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Nuclear Physics Today

Hadron structure &
dynamics: “cold QCD”

Relativistic heavy ions:
“hot & dense QCD”

Rare isotopes: nuclear
structure & astrophysics

Fundamental symmetries &
neutrinos: “Intensity Frontier”
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Scientific Questions

• What are the masses of neutrinos and how have
they shaped the evolution of the universe?

• Why is there more matter than antimatter in the
present universe?

• What are the unseen forces that disappeared
from view as the universe cooled?

2007 NSAC LRP:
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Four Components **

• Supersymmetry as an illustration

• Theoretical progress & challenges

• Our work

EDM searches:
BSM CPV, Origin of Matter

0νββ 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

** 2012 NSAC Subcommittee Report
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EDM Experiments
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EDM Experiments
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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?

System Limit (e cm)* SM CKM CPV BSM CPV

199 Hg

YbF

n

3.1 x 10-29

1.8 x 10-21 **

3.3 x 10-26

* 95% CL ** e- equivalent: 10.5 x 10-28

10-33

10-32

10-31

10-29

10-22

10-26

(thanks: T. Chupp)
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EDMs: New CPV?
• SM “background”
well below new
CPV expectations
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Why Multiple Systems ?
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Why Multiple Systems ?

Multiple sources & multiple scales
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BSM CPV
SUSY, GUTs, Extra Dim…

Expt

?

EDM Interpretation & Multiple Scales
Baryon Asymmetry
Early universe CPV

Collider Searches
Particle spectrum; also
scalars for baryon asym

QCD Matrix Elements
 dn , gπNN , …

Nuclear & atomic MEs
Schiff moment, other P- &
T-odd moments, e-nucleus
CPV
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Effective Operators

+…
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Why Multiple Systems ?

Multiple sources & multiple scales

Exploit complementary sensitivity to
search for & identify CPV
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Paramagnetic Systems: Two Sources

! 

e"
! 

e"

! 

"

! 

N

! 

e"
! 

N

! 

e"

! 

"

Tl, YbF, ThO…



20

Paramagnetic Systems: Two Sources

! 

e"
! 

e"

! 

"

! 

N

! 

e"
! 

N

! 

e"

! 

"

Tl, YbF, ThO…



21

Paramagnetic Systems: Two Sources

! 

e"
! 

e"

! 

"

! 

N

! 

e"
! 

N

! 

e"

! 

"

Tl, YbF, ThO…



22

Paramagnetic Systems: Two Sources
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Paramagnetic Global Fit

See also
Jung ‘13

T. Chupp, MR-M in prep
95% CL

• Im Ceq (v/Λ)2 < 5.6 x 10-8

• δe (v/Λ)2 < 2.2 x 10-5  $ de < 7.3 x 10-27 e cm
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Hadronic CPV: Nucleons, Nuclei, Atoms

• chromo EDM

• 3 gluon

• 4 quark

• θQCD

• Nucleons

• Diamagnetic atoms 
(Schiff moments)

• Light nuclei

Details: discussion period & back-up slides
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BSM CPV
SUSY, GUTs, Extra Dim…
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BSM CPV
SUSY, GUTs, Extra Dim…

Expt
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EDMs & EW Baryogenesis: MSSM
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EDMs & EW Baryogenesis: MSSM

Universal
gaugino
phases

Arg(µMib*) =

Arg(µMjb*)

Ritz CIPANP 09 +

Cirigliano, R-M, Tulin, Lee ‘06

Compatible with
observed BAU
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baryogenesis
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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
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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

Li, Profumo, RM ‘09-’10

Next generation dn

si
n(

µ
M

1b
* )  dn = 10-27 e cm

 dn = 10-28 e cm

f f

f

V

 γ, g~

~

Compressed
spectrum
(stealthy SUSY)
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Four Components

• Supersymmetry as an illustration

• Theoretical progress & challenges

• Our work

EDM searches:
BSM CPV, Origin of Matter

0νββ 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
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0νββ-Decay: LNV? Mass Term?

Dirac Majorana
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0νββ-Decay: LNV? Mass Term?
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0νββ-Decay: LNV? Mass Term?
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0νββ-Decay: LNV? Mass Term?
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0νββ-Decay: LNV? Mass Term?
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0νββ-Decay: LNV? Mass Term?
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0νββ-Decay: LNV? Mass Term?
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0νββ-Decay: LNV? Mass Term?
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Experimental Status

Courtesy: G. Gratta
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Observation ?
Courtesy: G. Gratta

H.V. Klapdor-Kleingrothaus et al, 2004,
2006: Observation of peak consistent
with mν ~ eV (quasi-degenerate)
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Observation ?

