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In the absence of new facilities enabling new 
experiments…

From Hitoshi Murayama , ICFA October 2011
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Intensity Frontier Killer App?  Not a single experiment!   
The science requires multiple probes.

Rare 
processes

EDMs

Apologies to Jurassic Park and  Hitoshi Murayama, ICFA October 2011

neutrinos 
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What sub-detector in CMS or ATLAS is the Killer App? 
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For Discovery of the Standard Model Scalar??
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Courtesy Tulika Bose, Fermilab Users MeetingY. Grossman, Z. Ligeti, Project X Physics Study (PXPS)
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Indirect Pursuit of BSM from 
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Physics Beyond the 
Standard Model has 
been discovered….

What does it mean?
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Snowmass neutrino working group meeting, SLAC, March 6th-7th
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Snowmass neutrino working group meeting, SLAC, March 6th-7th
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Snowmass neutrino working group meeting, SLAC, March 6th-7th
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Snowmass neutrino working group meeting, SLAC, March 6th-7th
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Snowmass neutrino working group meeting, SLAC, March 6th-7th
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Snowmass neutrino working group meeting, SLAC, March 6th-7th



Project X era CP violation 
research opportunities

Neutrinos:  > x3 increase in  
LBNE neutrino statistics.  

Electric Dipole Moments:

• Proton-EDM, x106 reach,             
new capability 

• Muon-EDM, x104 reach,         
new capability  

• Neutron EDM, x102-103 reach 
• Atomic EDMs.  x103-104 reach, 

goal of surpassing Hg!
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LBNE

CP violation 
in quarks 
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Proton Improvement Plan… 
“The sine qua non of the Fermilab program is protons” [FRAVC 2012]

NOvA 
Shutdown

g-2
Mu2e

8 GeV 

120 GeV  LBNE
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NOvA Detector Facility at Ash River Minnesota…NOvA Facility in Soldier Field
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The Plan Today…



Plan for discovery…
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30 White Papers submitted that need accelerators 
as neutrino drivers

Super beams:
• Opportunities for Precision Tests of Three-Neutrino Mixing and 

Beyond with LBNE
• Precision Studies of Nucleon Structure and Medium Modifications 

with Neutrino Beams
• Hyper-Kamiokande Physics Opportunities
• Getting the Most Out of the On-Axis NuMI Beam
• Performance of a Low-Luminosity Low Energy Neutrino Factory
• Liquid Argon Near Detector for the BNB – Neutrino Intensity 

Frontier White Paper
• LAr1: Addressing the short-baseline anomalies
• Opportunities for Precision Neutrino Physics and Constraining 

Oscillation Systematics with an LBNE Near Detector
• NUMI Running with the LANL LDRD Liquid Argon TPC
• MiniBooNE+:  A new investigation of oscillations with improved 

sensitivity in an enhanced MiniBooNE experiment
• Extending the NOvA Physics Program
• The MiniBooNE-II Proposal: A 5-sigma Test of MiniBooNE's

Neutrino Mode Excess
• MINOS+:  Using the NuMI Beam as a Precision Tool for Neutrino 

Physics
• A Second Detector at an Off‐axis Location to Enhance the Mass 

Hierarchy Discovery Potential in LBNE
• Nonstandard Interaction in tau-neutrino nucleon scattering
• SciNOvA:  A Measurement of Neutrino-Nucleus Scattering in a 

Narrow-Band Beam. 
• CHerenkov detectors In mine PitS (CHIPS)A White Paper
• Proposal for a neutrino Super Beam using the ESS 5 MW, 2.5 

GeV linac as proton driver
• Precision Neutrino Oscillation Measurements using Simultaneous 

