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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

Lepton accelerators:
SM Precision Tests, BSM
“diagnostic” probes

Smaller scale:
Weak decays, mν , “dark
photons”, non-Newtonian
gravity, theory…



Three Frontiers

Energy Frontier Astro-Cosmo Frontier

Precision Frontier or
Intensity Frontier



Intensity Frontier: Rare Processes

EDM Searches

• nucleon
• atoms
• leptons

0νββ Searches

• Cuore
• Exo
• Majorana
• SNO +

CLFV Searches

• mu2e
• PRIME
• EIC

Dark Forces

• J Lab
• Mainz



Intensity Frontier: Precision Tests

Weak Decays

• n decay correlations
• nuclear β decay
• pion decays
• muon decays

PV Electron Scattering

• Q-Weak
• 12 GeV Moller
• PV DIS

Muons

• gµ-2
• µA->eA

Neutrinos

• oscillations
• β  & ββ decay

Torsion Balances

• Equiv Prin Tests
• Non-grav forces



II. Post-2007 Developments

• Supersymmetry as an illustration

• Theoretical progress & challenges

• Our work



Post 2007 Developments: Major  NP
Experimental Achievements

• New limit on 199Hg EDM : Seattle

• New limit on τ0νββ : EXO

• Determination of θ13 : Daya Bay, RENO

• β-asymmetry “Big A” : UCNA LANL

• Successful completion of Q-Weak: J Lab

• New determination of τµ : MuLAN @ PSI



Post 2007 Developments: Intensity
Frontier International Context

• New limit on electron EDM: YbF Sussex

• Lamb shift in muonic H: PSI

• New Limits on µ!eγ : PSI

• Supersymmetry as an illustration

• Theoretical progress & challenges

• Our work



Post 2007 Developments: High Energy
& Astrophysics Frontiers

• Observation of ~ 125 GeV particle: LHC

• Collider Anomalies: Tevatron, LHCb

• New limits on BSM candidates : LHC

• Positron excesses: PAMELA, Fermi

• Supersymmetry as an illustration

• Theoretical progress & challenges

• Our work



Post 2007 Developments: U.S.
Facilities & Program

• DUSEL ! Sanford Lab (see HGR talk)

• Long Baseline Neutrino Exp’t descope (HGR talk)

• HEP emphasis on Intensity Frontier: new synergy
with between NP and HEP

• NSAC Neutron Subcommittee Report: nEDM now
R&D rather than MIE; refined β-decay priorities

• Muon g-2: HEP construction at FNAL, NP research

• Operation of the FNPB @ ORNL

• Theory: BSM NP collaboration



Intensity Frontier Workshop & WP

Working Groups

•Charged Leptons 
•Heavy Quarks
• Hidden Sector Photons, Axions, 
• & WISPS
• Neutrino
• Nucleons / Nuclei / Atoms
• Proton Decay

Leading NP Role



Post 2007 Developments: International
Facilities & Program

• Initiation of several nEDM experiments: ILL, PSI,
Munich, TRIUMF (UCN sources)

• New τn measurements: ILL, Munich,…

• Construction of PERC n-decay detector
(Vienna/Heidelberg)

• Muon physics @ JPARC: µ!e , gµ-2, dµ

• Mainz: funding for high-intensity, low-energy pol’d e-

• SNO Lab: 0νββ

• European Spallation Source: fundamental neutron
physics ?



Post 2007 Developments: New Ideas

• “Dark photons”: J Lab, Mainz

•  e ! τ : EIC

• Reactor ν deficit & short baseline oscillation
studies: KamLAND, Daya Bay….



III. Implications

• Supersymmetry as an illustration

• Theoretical progress & challenges

• Our work



Implications: Underground Science

• Upcoming talks by HGR, KMH, SJF



Implications: New Standard Model



Symmetries & Cosmic History

Standard Model Universe

EW Symmetry
Breaking: Higgs ?

New Forces ?

QCD: 
n+p! nuclei

QCD: 
q+g! n,p…

Astro: stars,
galaxies,..



Symmetries & Cosmic History

Standard Model Universe

EW Symmetry
Breaking: Higgs ?

New Forces ?

Puzzles the Standard Model can’t solve

1. Origin of matter
2. Unification & gravity
3. Weak scale stability
4. Neutrinos

SUSY ?

GUTS ?