H.V. Klapdor-Kleingrothaus et al, 2004,
2006: Observation of peak consistent
with mν ~ eV (quasi-degenerate)

GERDA 2013 (Agostini et
al): 90% CL exclusion

Hd-M expectation

GERDA 2013

Courtesy: G. Gratta
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Observation ?

H.V. Klapdor-Kleingrothaus et al, 2004,
2006: Observation of peak consistent
with mν ~ eV (quasi-degenerate)

GERDA 2013 (Agostini et
al): 90% CL exclusion

Hd-M expectation

GERDA 2013

 eV Majorana

neutrino

?

Courtesy: G. Gratta
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Experimental Plans

Courtesy: G. Gratta

RESULTS ‘13

RESULTS ‘12

RESULTS ‘13



45

Experimental Plans

Courtesy: G. Gratta

RESULTS ‘13

RESULTS ‘12

ONP: Next generation
(“ton scale)” expt

RESULTS ‘13
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0νββ-Decay: Theoretical Interpretation
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0νββ-Decay: TeV Scale LNV

Dirac Majorana

Theory Challenge: matrix
elements+ mechanism
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Mechanism: does light νM
exchange dominate ?

How to calc effects reliably ?
How to disentangle H & L ?

O(1) for Λ ~ TeV
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0νββ-Decay: Nuclear Matrix Elements

Dirac Majorana

Light νM exchange:
can we determine mν

Shell Model vs. QRPA

Configs near
Fermi surface

Levels above
Fermi surface

P. Vogel
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Four Components

• Supersymmetry as an illustration

• Theoretical progress & challenges

• Our work

EDM searches:
BSM CPV, Origin of Matter

0νββ 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
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Weak Decays: CKM Unitarity
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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  ; δO/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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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  ; δO/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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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  ; δO/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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Worldwide Radioactivity

• 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  ; δO/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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Four Components

• Supersymmetry as an illustration

• Theoretical progress & challenges

• Our work

EDM searches:
BSM CPV, Origin of Matter

0νββ 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
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Parity-Violation & Weak Charges
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Parity-Violation & Weak Charges
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Weak Charges & Weak Mixing: SM

Marciano & Czarnecki;
Erler & R-M

Courtesy
J. Erler QW = 2 I3 - 4 Q sin2θW

 Scale-dependence of Weak Mixing
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Deviations: BSM “Diagnostic”
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PV Electron Scattering: Diagnostic Tool
 δ
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W
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M

 δ QW
e, SUSY  / QW

e, SM

SUSY loops : light &
compressed spectrum

RPV: No χ0 DM
but Majorana ν s

Erler, Su ‘13
Kurylov, Su, R-M
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PV Electron Scattering: Diagnostic Tool
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PV Electron Scattering: Diagnostic Tool
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PV Electron Scattering: Diagnostic Tool
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PV Electron Scattering: Diagnostic Tool
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Other Important Efforts

• Muon g-2

• Charged lepton flavor violation

• Pion leptonic decays

• ….

Not covered due to time: see back up slides



67

Summary

• A growing pillar of the global NP program

• Highly synergistic with HEP & a cornerstone of
the Intensity Frontier

• Significant potential for discovery and insight
(origin of matter, nature of ν, BSM diagnostic)

• Rich opportunities for future interplay between
NP and HEP communities

NP studies of fundamental symmetries & neutrinos:
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Thanks !

• DPF, DNP, CSS Organizers

• T. Chupp, J. Erler, G. Gratta, K. Heeger,
K. Kumar, P. Vogel, J. Wilkerson

Further reading:

• EDM: 1303.2371, hep-ph/0504231

• 0νββ decay: 1303.4907

• β decay: 1303.6953

• PV: 1302.6263, 1303.5522

• Project X: 1306.5009

Talks @ CSS:

• PVES: S Su

• EDM: B. Casey

• 0νββ: K. Heeger

• …
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Back Up Slides
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BSM Mass Scale Sensitivity

BSM Signal   ~  (υ / Λ ) 2
EDM: Δν

0νββ: Γ  light ν

EWPO: SM-BSM interference

BSM Signal   ~  (υ / Λ ) 10
0νββ: Γ  TeV LNV

BSM Signal   ~  (υ / Λ ) 4 CLFV Γ  
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EDM
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EDM Experimental Status & Plans

Engel, R-M, van Kolck, 1303.2371
PPNP 71 (2013) 21
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BSM Origins

EDM: γff
CEDM: gff

Weinberg ggg:

Four fermion

udHH
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BSM Origins

EDM: γff
CEDM: gff

Weinberg ggg:

Four fermion

udHH

MSSM
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BSM Origins

EDM: γff
CEDM: gff

Weinberg ggg:

Four fermion

udHH

MSSM LRSM

dL

uL

uR

dR

W+

ϕ

ϕ
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BSM Origins

EDM: γff
CEDM: gff

Weinberg ggg:

Four fermion

udHH

MSSM
RS

LRSM

dL

uL

uR

dR

W+

ϕ

ϕ
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Hadronic CPV: Nucleons, Nuclei, Atoms

Neutron, proton & light nuclei (future), diamagnetic atoms

PVTV πN
interaction

! 