High-Power, Low-Energy Project-X Beams

Decay-at-Rest (DAR) sources:
Whitepaper on Cyclotrons as Drivers for Precision Neutrino 
Experiments
Whitepaper on the DAEALUS Experiment
Whitepaper on the IsoDAR experiment
Measuring Neutrino Cross Sections on Argon for Supernova Neutrino 
Detection
OscSNS: A Precision Neutrino Oscillation Experiment at the SNS
Searches for CENNS at the Spallation Neutron Source
Opportunities for Neutrino Measurements at the Spallation Neutron 
Source
Measuring CENNS in the Low Energy Neutrino Source at Fermilab

Muon storage rings and Neutrino 
Factories:  
The Neutrino Factory
Nu-STORM:  Neutrinos from STORed Muons
Cross section measurements at nu-STORM
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Snowmass neutrino 
working group meeting 
SLAC, March 6th-7th 2013  



Super beams:
• Concepts based on the 700kW 120 GeV Fermilab NuMI beam
• Concepts based on the 15kW+ 8 GeV Fermilab Booster Neutrino Beam
• Concepts based on the 700kW 120GeV Fermilab LBNE beam
• Concept  based on the megawatt+ 30 GeV JPARC T2X beam.  
• Concepts based on the 2300kW 60-120GeV Fermilab LBNE beam.
• Concept  based on multi-Megawatt ESS beams.
• Concept  based on dual multi-Megawatt Project-X beams illuminating LBNE.
Decay-at-Rest (DAR) sources:
• Concepts based on the 1000kW SNS Hg spallation target.
• Concept based on cyclotrons driving a nuclear beta decay target.
• Concept based on high power cyclotrons driving DAR sources.  
Muon storage rings and Neutrino Factories:  
• NuSTORM
• Low energy Neutrino Factory
• Neutrino Factory.
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Snowmass neutrino 
working group meeting 
SLAC, March 6th-7th 2013 

30 White Papers submitted that need accelerators 
as neutrino drivers
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Facility subpanel recommendations, 
accepted by HEPAP:

Mark Wise, HEPAP March 11th 2013
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JoAnne Hewett, March 2013
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JoAnne Hewett, March 2013
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JoAnne Hewett, March 2013
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• Evolution of the existing Fermilab accelerator complex 
with the revolution in Super-Conducting RF Technology.

32

Project-X:
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The Project-X Research Program
• Neutrino experiments
A high-power proton source with proton energies between 1 and 120 GeV would produce intense neutrino 
sources and beams illuminating near detectors on the Fermilab site and massive detectors at distant 
underground laboratories.

• Kaon, muon, nuclei & nucleon precision experiments
These could include world leading experiments searching for lepton flavor violation in muons, atomic, muon, 
nuclear and nucleon electron dipole moments (edms), precision measurement of neutron properties         
(e.g. n,nbar oscillations) and world-leading precision measurements of ultra-rare kaon decays.  

• Platform for evolution to a Neutrino Factory and Muon Collider
Neutrino Factory and Muon-Collider concepts depend critically on developing high intensity proton source 
technologies.   

• Material Science and Nuclear Energy Applications    
Accelerator, spallation, target and transmutation technology demonstrations which could investigate and 
develop accelerator technologies important to the design of future nuclear waste transmutation systems and 
future thorium fuel-cycle power systems.  Possible applications of muon Spin Resonance techniques 
(muSR). as a sensitive probes of the magnetic structure of materials .

R. Tschirhart, FRA Visiting Committee Meeting, March 28-29, 2013 33

Detailed discussion on Project X website



The Project-X Research Program…Redux

• New Forces
Lepton Flavor Violation (e.g. e)
Baryon Number Violation (nn oscillations)
Non-standard flavor changing neutral currents

• New properties of matter
CP violation in neutrinos, charged leptons, quarks

• New dimensions
e.g. super-symmetric amplitudes via EDMs
Warped dimensions via kaon decays
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Rare processes can dissect new physics… 
e.g. Warped Extra Dimensions as a Theory of Flavor??

