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BIG thanks to JoAnne who can not be here today 

Picture of JH in Hawaii 
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Well deserved vacation on Hawaii 



The Intensity Frontier Program 
The Intensity Frontier is a broad and diverse, yet 
connected, set of science opportunities 
  
 

CP Asymmetries, 
Rare decays with 
K’s, Charm, B’s 

   LFV with μ,τ 
   g-2 
   EDM 

 
New particle 
searches 

LFV with 
ν Oscillations 
0νββ 

 
EDMs 
Parity Violation 

 
Baryon Number 
Violation 

Proton 
Decay & 
Neutron 
Oscillation 

Quark 
Flavor  

Light 
weakly-
coupled 
particles 

Nucleons, 
Nuclei & 
Atoms 

Neutrinos 

Charged  
Leptons 



CSS13 Intensity Frontier Working Groups 

Quark Flavor Physics 
Joel Butler, Zoltan Ligeti, Jack Ritchie 
 

Charged Lepton Processes 
Brendan Casey, Yuval Grossman,  
David Hitlin 
 

Neutrinos 
Andre deGouvea, Kevin Pitts, 
Kate Scholberg, Sam Zeller 
 

Baryon Number Violation 
Kaladi Babu, Ed Kearns 
 

New Light, Weakly 
Coupled Particles 
Rouven Essig, John Jaros,  
William Wester 
 

Nucleons, Nuclei & Atoms 
Krishna Kumar, Z.-T. Lu,  
Michael Ramsey-Musolf 

K, D & B Meson  
decays/properties 

Precision measurements 
with muons, taus 

 All experiments for properties of   
 neutrinos.  Accelerator & non-accel. 

Proton decay, Neutron Oscillation 

“Dark” photons, paraphotons,  
axions, WISPs 

Properties of nucleons, nuclei or  
atoms (EDM), as related to HEP 

Intensity Frontier at HEPAP Sept 5, 2013 



Intensity Frontier Workshop 

Fundamental Physics at the Intensity Frontier : Rockville, 
MD  Nov 30-Dec 2, 2011 
 
Charge: 
Document the science opportunities at the Intensity 
Frontier, Identify experiments and facilities needed for 
components of program 
 
 
 
 
 
 

arXiv:1205.2671 
Defines Intensity Frontier 
Focus mainly on opportunities for this decade 
 
All-hands Intensity Frontier meeting, Argonne 
National Lab, April 2013 
Numerous subgroup meetings during the last year 
 



Intensity Frontier Science 

Examples of  questions addressed by  Intensity Frontier: 
 
• Are there sources of CP Violation beyond θCKM? 
• Is there CP Violation in the leptonic sector? 
• What are the properties of the neutrino? 
• Do the forces unify? 
• Is there a weakly coupled Hidden Sector and is it linked to 

the Dark Side? 
• Are apparent symmetries (B,L) violated at high scales? 
• What can we learn about the flavor sector of new physics? 
• What is the new physics mass scale? 
 

Addresses many of the Unifying  Questions that came out of Snowmass 
(Hadley’s HEPAP talk) 



Exploring High Energy Scales 

 Precision measurements @ Intensity Frontier 
explore high mass scales via indirect effects 
 
 Flavor Physics: New physics & SM both appear @ loop-level 

Neutrinos: Only Dim-5 operator allowed by SM symmetries 

 



Λ 

Ligeti/Murayama 

+CP 
+CP 



Snowmass 2001 

• neutrino summary 
  from Snowmass 2001 
  (Boris Kayser) 

(arXiv:1205.4018) 

Neutrinos 
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The new era of precision neutrino physics 

•  We are entering the era of precision neutrino physics 

Daya Bay: anti-νe disappearance T2K: nue appearance  

Neutrinos 
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Neutrino Oscillations 
 

•  Successful measurement of the last mixing angle  
   (θ13) has recently provided some important clarity 
 

•  we now know where we want to go 
 

•  We have a clear path forward both for precision tests of the  
   3-flavor paradigm and exploration of anomalies building off   
   of these successes 
        There is an established program to measure the CP violating phase, 
          mass hierarchy and 0νββ 

 

• Given the challenges associated with precision measurements  
  in the neutrino sector, complementary baselines, sources, and  
  detection techniques will be required to piece together a sharp  
  picture, as well as probe new phenomena 
 
 

Neutrinos 
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Neutrino Oscillations 

• The U.S. with the Long-Baseline Neutrino Experiment (LBNE) 
    and a future multi-megawatt beam from Project-X is uniquely 
    positioned to lead an international campaign to test the  
    3-flavor paradigm, measure CP violation and go beyond.  
 