"
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Hadronic CPV: Nucleons, Nuclei, Atoms

Neutron, proton & light nuclei (future), diamagnetic atoms

PVTV πN
interaction

! 

"

• chromo EDM

• 3 gluon

• 4 quark

• θQCD
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Hadronic CPV: Nucleons, Nuclei, Atoms

PVTV πN
interaction

! 

"

! 

"

! 

n
! 

p

! 

"#

! 

"#

• chromo EDM

• 3 gluon

• 4 quark

• θQCD  + quark EDM

 Nucleon EDM

Neutron, proton & light nuclei (future), diamagnetic atoms
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Hadronic CPV: Nucleons, Nuclei, Atoms

PVTV πN
interaction
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• chromo EDM

• 3 gluon

• 4 quark

• θQCD  + quark EDM

 Nucleon EDM Nuclear EDM &
Schiff moment

 + quark EDM

Neutron, proton & light nuclei (future), diamagnetic atoms
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Diamagnetic Systems: Schiff Moments

Schiff Screening

Atomic effect from
nuclear finite size:
Schiff moment

EDMs of diamagnetic
atoms ( 199Hg )

Neutral atoms: nuclear EDM
invisible to external probe
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Schiff Screening

Atomic effect from
nuclear finite size:
Schiff moment

EDMs of diamagnetic
atoms ( 199Hg )

Schiff moment, MQM,…

Diamagnetic Systems: Schiff Moments
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Schiff Screening

Atomic effect from
nuclear finite size:
Schiff moment

EDMs of diamagnetic
atoms ( 199Hg )

Schiff moment, MQM,…

Nuclear Schiff Moment

(RN / RA)2 suppression

Diamagnetic Systems: Schiff Moments
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Nuclear Schiff Moment

EDMs of diamagnetic atoms ( 199Hg )

Schiff moment, MQM,…

Nuclear Enhancements

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

EDMs of diamagnetic atoms ( 225Ra )

Nuclear Enhancements:
Octupole Deformation

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

Opposite parity states
mixed by HTVPV

Thanks: J. Engel

“Nuclear amplifier”
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Hadronic Matrix Elements: QCD Theory

Neutron EDM sensitivity
to CPV sources

Engel, R-M, van Kolck, 1303.2371
PPNP 71 (2013) 21

(CEDM)

(EDM)

(3 G)

(qqH)

(4q)
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EDM Probes: EWB Implications

Light staus: LHC
consistent & suppress
1-loop EDMs

No CEDM (199 Hg): EWB-viable
but mH ! New scalars for EWPT

Kozaczuk, Wainwright, Profumo, RM

Next gen dn

Compatible with
observed YB

• EDMs are 2-loop

• CPV is flavor non-diag

Viable EWB & CPV:
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Flavored CPV & EWB

• EDMs are 2-loop

• CPV is flavor non-diag

Viable EWB & CPV:

Liu, R-M, Shu ‘11;
see also Tulin &
Winslow ‘11; Cline
et al ‘11

CPV & 2HDM

? 

!(x)b
s

CP Violation
& Transport

Combination
of Hu,d vevs
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Flavored CPV & EWB

• EDMs are 2-loop

• CPV is flavor non-diag

Viable EWB & CPV:

Liu, R-M, Shu ‘11;
see also Tulin &
Winslow ‘11; Cline
et al ‘11

CPV & 2HDM

 LHCb

 constant nB / s

Largely unexplored:
flavored EWB
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DBD
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0νββ Decay vs. 2νββ Decay

2.0
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dN
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Q)

1.00.80.60.40.20.0
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30

20

10

0

x1
0
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1.101.000.90
Ke/Q

assumed 2%
resolution

2ν

0ν ratio 
1:100

ratio
1:106

Courtesy: P. Vogel
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0νββ-Decay: Nuclear Matrix Elements

Dirac Majorana

Light νM exchange:
can we determine mν

Shell Model vs. QRPA

Configs near
Fermi surface

Levels above
Fermi surface

P. Vogel
Iachello: gA
quenched?
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0νββ & Lepton Number Violation

0νββe– e–

u d d u

(ν)R νL

W W

Whatever processes cause 0νββ, its observation would
imply the existence of a Majorana mass term:

Schechter and Valle,82

By adding only Standard model interactions we obtain 

(ν)R → (ν)L  Majorana mass term
Courtesy: P. Vogel
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0νββ-Decay: Interpretation
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Next Generation Reach
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Next Generation Reach
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0νββ-Decay: LNV? Mass Term?
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0νββ-Decay: LNV? Mass Term?
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0νββ-Decay: LNV? Mass Term?
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Precision Tests
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LHC BSM Challenge:
Light but Compressed ?