Straub, CKM 2010 workshop 
(arXiv:1012.3893v2)

Buras et al.  SM 
accuracy of <5%, 

motivates 1000-event 
experiments

35
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Courtesy Klaus Kirch  
CIPANP 2012

Electric Dipole Moment Research Worldwide…
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Beam Power is the Gateway to the Intensity Frontier…

37

Courtesy M. Seidel, PSI

Project X60-120 GeV 
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Evolution from the Energy Frontier to the 
Intensity Frontier at Fermilab…
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 220 participants

 Detailed investigation of 
experimental concepts and 
required detector R&D.  

 Serving as the basis for 
research program    
“Golden Book” now under 
development for Snowmass

Summary of the Project X Physics Study June 14th-22nd 2012

R. Tschirhart, FRA Visiting Committee Meeting, March 28-29, 2013 
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PX Physics Study Conveners for 
Experimental Concepts and Sensitivities
Neutrinos:  
Andre de Gouvea (Northwestern University),  Patrick Huber (Virginia Tech) , Geoff Mills (LANL)
Ko  Nishikawa (University of Chicago/FNAL), Steve Geer (FNAL)

Muon Experiments:
Bob Bernstein (Fermilab),  Graham Kribs, (University of Oregon)

Kaon Experiments:
Kevin Pitts (University of Illinois UC),  Vincenzo Cirigliano (LANL)

EDMs:  
Tim Chupp (University of Michigan) , Susan Gardner  (University of Kentucky), Zheng-Tian Lu (ANL)

n-nbar oscillations:
Chris Quigg (FNAL), Albert Young (North Carolina State University)

Hadron physics:
Stephen Godfrey (Carleton University),  Paul Reimer (ANL)

Hidden Sector physics:
William Wester (FNAL)
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PX Physics Study Conveners for              
Enabling Technologies and Techniques

High rate Precision Photon Calorimetry:
David Hitlin (Caltech),  Milind Diwan (BNL)

Very Low-Mass High-Rate Charged Particle Tracking:
Ron Lipton (FNAL), Jack Ritchie (University of Texas, Austin)

Time-of-Flight System Performance below 10 psec:
Mike Albrow (FNAL), Bob  Wagner (ANL)

High Precision Measurement of Neutrino Interactions:
Kevin  McFarland (Rochester University), Jonghee Yoo (FNAL),  Rex Tayloe (University of Indiana) 

Large Area Cost Effective (LACE) Detector Technologies:
Mayly Sanchez (Iowa State University), Yury Kamyshkov (University of Tennessee)

Lattice QCD:
Ruth Van de Water (BNL), Tom Blum (University of Connecticut)



Example Research Program, definitive space of 
accelerator parameters on PXPS Indico site

*  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. 

Project X Campaign
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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



Stage-1 Accelerator Resources:  

• Promotes the Main Injector (MI) to a Mega-Watt class machine for 
neutrinos, and increases the potential beam power for other 
medium power MI experiments (e.g. ORKA, nu-STORM). 

• Unshackles the e (Mu2e) experiment from the Booster complex: 
Potentially increases sensitivity of Mu2e by   x10 - x100 with         
1-GeV CW drive beam.  

• High power spallation target optimized for  ultra-cold neutron and  
atomic-edm particle physics experiments and neutronanti-neutron 
oscillation experiments.

• Capability to drive polarized protons to a proton-edm experiment.   

• Increases the available integrated 8 GeV power for other 
experiments   (e.g. short-baseline neutrinos) from the Booster 
complex by liberating Mu2e. 
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Since PXPS, Development of 
Stage-1 Research Program
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Rare Processes  Research 
Probing far Beyond  the TeV scale with Stage-1 

• x10 improvement in mu2e sensitivity.     
Platform for next generation rare muon decay 
experiments such as 3e.

• x100 improvement in K++ sensitivity,  
many other rare K+ modes.  
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PAC Feedback Regarding the          
Proton EDM Expression of Interest.

