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Key Ideas for this Talk

• Low-energy tests of fundamental symmetries & 
neutrino property studies provide a powerful 
window on possible BSM physics

• There is a rich complementarity between low-energy 
studies, energy frontier searches, and 
cosmological/astrophysical probes

• Increasing experimental sensitivity is catalyzing 
advances in theoretical methods & computations

• There are exciting prospects for discovery and 
insight in the coming decade
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I. Context
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Low Energy Probes

Symmetry Tests:

• )'*&$%+%,-.'/

• #0

• 8#9:/;'<=+6'*&$%+>6:?$/

• @:/A$%+%,-.'/

Precision Tests:

• B,$%+;CD

• E':7+<'1:A3

• 04+'6'1&/$%+31:&&'/2%;

Ultra-light particles:

• F&'/26'+n

• G(2$%3

• H:/7+*9$&$%

St’d Model: Bckgnd
St’d Model: Bckgnd “Free”
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FS/N Program: Four Components
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II. Lepton Number
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Lepton Number: ! Mass Term? 
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Mass scale for LNV dynamics ?
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LNV Physics: Where Does it Live ?

M
as

s 
S

ca
le

Coupling

MW

BSM ? SUSY, see-saw, BSM 
Higgs sector…

BSM ?
Sterile n’s, axions, 
dark U(1)… 

LNV Dynamics

Is the LNV scale (associated with mn ) far 
above MW ?  Near MW ? Well below MW ?
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LNV Mass Scale & 0!"" -Decay

G8IJK=+! ! G8ILDJ+KCD=+L+' - ' -Underlying 
Physics

• K#5.7+3#',(3%.'&)#&'5"*#)&(%6,#&C#',(3%.'&#
/4))#43#3+,#H,%"#+.7+#),,L)4:#)645,

• K#5.7+3#',(3%.'&)#:.3+#1,A )645,#FEA
• M#K#5.7+3#',(3%.'&)#
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LNV Mass Scale & 0!"" -Decay

G8IJK=+! ! G8ILDJ+KCD=+L+' - ' -Underlying 
Physics

• K#5.7+3#',(3%.'&)#&'5"*#)&(%6,#&C#',(3%.'&#
/4))#43#3+,#H,%"#+.7+#),,L)4:#)645,
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• M#K#5.7+3#',(3%.'&)#
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0!"" -Decay: “Poster Child” Mechanism
Three active light neutrinos
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Implications for 0!"" -Decay

Three active light neutrinos
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LNV Mass Scale & 0!"" -Decay

G8IJK=+! ! G8ILDJ+KCD=+L+' - ' -Underlying 
Physics

• K#5.7+3#',(3%.'&)#&'5"*#)&(%6,#&C#',(3%.'&#
/4))#43#3+,#H,%"#+.7+#),,L)4:#)645,
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TeV Scale LNV: Minimal LR Symmetric Model

16

Short range only

Long range
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TeV LNV
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TeV LNV & Leptogenesis
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Standard thermal lepto
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TeV Scale LNV: 0!"" -Decay & Colliders
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Simplified Models: Illustrative Case

2* VSB#TB#[X
\* VSB#WB#WX!4J&%4'4

gLgQ



Leptogenesis, 0!"" Decay & Collider
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III. Precision Tests
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Parity-Violation & Weak Charges
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PV Electron Scattering
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Weak Mixing Scale Dependence 
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MOLLER Exp’t at Jefferson Lab

Goal: 2.4% uncertainty
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MOLLER Exp’t at Jefferson Lab

! (sin2" W) = ! 0.00023 (stat.) 
! 0.00012 (syst.) ~ 0.1%

! (QeW) = ± 2.1 % (stat.) ± 1.1 % (syst.) 

δ(APV) ~ 0.8 ppbAPV ~ 32 ppb
11  GeV, 65 μA 90% beam polarization

Look for tiny but measurable deviations 
from precisely calculable prediction for 

SM processes

Search for new flavor 
diagonal neutral currents

Unique (purely leptonic) 
new physics reach

MOLLER Reach

Anew

Thanks: K. Kumar 27



BSM Sensitivity: Type II See Saw

O"$#&5P$62>6P$Q"$R/0(1$H>#$ST$UVWXTY$Z

LR Symmetric Model
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Two-Loop EW Radiative Corrections

#,P$[9&+*0)P$H0*&;P$62>6$H>%$XV\$UVWVXY$X]XTWX
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Two-Loop EW Radiative Corrections

* Relative to preceding order

30

% shift

- 39%
+ 7%

- 0.4%
+ 2.4%

+/- 0.43

*

%33E$39F&9
^$3N$<;3)&F$
N&98+3($;33E)

#,P$[9&+*0)P$H0*&;P$62>6$H>%$XV\$UVWVXY$X]XTWX
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IV. Outlook

• Low-energy tests of fundamental symmetries & 
neutrino property studies provide a powerful 
window on possible BSM physics

• There is a rich complementarity between low-energy 
studies, energy frontier searches, and 
cosmological/astrophysical probes

• Increasing experimental sensitivity is catalyzing 
advances in theoretical methods & computations

• There are exciting prospects for discovery and 
insight in the coming decade

谢谢！
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EDMs: New CPV?
• SM 
" background# well 
below new CPV 
expectations

• New expts: 102 to 
103 more sensitive

• CPV needed for 
BAU? 

Mass Scale Sensitivity

€ 

γ

€ 

e
€ 

ψ

€ 

ϕ
€ 

ϕ sinfCP ~ 1 ! M > 5000 GeV

M < 500 GeV ! sinfCP < 10-2

System Limit (e 
cm)*

SM CKM CPV BSM CPV

199 Hg

ThO

n

7.4 x 10-30

1.1 x 10-29 **

1.8 x 10-26

* 95% CL ** e- equivalent

10-33

10-38 *

10-31

10-29

10-28

10-26

34

* e- equivalent from CS



EDMs: New CPV?
• SM 
" background# well 
below new CPV 
expectations

• New expts: 102 to 
103 more sensitive

• CPV needed for 
BAU? 

System Limit (e 
cm)*

SM CKM CPV BSM CPV

199 Hg

ThO

n

7.4 x 10-30

1.1 x 10-29 **

1.8 x 10-26

* 95% CL ** e- equivalent

10-33

10-38 *

10-31

10-29

10-28

10-26

neutron

proton 
& nuclei

atoms

~ 100 x better 
sensitivityNot shown:

muon

35

* e- equivalent from CS
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• Baryon asymmetry Cosmic Frontier
• High energy collisions Energy Frontier
• EDMs Intensity Frontier
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EDMs & EW Baryogenesis: MSSM+

Heavy sfermions: LHC 
consistent & suppress 
1-loop EDMs

Sub-TeV EW-inos: LHC & EWB -
viable but non-universal phases

Compatible with 
observed BAU

5&D(<-.",/. D(GH(‘IJ K’BI
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f f
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de = 10-28 e cm

de = 10-29 e cmsi
n(
µM

1b
* )

dn = 10-28 e cm

ACME: ThO
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Precision Tests: Weak Decays
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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
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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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|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

! CKM = �0.0006± 0.0005 (1)
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Precision ~ BSM Mass Scale
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Error Budget

Charged current universality and the MSSM
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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.

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

Factor of 2 reduction 
using disp relations

Nuclear Correction

Increase due to 
previously omitted 
contributions

Thanks: J. Hardy 
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