• An underground location for a far detector significantly  
    enhances the physics breadth & allows for the study of 
    atmospheric ν’s, nucleon decay, & precision measurement 
    of ν’s from a galactic supernova explosion 
  
                       This is now considered phase I 
 

• Next-next generation experiments will require a qualitatively 
    better neutrino beam. Options include neutrinos from muon  
    storage rings (NuMAX) and very intense sources of pion  
    decay at rest (DAEδALUS) 

Neutrinos 
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Mass hierarchy 

- MH determination by long-baseline experiments “guaranteed”  
  with sufficient exposure  

- Other possibilities are promising; systematics challenging  
- PINGU IceCube infill: atmospheric neutrinos 
- JUNO/RENO-50 reactor experiments 

- There could also be information from cosmology 

Neutrinos 



CP Violation @ LBNE 

LBNE + Project X 
enable an era of high-
precision neutrino 
oscillation 
measurements. 

Neutrinos 



Neutrino Anomalies 

• The confirmation of any of the existing anomalies would change  
    the course of neutrino research, for example by discovering new  
    neutrino states.  
 

• Anomalies can be addressed by variety of experimental  
    approaches, and sources including reactors, accelerators  
    and radioactive isotopes. 
 

•  Clarifying the nature of the existing short-baseline neutrino  
   anomalies is important  we need definitive reactor, source,  
   and accelerator-based experiments 
 

•  Given the experiments that are already being prepared, we  
   can anticipate significant progress before the next “Snowmass” 
 

    - next 3-5 years: MicroBooNE, MINOS+, radioactive source 
                               experiments, new reactor measurements 
 
 
 
 

Neutrinos 
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Study of Neutrino Interactions 

• We need to fully characterize neutrino-matter interactions  to enable deeper 
understanding of ν oscillations, supernova  dynamics, and dark matter searches. 
Studies of ν interactions in themselves also serve as standard model tests and as  

     important probes of nuclear structure. 

• These activities can be pursued in “near detectors” associated with large long-
baseline projects or alongside R&D projects related to next-next generation 
neutrino beams. 

 

MINERvA νSTORM 

T2K  
ND280 

NOvA ND 
MicroBooNE 

Neutrinos 

Presenter
Presentation Notes





Goals for Next Generation 0νββ 

(L. Kaufman, CSS2013) 

• current technology demos   
~100kg scale running 
 

•next generation 0νββ 
  experiments ( ton scale) must 
  cover the entire allowed 
  region of the inverted 
  hierarchy 
 
• also allows us to pick 
  a technology for the 
  future 
 

Neutrinos 
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Direct Neutrino Mass Measurements 

(Hamish Robertson, Friday session) 

 have been 
 doing this 
 since the 
 1950’s 
where we 
are headed 

Neutrinos 

experiments in R&D to push beyond this  
     Project 8,  ECHo,  PTOLEMY 
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Neutrinos and Cosmology 

Projected Reach: 
2013-2016: Σmν ~0.1 eV 
2016-2020: Σmν ~ 0.06 eV 
2020-2025:  Σmν ~ 16 meV 

Neutrinos 

Already 
shown in 
CF 
summary 

Complementarity ! 
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New Physics Flavor Problem 

New physics is 
constrained by flavor 
physics observables 

If there is new physics at the TeV scale, its flavor sector is unnatural 

  ΔF=2 
Operator 

Quark Flavor 



Status of the CKM Fit 

Talk by Z. Ligeti 

Quark Flavor 



 
New Physics in Bd,s Mixing 

Let M12 = M12
SM x (1+he2iσ) 

 
 
 