• “…This experiment represents an exciting opportunity 
for Fermilab.”

• “…The PAC recommends that Fermilab and 
Brookhaven management work together, and with 
potential international partners, to find a way for critical 
R&D for this promising experiment to proceed.”

• This experiment requires 236 MeV/c polarized protons 
of modest intensity, injection every 20-60 minutes. 
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Dubbers, Kamyshkov PXPS 

Stage-1 presents an opportunity to increase  
n-nbar search sensitivity by > x20

R. Tschirhart, FRA Visiting Committee Meeting, March 28-29, 2013 



PAC Feedback Regarding the nn   
Expression of Interest.

• “…The observation of nnbar oscillation would be a 
major breakthrough in particle physics, providing 
evidence for baryon number violation, which is needed 
to explain the observed baryon asymmetry of the 
Universe.”

• “…The PAC recommends that R&D be supported, when 
possible, for the design of the spallation target, and for 
the overall optimization of the experiment, to bring it to 
the level required for a proposal to be prepared. The 
NNbarX experiment would be an interesting addition to 
the wider physics program involving neutrons at the first 
stage of Project-X.”
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Example Research Program, definitive space of 
accelerator parameters on PXPS Indico site

*  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. 

Project X Campaign
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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



Science Enabled with Stage-2

• World leading kaon physics program:  Megawatt 
power  (x10 over competing facilities) can drive 
multiple experiments. 

• World class muon physics program:  Mu2e 
descendant migrates to a higher power campus.  
Megawatt power for conversion experiments (x10 
over competing e facilities), opportunities for 
major next steps in other channels (e.g. 3e, 
others).

• Maintains Main Injector beam power at lower 
energies (e.g. 60 GeV)  enhancing the neutrino 
spectrum for long baseline experiments.  
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What is the optimum proton beam energy to 
drive a MELC/MECO/Comet-Mu2E experiment?
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Negative muons at entrance to μ2e detector solenoid
T0 - proton kinetic energy (GeV)
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0.1% X0 per layer, 100 psec track timing…

Dirk Wiedner, Mu3e Initiative at PSI 

3e, e*
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Kevin Pitts, PXPS



“Nothing in, nothing out…”  Next generation 
photon measurements crucial.
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Example Research Program, definitive space of 
accelerator parameters on PXPS Indico site

*  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. 

Project X Campaign
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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



Science Enabled with Stage-3 (RDR)

• Main Injector power 
upgrade to  >2 Mega Watts 
for 60-120 GeV beam, 
doubling power to the long 
baseline Main Injector 
Neutrinos (LBNE)  and Main 
Injector near-detector 
neutrino physics. 

• 8 GeV beam power for 
experiments is doubled to  
now x10 the MiniBooNE
era, which will support a 
new generation of short-
baseline neutrino physics.   

57

LBNE
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Example Research Program, definitive space of 
accelerator parameters on PXPS Indico site

*  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. 

Project X Campaign
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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
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White Paper:  Precision Neutrino Oscillation Measurements using Simultaneous High-Power, Low-Energy Project-X Beams
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White Paper:  Precision Neutrino Oscillation Measurements using Simultaneous High-Power, Low-Energy Project-X Beams



Science Enabled with Stage-4 
(Beyond RDR)

• 4000kW @ 8 GeV and  4000kW at 60 GeV for the 
ultimate super beams.

• Double super-beam  technique can tune 
illumination of the first and second maxima of  
long-baseline experiments of  very massive next 
generation long-baseline detectors.

• Driver for an extremely powerful muon storage 
ring neutrino source, ultimately leading to a 
neutrino factory as motivated by the physics.  
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Summary

Particle Physics is exciting

Recent discoveries and innovation have positioned us 
to ask and answer deep fundamental questions 

The main challenge world-wide now is budgetary

Fermilab is executing and developing a plan in a 
global context to advance particle physics with 
Intensity Frontier tools  
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