (e-cm) CS CT ḡ(0)⇡ ḡ(1)⇡ d̄n (e-cm)
Current Limits (95%) 5.4⇥ 10�27 4.5⇥ 10�7 2⇥ 10�6 8⇥ 10�9 1.2⇥ 10�9 12⇥ 10�23

System Current (e-cm) Projected Projected sensitivity
ThO 5⇥ 10�29 5⇥ 10�30 4.0⇥ 10�27 3.2⇥ 10�7

Fr de < 10�28 2.4⇥ 10�27 1.8⇥ 10�7

129Xe 3⇥ 10�27 3⇥ 10�29 3⇥ 10�7 3⇥ 10�9 1⇥ 10�9 5⇥ 10�23

Neutron/Xe 2⇥ 10�26 10�28/3⇥ 10�29 1⇥ 10�7 1⇥ 10�9 4⇥ 10�10 2⇥ 10�23

Ra 10�25 5⇥ 10�8 4⇥ 10�9 1⇥ 10�9 6⇥ 10�23

” 10�26 1⇥ 10�8 1⇥ 10�9 3⇥ 10�10 2⇥ 10�24

Neutron/Xe/Ra 10�28/3⇥ 10�29/10�27 6⇥ 10�9 9⇥ 10�10 3⇥ 10�10 1⇥ 10�24

TABLE VIII: Anticipated limits (95%) on P-odd/T-odd physics contributions for scenarios for improved experimental precision
compared to the current limits listed in the first line using best values for coe�cients in Table IV and V. We assume ↵g1⇡

for
199Hg is 1.6⇥ 10�17. For the octupole deformed systems (225Ra and 221Rn/223Rn) we specify the contribution of 225Ra. The
Schi↵ moment for Rn isotopes may be an order of magnitude smaller than for Ra, so for Rn one would require 10�26 and 10�27

for the fifth and sixth lines to achieve comparable sensitivity to that listed for Ra.

The scalar (quark) ⇥ pseudscalar (electron) interaction leading to a non-vanishing CS may arise at tree-level, pos-
sibly generated by exchange of a scalar particle that does not contribute to the elementary fermion mass through

spontaneous symmetry-breaking. In this case, taking ImC
(�)
eq ⇠ 1 and using the bound in Table I gives

⇤ >⇠ (1300 TeV)⇥
p

sin�CPV CS (global) (IV.43)

Under the “single-source” assumption, these lower bounds become even more stringent.
Due to the quadratic dependence of the CPV sources on (v/⇤), an order of magnitude increase in sensitivity to

any of the hadronic parameters will extend the mass reach by roughly a factor of three. In this respect, achieving
the prospective sensitivities for new systems such as Fr and combinations of diamagnetic systems such including the
neutron, 129Xe and octupole-deformed systems as indicated in Table VIII would lead to significantly greater mass
reach. Achieving these gains, together with the refinements in nuclear and hadronic physics computations needed to
translate them into robust probes of underlying CPV sources, lays out the future of EDM research in probing BSM
Physics.
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2. Improvement of up to two orders of magnitude for the the neutron-EDM [21–26]

3. 2-3 orders of magnitude improvement for 129Xe[27, 28, 42]

4. New diamagnetic atom EDM measurements from the octupole enhanced systems 225Ra [29] and 221Rn/223Rn[30]

5. Possible new paramagnetic atom EDM measurement from Fr [14] and Cs [43]

6. Plans to develop storage-ring experiments to measure the EDMs of the proton and light nuclei 2H and 3He [44]

Some scenarios for improved experimental sensitivity and their impact are presented in Table VIII. In the first line
we summarize the current upper limits on the parameters at the 95% CL. The remainder of the table lists the impact
of one or more experiments with the improved sensitivity noted in the third column, assuming a central value of zero.
Note that we do not consider a possible future proton EDM search. While every experiment has the potential for
discovery in the sense that improving any current limit takes one into new territory, it is clear from Table VIII that
inclusions of new systems in a global analysis may have a much greater impact on constraining the parameters than
would improvement of experimental bounds in systems with current results.

For example, ThO provides such a tight correlation of de and CS , as shown in Fig. 1, that narrowing the experimental
upper and lower limits without improvements to the other experiments does not significantly improve the bounds on
de and CS . Adding a degree of freedom, such as a result in Fr, with ↵CS/↵de ⇡ 1.2 ⇥ 10�20 [12], could significantly
tighten the bounds. Similarly, a result in an octupole-deformed system, e.g. 225Ra or 221Rn/223Rn would add a

degree of freedom and over-constrain the the set of parameters CT , ḡ
(0)
⇡ , ḡ(1)⇡ and d̄n. Due to the nuclear structure

enhancement of the Schi↵ moments of such systems, their inclusion in a global analysis could have a substantial impact

on the ḡ(i)⇡ as well as on CT . In contrast , the projected 100-fold improvement in 129Xe (not octupole-deformed) would
have an impact primarily on CT . In the last line of Table VIII, we optimistically consider the long term prospects
with the neutron and 129Xe improvements and the octupole-deformed systems. The possibility of improvements to
TlF, for example with a cooled molecular beam [45] or another molecule will, of course, enhance the prospects.