(Assumes CKM unitarity and SM-dominated tree-level decays) 
 
 
 
 
 
 
 
 
 

New physics  
in amplitude 

New physics  
in phase 

2003 2013 50 ab-1 Bd + 50 fb-1 Bs 
Belle-II      + LHCb 

Charles etal 
Preliminary 

Quark Flavor 



Future Sensitivity: Belle II  Errors 
shrink by 

~8 

Quark Flavor 



Future Sensitivity: LHCb Upgrade  Errors 
shrink by 

~5 

Quark Flavor 



Kaon Program 

 Worldwide goal to achieve precision measurements  

1100

11

10)06.039.043.2()(
10)29.075.081.7()(

−

−++

×±±=→

×±±=→

ννπ

ννπ

KB
KB

Charged mode: 
NA62: near-term (10% precision) 
ORKA: Proposed, 
            1000 events w/ Main Injector 
 
Neutral mode:  
KOTO: near term (few events) 
Projected: 5% precision @ Project X 

Theoretically clean decays 

Haisch 

Sensitivity to new physics 

SM Prediction: 

Quark Flavor 



Future Sensitivity: Rare Kaon Decays 
Quark Flavor 



Charged Lepton Physics 

• Charged Leptons easy to produce & detect  
     ⇒  precise measurements are possible 
•   SM rates negligible in some cases so new physics stands out 
•   Directly probe couplings of new particles to  leptons 
•   Diverse set of independent measurements 

Charged Leptons 



Charged Lepton Flavor Violation 

Model independent reach 

deGouvea, 
Vogel 
1303.4097 

Charged Leptons 



CLFV Timeline 

Hitlin 

Charged Leptons 



Anomalous Magnetic Moment of the Muon 

 Discrepancy between exp’t and SM 
    at 3.6σ :      Δaμ = 287(80) x 10-11 

 Ring has arrived at Fermilab 
» Run begins 2016/17 

 Lattice/analytic results can reduce theory uncertainty 
» How well can this be calculated? 

HVP: Theory error reduced 
to 2% due to theoretical 
improvements and more 
CPU on timescale of exp’t 

HLBL: 15% precision possible, 
but not guaranteed.  Lattice 
community working hard! 

Van de Water 

Charged Leptons 



Electric 
dipole 
moments: 

Program in 
place to 
measure all   

Excellent probes of 
new physics! 

Electric Dipole Moments 
EDMs 



Grand Unified Models 

 Three gauge couplings unify nicely 
with low-energy SUSY 

 SO(10) GUTs predict neutrino masses 
via seesaw mechanism naturally 

 Baryon number violation  predicted -
- leads  to proton decay 
 
 

Hyper-K SUSY mode:  
LBNE LAr 

Baryon N violation 



Proton Decay 
Baryon N violation 



Proton Decay Search Territory 

The observation of proton decay would change the way 
everyone thinks about the world 

Baryon N violation 



Neutron-Antineutron Oscillations  
If baryon number is violated by 2 units, Neutron-antineutron 
oscillations  can occur, in analogy to                     mixing: 

            D ~ 4 m 

Oscillation probability can be probed with new expt. at  Project X with 
improved sensitivity of up to  1000  compared  to ILL (1994) 

Probes Baryon violation scale of 105 – 106 GeV.  
Can test low-scale Baryogenesis schemes   

NNbarX  Collaboration 
See Project X white paper 

Intensity Frontier at HEPAP Sept 5, 2013 

Baryon N violation 



New Light Weakly Coupled Particles 

Essig 

NLWCP 



New Light Weakly Coupled Particles 

Essig 

NLWCP 



Ultra-weak Hidden Sectors 

Hidden Sector Vector Portal: 
Couplings to SM small enough to have missed so far, 
but big enough to find 
 
Several planned experiments; reach indicated by non 
colored regions 

Effective 
coupling to SM 
vs Mass plane 

mA’ < 1ev 

mA’ > 1ev 

Dark Photons 

NLWCP 



Axions and ALPS 

 L 
 

Axions & ALPS 
NLWCP 



 
Staging of Project X Project-X enables reach 

in Intensity Frontier 

PX 



Intensity Frontier Science Summary  

Precision neutrino physics in next two decades Rapid progress from last 2 
years will continue 
Intensity & 
Cosmic 
Frontiers 