Pair production of squarks

! 

g

Final state: 2j + ET

CMS: SUS-11-
016-pas

No exclusion yet (jets analysis): is
sub-TeV SUSY hiding here?

If so, will it show up in precision
tests ?
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LHC BSM Challenge:
Light but Compressed ?

Pair production of squarks

! 

g

Final state: 2j + ET

No exclusion yet (jets analysis): is
sub-TeV SUSY hiding here?

If so, will it show up in precision
tests ?CMS: SUS-11-

016-pas

CMS: 2013
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LHC BSM Challenge:
Light but Compressed ?

Pair production of squarks

! 

g

CKM Unitarity Tests

• ΔCKM > 10-4

Bauman, Pitschmann,
Erler, R-M preliminary

CMS: SUS-11-
016-pas

CMS: 2013



105

LHC BSM Challenge:
Light but Compressed ?

Pair production of squarks

! 

g

CKM Unitarity Tests

• ΔCKM > 10-4

Bauman, Pitschmann,
Erler, R-M preliminary

CMS: SUS-11-
016-pas

CMS: 2013
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Bauman, Erler, R-M

   πl2 & β Decay: Diagnostic Tool

CKM
Unitarity

Lepton Universality

SUSY
Loops
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Bauman, Erler, R-M

   πl2 & β Decay: Diagnostic Tool

Light squarks,
heavy sleptonsLight selectrons,

heavy squarks &
smuons

Light smuons,
heavy squarks &
selectrons
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Bauman, Erler, R-M

   πl2 & β Decay: Diagnostic Tool

Future
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Bauman, Erler, R-M

   πl2 & β Decay: Diagnostic Tool

Future

Ft	
  =	
  3072.08	
  ±	
  0.79	
  s

Vud	
  =	
  0.97425	
  ±	
  0.00022

bF	
  =	
  -­‐0.0022	
  ±	
  0.0026

Bauman, Erler, R-M
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Parity-Violation Electron Scattering

Courtesy:
K. Kumar
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Parity-Violation Electron Scattering

Courtesy:
K. Kumar
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Parity-Violation Electron Scattering

Courtesy:
K. Kumar

?
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Weak Charges & Weak Mixing: SM

Marciano & Czarnecki;
Erler & R-M

Courtesy
J. Erler QW = 2 I3 - 4 Q sin2θW

 Scale-dependence of Weak Mixing
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Muon g-2: Theory Error Budget
 aµ(EW)          =            154  (2) x 10-11

 aµ(HVP-LO)   =        6894 (40) x 10-11

 aµ(HVP-NLO) =            -98 (1) x 10-11

 aµ(HLBL)        =         116 (39) x 10-11 
         105 (26) x 10-11

 Δaµ= aµ
EXP - aµ

TH =         316 (79) x 10-11

W. Marciano, arXiv: 1001.4528/hep-ph

 δ aµ
EXP              =               +- 63 x 10-11

 +
- 15 x 10-11

 δ aµ
TH              =               +- 48 x 10-11

BNL E821

FNAL New g-2

Most
challenging
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Charged Pion Contribution: χPT
Kevin Engel (Caltech), Hiren Patel (Wisconsin), MRM

Beyond leading order: subgraphs
Pion charge radius:
first non-trivial term in
expansion of Fπ (q2)

O (p4) LEC: α9

Pion polarizability:
distinct physics from ff

O (p4) LEC: α9 + α10

+ …
Factor of two discrepancy:
new J Lab experiment
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Charged Pion Contribution: χPT
Kevin Engel (Caltech), MRM

Beyond leading order: embedding
subgraphs in full HLBL contribution

Charge
radius

Pol’bility
+…

Interpolating from chiral
to high-k regimes:

• Increase discrepancy w/
exp’t by up to 0.5σ

• New source of uncertainty
(interpolation)
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Hadronic LBL: Lattice
Lattice efforts

R. van de Water talk

Blum et al

Blum et al
‘12
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 τ CLFV w/ Leptoquarks: EIC & HERA

Gonderinger, R-M JHEP 1006:045

HERA & EIC

Rare Decays

General Classification

RL

 z = (λ2 / M2 ) / (λ2 / M2 )HERA

! 

s = 90GeV

 τ ! e γ
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 τ CLFV w/ Leptoquarks: EIC & HERA

Gonderinger, R-M JHEP 1006:045

HERA & EIC

Rare Decays

General Classification

RL

 z = (λ2 / M2 ) / (λ2 / M2 )HERA

! 

s = 90GeV

 τ ! e γ

Extend HERA reach & compete with
super B factories w/ 10 to 100 fb-1