Extra Dims ?
WR

WL
*

WL
~

NR

What are the symmetries
(“unseen forces”) of the
early universe beyond
those of the SM?

Terascale



Implications: CPV & LNV Searches

• Baryogenesis

• Scale of BSM physics

• Nature of the neutrino HGR, SJF



What is the Origin of Matter

?

Baryogenesis: When?
CPV? SUSY? Neutrinos?

 EW Baryogenesis:
testable w/ EDMs +
colliders

Leptogenesis:
less testable,
look for
ingredients w/ νs



EDMs: New CPV?
• SM “background”
well below new
CPV expectations

• New expts: 102 to
103 more sensitive

• CPV needed for
BAU?3.1 x 10-29

10.5 x 10-28 YbF

Post 2007

BF Talk
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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
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M < 500 GeV! sinφCP < 10-2

3.1 x 10-29

10.5 x 10-28 YbF

+ TRIUMF

+ COSY
(deuteron)

Mass Scale Sensitivity
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M < 500 GeV! sinφCP < 10-2

Proton (ring)

*

* but θQCD



MSSM Baryogenesis: EDMs & LHC

baryogenesis

Present  de

LEP II excl

Prospective  dn

Cirigliano, Profumo, R-M

10-28

LHC reach



EDMs: What We May Learn
Present n-EDM limit

Proposed n-EDM limit

Matter-Antimatter
Asymmetry in
 the Universe:

Theory: How robust ?
Can EDMs kill EW
baryogenesis ?

“n-EDM has killed
more theories than
any other single
experiment”

? MSSM



Implications: LHC & Precision Tests

• Muon g-2

• J Lab electroweak

• Weak decays

DH Talk

DH Talk

KP Talk



Intensity & Energy Frontiers

Radiative
corrections

Direct
Measurements

Stunning SM Success

J. Ellison, UCI
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• Precision measurements
predicted a range for mt
before top quark discovery

• mt >> mb !

• mt is consistent with that
range
• It didn’t have to be that
way

Probing Fundamental
Symmetries beyond
the SM:

Use precision low-
energy measurements
to probe virtual effects
of new symmetries &
compare with collider
results

Precision Frontier:

• Precision ~ Mass scale

• Look for pattern from a
variety of measurements

• Identify complementarity
with collider searches

• Special role: SM
suppressed processes

LEP EW Working Group



LHC BSM Challenge:
Disentangling Scenarios

Pair production of  KK quarks

! 

g

! 

q"

! 

q " Final state: 2j + ET , 2j + l + ET

UED

Pair production of squarks

! 

g

Final state: 2j + ET , 2j + l + ET

How to distinguish between scenarios ?

Additional challenges:
• Determining spin

• Determining SU(N) quantum
numbers

“LHC inverse problem”

What complementary info from other two frontiers ?



LHC BSM Challenge:
Light but Compressed ?

Pair production of squarks

! 

g

Final state: 2j + ET , 2j + l + ET

CMS: SUS-11-
016-pas



LHC BSM Challenge:
Light but Compressed ?

Pair production of squarks

! 

g

Final state: 2j + ET , 2j + l + 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 ?



New Particles in Loops ?
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µ

•Smuon (SUSY)

•Leptoquark

•“Dark photon”

• Heavy Z’

• Extended scalar
sector

Muon g-2

D. Hertzog  TSI 2012



Parity-Violation & Weak Charges
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Parity-Violating electron scattering

! 

APV =
N"" # N"$

N"" + N"$

=
GFQ

2

4 2%&
QW + F(Q2,')[ ]

Atomic parity-violation

E1
PV / β = i e M x 10-11 a0 (QW / N) / β



Marciano & Czarnecki;
Erler & R-M

Courtesy
J. Erler

 Scale-dependence of Weak Mixing

PV Electron Scattering: Weak Mixing
 QW = 2 I3 - 4 Q sin2θW
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RPV: No χ0 DM
Majorana ν s

SUSY Loops

 δ QW
e, SUSY  / QW

e, SM

 gµ-2

 12 GeV

 6 GeV

 E158

Q-Weak (ep)

Moller (ee)

 Kurylov, RM, Su

MESA:
Theorist’s
dream ?