Quark & Charged Lepton Flavor 
experiments 

Probe mass scales of 
possible New Physics with 
multiple approaches 

Proton Decay & NNbar oscillations 
Electric Dipole Moments (EDMs) 

New light, weakly coupled particles 
Particle explanation of 
Dark Sector  



Intensity Frontier Science summary II 

• Are there sources of CP Violation beyond θCKM? 
• Is there CP Violation in the leptonic sector? 
• What are the properties of the neutrino? 
• Do the forces unify? 
• Is there a weakly coupled Hidden Sector linked to the Dark 

Side? 
• Are apparent symmetries (B,L) violated at high scales? 
• What can we learn about the flavor sector of new physics? 
• What is the new physics mass scale? 

• Intensity Frontier addresses these questions 
with a diverse and focused program    

• Potential of paradigm-changing discoveries 
• Synergy with other frontiers  stronger HEP 

program 

Earlier 
questions 



Intensity Frontier summary at HEPAP Sept 5, 2013 

END 



The Intensity Frontier 
 
Exploration of Fundamental Physics with  

• intense sources   
• ultra-sensitive, sometimes very massive, detectors 

 

Intensity frontier science searches for  
• Extremely rare processes 
• Tiny deviations from Standard Model predictions 

 

Precision measurements that indirectly probe 
quantum effects 
 

Extends outside of HEP – Nuclear Physics sponsors 
some programs 
 
 
 
 

 
 
 
 

 



HEP and the Frontiers 

Shows multi-pronged approach to 
search for new physics 

• Direct Searches 
• Precision Measurements 
• Rare and Forbidden Processes 
• Fundamental Properties of Particles 

and Interactions 
• Cosmological observations 

Intensity 

The Frontiers represent experimental approaches 



The Intensity Frontier Program 
The Intensity Frontier is a broad and diverse, yet 
connected, set of science opportunities 
  
 

Quark Flavor    Charged   
    Leptons 

 
New Light, 
Weakly Coupled 
Particles 

 
Neutrinos 

 
Nucleons & 
Atoms 

 
Baryon Number 
Violation 



CSS13 Working Groups 

Quark Flavor Physics: 
Joel Butler, Zoltan Ligeti, Jack Ritchie 
 

Charged Lepton Processes 
Brendan Casey, Yuval Grossman,  
David Hitlin 
 

Neutrinos 
Andre deGouvea, Kevin Pitts, 
Kate Scholberg, Sam Zeller 
 

Baryon Number Violation 
Kaladi Babu, Ed Kearns 
 

New Light, Weakly 
Coupled Particles 
Rouven Essig, John Jaros,  
William Wester 
 

Nucleons, Nuclei & Atoms 
Krishna Kumar, Z.-T. Lu,  
Michael Ramsey-Musolf 

K, D & B Meson  
decays/properties 

Precision measurements 
with muons, taus 

 All experiments for properties of   
 neutrinos.  Accelerator & non-accel. 

Proton decay, Neutron Oscillation 

“Dark” photons, paraphotons,  
axions, WISPs 

Properties of nucleons, nuclei or  
atoms (EDM), as related to HEP 

Intensity Frontier at HEPAP Sept 5, 2013 
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The Nature of Neutrinos 

• Our questions are very fundamental 
 

- what is the absolute neutrino mass scale 
 

      - are neutrinos Majorana or Dirac? 

      - what is the neutrino mass ordering? 

      - is CP violated in the neutrino sector? 

      - to what extent does the 3ν paradigm describe nature? 

      - are there hints of new physics in existing data? 

      - what new knowledge will neutrinos from astrophysical 
        sources bring? 

• We know this information for every other particle! 
 

• We know more about the Higgs than we do about neutrinos 
 

Neutrinos 
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Neutrino Sources 
 many sources  many experimental opportunities  
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Nature of the Neutrino 

• Neutrinoless double beta decay (0νββ) search experiments    
    are critical as the only realistic way to elucidate a key part of 
    the picture: the question of whether neutrinos are Majorana  
    or Dirac fermions.  
 