From a theoretical perspective, it is interesting to consider the theoretical implications of the present and prospective
global analysis results. Perhaps, not surprisingly, the resulting constraints on various underlying CPV sources are

weaker than under the “single-source” assumption. For example, from the limit on ḡ
(0)
⇡ in Table I and the “reasonable

range” for the hadronic matrix element computations given in Ref. [1], we obtain |✓̄|  ✓̄max, with

2⇥ 10�7 <⇠ ✓̄max
<⇠ 1.6⇥ 10�6 (global) (IV.39)

a constraint considerably weaker than the order 10�10 upper bound obtained from the neutron or 199Hg EDM under

the “single-source” assumption. Similarly, for the dimensionless, isoscalar quark chromo-EDM, the ḡ(0)⇡ bounds imply

�̃
(+)
q

⇣
v

⇤

⌘2
<⇠ 0.01 . (IV.40)

where we have used the upper end of the hadronic matrix element range given in Ref. [1]. Since the quark chromo-
EDMs generally arise at one-loop order and may entail strongly interacting virtual particles, we may translate the

range in Eq. (IV.40) into a range on the BSM mass scale ⇤ by taking �̃
(+)
q ⇠ sin�CPV ⇥ (↵s/4⇡) where �CPV is a

CPV phase to obtain

⇤ >⇠ (2 TeV)⇥
p
sin�CPV Isoscalar quark chromo� EDM (global) . (IV.41)

We note, however that given the considerable uncertainty in the hadronic matrix element computation these bounds
may be considerably weaker7.

For the paramagnetic systems, the present mass reach may be substantially greater. For the electron EDM, we
again make the one-loop assumption for illustrative purposes, taking �e ⇠ sin�CPV ⇥ (↵/4⇡) so that

⇤ >⇠ (1.5 TeV)⇥
p
sin�CPV Electron EDM (global) (IV.42)

7 The uncertainty for the quark CEDM is substantially larger than for those pertaining to ✓̄ owing, in the latter case, to the constraints
from chiral symmetry as discussed in Ref. [1].
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de (e-cm) CS CT ḡ(0)⇡ ḡ(1)⇡ d̄n (e-cm)
Current Limits (95%) 5.4⇥ 10�27 4.5⇥ 10�7 2⇥ 10�6 8⇥ 10�9 1.2⇥ 10�9 12⇥ 10�23

System Current (e-cm) Projected Projected sensitivity
ThO 5⇥ 10�29 5⇥ 10�30 4.0⇥ 10�27 3.2⇥ 10�7

Fr de < 10�28 2.4⇥ 10�27 1.8⇥ 10�7

129Xe 3⇥ 10�27 3⇥ 10�29 3⇥ 10�7 3⇥ 10�9 1⇥ 10�9 5⇥ 10�23

Neutron/Xe 2⇥ 10�26 10�28/3⇥ 10�29 1⇥ 10�7 1⇥ 10�9 4⇥ 10�10 2⇥ 10�23

Ra 10�25 5⇥ 10�8 4⇥ 10�9 1⇥ 10�9 6⇥ 10�23

” 10�26 1⇥ 10�8 1⇥ 10�9 3⇥ 10�10 2⇥ 10�24

Neutron/Xe/Ra 10�28/3⇥ 10�29/10�27 6⇥ 10�9 9⇥ 10�10 3⇥ 10�10 1⇥ 10�24

TABLE VIII: Anticipated limits (95%) on P-odd/T-odd physics contributions for scenarios for improved experimental precision
compared to the current limits listed in the first line using best values for coe�cients in Table IV and V. We assume ↵g1⇡

for
199Hg is 1.6⇥ 10�17. For the octupole deformed systems (225Ra and 221Rn/223Rn) we specify the contribution of 225Ra. The
Schi↵ moment for Rn isotopes may be an order of magnitude smaller than for Ra, so for Rn one would require 10�26 and 10�27

for the fifth and sixth lines to achieve comparable sensitivity to that listed for Ra.

The scalar (quark) ⇥ pseudscalar (electron) interaction leading to a non-vanishing CS may arise at tree-level, pos-
sibly generated by exchange of a scalar particle that does not contribute to the elementary fermion mass through

spontaneous symmetry-breaking. In this case, taking ImC
(�)
eq ⇠ 1 and using the bound in Table I gives

⇤ >⇠ (1300 TeV)⇥
p

sin�CPV CS (global) (IV.43)

Under the “single-source” assumption, these lower bounds become even more stringent.
Due to the quadratic dependence of the CPV sources on (v/⇤), an order of magnitude increase in sensitivity to

any of the hadronic parameters will extend the mass reach by roughly a factor of three. In this respect, achieving
the prospective sensitivities for new systems such as Fr and combinations of diamagnetic systems such including the
neutron, 129Xe and octupole-deformed systems as indicated in Table VIII would lead to significantly greater mass
reach. Achieving these gains, together with the refinements in nuclear and hadronic physics computations needed to
translate them into robust probes of underlying CPV sources, lays out the future of EDM research in probing BSM
Physics.
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