PV Electron Scattering: BSM Diagnostic



Bauman, Erler, R-M

   Weak Decays : Diagnostic Tool

Light squarks,
heavy sleptonsLight selectrons,

heavy squarks &
smuons

Light smuons,
heavy squarks &
selectrons

Pion leptonic decays

C
K

M
 U

ni
ta

rit
y



Bauman, Erler, R-M

   Weak Decays: Diagnostic Tool

Future



Bauman, Erler, R-M

   Weak Decays : 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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Implications: BSM Mass Reach

V. Cirigliano Aug ‘12

Assumes O (1) symmetry-
violating parameters (sin φCPV …)



Implications: New Ideas

• “Dark photons”: J Lab, Mainz

•  e ! τ : EIC

• Reactor ν deficit & short
baseline oscillation studies:
KamLAND, Daya Bay….

• Theory: BSM NP



Implications: “Dark Photons”
What is it ?

• The A’ : massive U(1) gauge boson that mixes w/ γ
• Mixing parameter: ε 

How motivated ?

• Muon g-2 deviation
• Positron excess

How probed ?

• Electron beam: look
for  e+ e- excess
• FEL



Implications: “Dark Photons”

Experiments & Constraints

Jefferson Lab:

Mainz:

• APEX
• Heavy Photon
Search (“HPS”)
• Dark Light (FEL)

• MAMI
• FEL

= 
ε

 mA’ R. D. McKeown



Implications: Facilities & Programs

• Interface with HEP: heightened visibility for
NP program

• EDMs: “let 1000 experiments bloom…” :
recognition of discovery potential of nEDM

• Charged leptons, neutrons & international
context: J Lab EW program unique

• FRIB: Opportunities for development



IV. Outlook

• Supersymmetry as an illustration

• Theoretical progress & challenges

• Our work



Future Directions: Short & Longer Term

• Uniqueness of fundamental symmetry
tests: EDM, 0νββ , LFV

• Complementary to HEP: LHC & heavy
flavors

• International leadership: charged
leptons, symmetry tests

• Dynamic science: new results, new
ideas
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EDM searches:
BSM CPV, Origin of Matter

0νββ decay searches:
Nature of neutrino, Lepton
number violation, Origin of
Matter

Lepton accelerators:
SM Precision Tests, BSM
“diagnostic” probes

Smaller scale:
Weak decays, mν , “dark
photons”, non-Newtonian
gravity, theory…

Risk: loss of US NP
leadership in two
textbook experiments



Constrained Budgets

• 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

Lepton accelerators:
SM Precision Tests, BSM
“diagnostic” probes

Smaller scale:
Weak decays, mν , “dark
photons”, non-Newtonian
gravity, theory…

Risk: loss of US NP
response to new
developments (dark γ,
reactor ν deficit…)



Overall Outlook

• Vital, robust, and growing component of NP

• High potential for discovery and insight

• High visibility beyond borders of NP and US

• Field with a long-term outlook

• Funding needed to maintain strength of the
four components



Back Up Slides



NSAC Neutron Subcommittee

 nEDM



NSAC Neutron Subcommittee

 Other Programs



FS & N Chicago Meeting: Aug ‘12

 Draft Rec’s

 + Theory



General LHC BSM Limits: “Exotica”



 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

HERA

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



PVES & Higgs Mass

Thanks: K. Paschke



EXO Result

Thanks: HGR



 Θ13 Results

Thanks: HGR



Muonic Hydrogen & Proton Radius



Collider Anomalies:

Tevatron anomalies: W + jj

• BSM ? Leptophobic Z’, RPV SUSY,…

• SM/QCD: tops? Subtraction of W + (n> 3) j ?

G. Punzi, Blois ‘11

Close to 5σ



Collider Anomalies: 
Low-energy diagnostics

Tevatron anomalies: W + jj

• BSM ? Leptophobic Z’, RPV SUSY,…

• SM/QCD: tops? Subtraction of W + (n> 3) j ?

G. Punzi, Blois ‘11

Close to 5σ



B Physics

D0: like sign dimuon asymmetry CDF: Bs ! J/ψ + φ

Oakes
FPCP2010

Special flavor
structure ?



Baryogenesis: Ingredients

Anomalous B-violating processes

Prevent washout by inverse processes

Sakharov Criteria

• B violation

• C & CP violation

• Nonequilibrium 
dynamics

Sakharov, 1967

SM Sphalerons: ✔

SM CKM CPV: ✖

SM EWPT: ✖

EDMs

LHC: Scalars



EDMs: Complementary Searches
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