• The class of 100-kg-class neutrinoless double  
    beta decay search experiments should reach effective masses  
    in the 100 meV range; beyond that, there are opportunities  
    for multi-ton-class experiments that will reach sub 10 meV  
    effective mass sensitivity, pushing below the inverted hierarchy  
    region.   
 
 

Neutrinos 
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Neutrino Oscillations 
 we have made much of progress … 

• experiments with solar, 
  atmospheric, accelerator, 
  and reactor ν’s have clearly 
  demonstrated that ν’s oscillate 
 
• we see the characteristic L/E  
  pattern in multiple sources &  
  experiments 

Super-K 
atmospheric ν’s 

KAMLAND 
reactor ν’s 

MINOS 
accelerator ν’s 

Neutrinos 
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CP Violation @ LBNE and Hyper-K 

LBNE + Project X enable an era of high-precision 
neutrino oscillation measurements. 

Neutrinos 



Far Future Precision 
Neutrinos 



Neutrino Mass 
• Understanding of absolute neutrino mass is vital for  
    a complete picture of fundamental particle masses, and is  
    crucial information for cosmology and theories of flavor.  
 
 
 

• The next generation of 
tritium-beta-decay 
experiments will 
directly probe neutrino 
masses a factor of 10 
smaller the best current 
bounds; innovative new 
ideas may help to go 
beyond this level of 
sensitivity. 
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Neutrino Mass 
• direct neutrino mass measurements are a clean approach to a  
  fundamental physics question 
      - Majorana or Dirac 
       - no nuclear matrix elements or complex phases 
       - no cosmological degrees of freedom 

• present laboratory limit mν<1.8 eV from Mainz/Troitsk 

• one experiment under construction now in Karlsruhe, Germany 
     - KATRIN (2015 start, mν<0.2 eV) 
• three experiments  
  in R&D to push  
  beyond this  

     - Project 8 
     - ECHo 
     - PTOLEMY (KATRIN) 

Neutrinos 
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Astrophysical Neutrinos 

Neutrinos come from natural sources as close as the Earth and  
Sun, to as far away as distant galaxies, and even as remnants  
from the Big Bang. They range in kinetic energy from less than  
one meV to greater than one PeV, and can be used to study  
properties of the astrophysical sources they come from, the  
nature of neutrinos themselves, and cosmology.   

low energy high energy 

Neutrinos 
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High Energy Astrophysical ν Detectors 

ANTARES 

KM3NeT 

IceCube/PINGU 

Neutrinos 
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Small Medium Large 
OscSNS, CSISNS, 
CENNS, RICOCHET, US 
reactor, WATCHMAN, 
CAPTAIN, 
MiniBooNE+/II, 
SciNOνA, PTOLEMY, 
SOX, CeLAND, DANSS, 
Stereo 

LENS, PINGU, 
RADAR, CHIPS, 
LAr1, NuStorm, 
Project 8, 
IsoDAR, ARA, 
ARIANNA, EVA, 
JUNO, RENO-50, 
INO, Daya Bay 
Source, ORCA 

LBNE, DAEδALUS,  
NUMAX, Hyper-K, 
LAGUNA 

Rough scales for future experiments...   

Bold means “US-based” 
 
Important to have experiments at a variety of scales for a robust 
program 

Presenter
Presentation Notes
Our rough guide: ~$1B for “large, <$20 M for “small”.  Medium spans a large range.



Opportunities in ν Oscillations 

T2HK plays an important role 
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Next Generation Searches for Sterile ν’s 

There are many good ideas for next 
steps.  Choices will have to be made 
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0νββ Experiments and Proposals 

• multiple isotopes and several complementary experiments  
  are needed for confirmation of a signal 
• significant overlap in technologies/facilities with DM community 

(see Michael 
Ramsey- 
Musolf’s 
talk after 

the break) 
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Low Energy Astrophysical ν Detectors 
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ORKA 

Intensity Frontier at HEPAP Sept 5, 2013 

4th generation detector 
designed around proven 

techniques 

Already a very strong 
collaboration  



Charged Lepton Flavor Violation 

95% CL limits in CLFV with muons 



Model Determination with Mu2e 

5% measurement of the ratio Ti/Al needed to discriminate between models 
Theory uncertainty mainly cancels in ratio  

If charged lepton flavor violation is discovered, Mu2e can 
determine the origin! 

Scalar 
Dipole 
Vector (γμ) 

Vector (Zμ) 

Cirigliano, Kitano, Okada, Tuzon 
0904.0957 



Ritchie 



Grand Unified Models 



Lepton Flavor Violating Higgs Decays 

 Connection between Intensity and Energy Frontiers! 
» Demonstration of complementarity 

 Operator expansion w/ 2-Higgs doublets to 
generate off-diagonal couplings 

Higgs couplings to μe Higgs couplings to τμ 

Harnik 



Example Project X Research Program  

*  Operating point in range depends on MI energy for neutrinos. 
** Operating point in range depends on MI injector slow-spill duty factor (df) for kaon program.  

Intensity Frontier at HEPAP Sept 5, 2013 

  
 
 

Program: 

 
 
 
Onset of  NOvA 
operations in 2013 

Stage-1: 
1 GeV CW Linac 
driving Booster & 
Muon, n/edm programs 

Stage-2:   
Upgrade to 3 
GeV CW Linac 

Stage-3:   
Project X RDR 
 

Stage-4:  
Beyond RDR:  
8 GeV power 
upgrade to 4MW 

MI neutrinos 470-700 kW** 
 

515-1200 kW** 
 

1200 kW 2450 kW 2450-4000 kW 

8 GeV Neutrinos 15 kW  +0-50kW** 0-42 kW* + 0-90 kW** 0-84 kW*  0-172 kW*  3000   kW  

8 GeV Muon program  
e.g, (g-2),  Mu2e-1 

20 kW  0-20 kW*  0-20 kW*  0-172 kW*  1000   kW  

1-3 GeV Muon 
program, e.g. Mu2e-2 

 ----- 80 kW 1000 kW 1000 kW 1000   kW 

Kaon Program 0-30 kW**  
(<30% df from MI) 

0-75  kW** 
(<45% df from MI) 

1100 kW 1870 kW 1870   kW  
 

Nuclear edm ISOL 
program 

 none 0-900 kW 0-900 kW 0-1000 kW  0-1000 kW 

Ultra-cold neutron 
program 

 none  0-900 kW 0-900 kW 
 

0-1000 kW  0-1000 kW 

Nuclear technology 
applications 

 none 0-900 kW 0-900 kW 0-1000 kW  0-1000 kW 

  
# Programs: 

 
     4 

  
      8 

  
     8 

  
     8 

  
     8 

  
Total max power: 

  
735 kW  

  
2222 kW  

  
 4284 kW 

  
 6492  kW 

  
11870kW 

Tschirhart, SLAC Summer Institute 



 
Staging of Project X 

 L 
 



Low-Energy EW Precision Tests 

Test running of weak mixing angle in new generation of low-energy  
parity violation exp’ts 

DIS-parity 

Current and 
future 
measurements 
 
Future: indicate 
expected errors 
and value of μ 

S. Su 

Details in talk 
by Ramsey-
Musolf 



edm’s and the Higgs 

Harnik 



edm’s and SUSY 

pMSSM benchmark points 
 19 weak-scale parameters 
 No high-scale assumptions 
 All sparticle masses < 4 TeV 
 All points consistent with 

global data set 
 Assume MFV  perform 

expansion in MFV 
 Scan over phases 

 
Same points studied across all 
3 frontiers!! 

 
 

Neutron edm 

μ edm 

Neutron edm 

Low fine-tuning models 
Survive 300 fb-1 @ 14 TeV LHC 
Survive 3 ab-1 @ 14 TeV LHC 

J. Berger etal 
Preliminary 



Proton-beam based searches 

Essig 



Future Sensitivity 

 l 
Helioscopes 

ADMX 

Future sensitivity 
reaches the level of the 
CDM prediction 

Axion mass  (eV) 

Axions & ALPS 
NLWCP 
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