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Proton Sources in The World HE 
Acc Name DF Beam 

Power  

Beam 

Energy 

Relia

bility 

ppp 

10^12 
Comment 

FANL-LINAC 400MeV FermiLab, LINAC 

FANL-MI 700kW 8GeV 83% FermiLab, LINAC+Booster+MR 

PIP-II-LINAC 1% 16kW 800MeV FermiLab, LINAC SC 

PIP-II-MI 1.2~2.3

MW 

120GeV FermiLab, LINAC+Booster+MR 

PIP-III-LINAC 2~8GeV FermiLab, LINAC 

PIP-III-MI >2MW 120GeV FermiLab, LINAC+Booster+MR 

Project X LINAC 96% 2.87 MW 3 GeV / FermiLab, LINAC 

Project X MI 0.01%~ 2.4MW 120GeV 150 FermiLab, LINAC+Booster+MR 

JPARC LINAC 1.25% 250kW 400MeV JPARC, LINAC 

JPARC RCS 500kW 3GeV 90% JPARC, LINAC+RCS 

JPARC MR 3% 470kW 30GeV JPARC, LINAC+RCS+MR 

JPARC+ LINAC JPARC, LINAC 

JPARC+ RCS 1.1MW 3GeV JPARC, LINAC+RCS 

JPARC+ MR 1.3MW 30GeV JPARC, LINAC+RCS+MR 
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Proton Sources in The World ME 
Acc Name DF Beam 

Power  

Beam 

Energy 

Relia

bility 

ppp 

10^12 
Comment 

PSI 100% 1.4MW 590MeV 87% / PSI, Cyclotron, muon/pion 

TRIUMF 100% 200kW 500MeV / TRIUMF, Cyclrotron, muon/pion 

SNS 5% 1.4MW 1 GeV 86% 110 ORNL, LINAC+Accumulator, 

SNS+ 6% 3MW 1.3 GeV 250 ORNL, LINAC+Accumulator, 

LANSCE 6.25% 800kW 800 MeV 87% LANL, LINAC+Accumulator, halted at 1998, restore 

by 2017 

CNGS 400kW 400 GeV 80% CERN nu to Gran Sasso, LINAC+Syn, LBNE 

AGS 0.3% 85 kW 24 GeV 9 BNL, LINAC+Booster+MR, g-2 

AGS+ 0.1% 1MW 28 GeV 4 BNL, LINAC+Booster+MR 

ESS 4% 5MW 2.5 GeV 95% European SS, LINAC, ESSnuSB 

ISIS LINAC 1% 17.5 kW 70MeV 31 UK, LINAC 

ISIS 1% 200 kW 800MeV 31 UK, LINAC+Syn, MICE, SNS 
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Proton Sources in China 
Acc Name DF Beam 

Power  

Beam 

Energy 

Relia

bility 

ppp 

10^12 
Comment 

NJPS I 20% 2MW 400MeV LINAC, ? 

NJPS II 20% 5MW 1GeV LINAC, ? 

CSNS I 100kW 1.6GeV LINAC+RCS, SNS 

CSNS II 200kW 1.6GeV LINAC+RCS, SNS 

CSNS III 500kW 1.6GeV LINAC+RCS, SNS 

CSNS+ 4MW 128GeV 468 LINAC+RCS+MR, LBNE 

C-ADS CW 5MW 

~1GW 

250MeV 

~1.5GeV 

LINAC, ADS 

MOMENT <10% 15MW 1.5GeV LINAC, MBNE 
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Physics with Proton Sources 

• Neutrino Physics 
– Neutrino Oscillation 

– Sterile Neutrino 

– Heavy Neutrino. 

• Muon Physics 
– CLFV 

– g-2 

– muEDM 

– Precision Measurements 

• Kaon/Pion Physics 
– K->pi,nu,nu 

• Neutron Physics 
– nEDM 

2019/1/29 14 



Physics with Proton Sources 

• Neutrino Physics 
– Neutrino Oscillation 

– Sterile Neutrino 

– Heavy Neutrino. 

• Muon Physics 
– CLFV 

– g-2 

– muEDM 

– Precision Measurements 

• Kaon/Pion Physics 
– K->pi,nu,nu 

• Neutron Physics 
– nEDM 

2019/1/29 15 



2019/1/29 16 

T. Nakaya @ NuFact16 



2019/1/29 17 

T. Nakaya @ NuFact16 



Towards High Intensity Neutrino Beams 
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• e/μ identification in the liquid scintillator 
– MC studies are ongoing 

 

 

 

 

 

• Improve charge identification 
– A large magnetized detector? 

• Reduce atmospheric background 
– Reconstructing neutrino direction 

– Sending neutrino in short bunches 
(arXiv:1511.02859)? 

• Not realistic in ADS-type accelerator (CW beam) 

 

 

 

 

 

 

 

Perspective 
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Results 
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Towards High Intensity Neutrino Beams 
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A Staged Muon Vision 

Muon Collider 

detector 

 

Steve Geer        High Intensity Proton Accelerators          Fermilab            19  October  2009                      28 
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• Oscillation experiments: 

– High energy neutrino: Nova, T2K, DUNE, T2HK 

• multi GeV? 1~2MW 

• Bunched, SF requirement not clear 

– Medium/low energy neutrino: ESSnuSB/MOMENT 

• 1~2 GeV, >5MW 

• Bunched! SF 0.1% for MOMENT (0.01% in ProjectX) 

– Neutrino factory (muon collider) 

• Over MW source + … 

• Sterile neutrino: Nova, T2K 

– Similar to LBNE 

• Heavy neutrino 

–  up to 400 GeV proton 

Neutrino Summary 
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Muon Physics: Worldwide Effort 

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016 
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Muon Physics: Worldwide Effort* 

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016 
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 Lifetime – Fermi constant 

 MuLan & FAST at PSI 

 Decay parameters (r, d, h, Px ...) 
 TWIST at TRIUMF and polarization measurements at PSI 

 Muon Capture 
 MuCap at PSI: gP, pseudoscalar coupling 
 MuSun at PSI: basic EW interaction in 2N system 

 Lepton Flavor Violation 
 ->eg – MEG and 3e at PSI 
 e conversion: Mu2e (FNAL), COMET, DeeMee (JPARC) 

 Anomalous magnetic moment (g-2) 
 E821 at BNL and Muon g-2 at FNAL & JPARC 

 Search for Electric Dipole Moment 
 E821 at BNL and Muon g-2 at FNAL & JPARC 

 Lorentz / CPT violation tests  
 E821 at BNL and Muon g-2 at FNAL & JPARC 

 Proton charge radius 
 Muonic Lamb shift (CREMA), MuSE at PSI 

 Muonium Spectroscopy 
 Muonium hyperfine at LAMPF & MuSEUM at JPARC 

 ... 
 
 

* Incomplete list of 
past, present & future 
muon experiments 



Different categories of muon experiments 

1. Measurement of SM parameters like with other particles: 

– Masses: MZ  MW  MH  mb  mt  me  mu  mv … 

– Couplings:  aQED  aStrong  GF  Ggrav 

– Structure of interactions:    SU(3)C x SU(2)L x U(1)Y 

 

2. Search for Physics Beyond the Standard Model (BSM): 

– Test for deviations from a pure V-A structure 

– Charged Lepton Flavor violation (CLFV) (see talk by S. Mihara) 

– Searches for new particles through quantum loop effects 

 

3. Applied material research: 

– Muon spin Resonance (muSR) to probe magnetic properties 

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016 
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The MuLan concept in one slide... 

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016 
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Real data  Collect 1012 decay electrons 
 Fit decay spectrum to extract t 

 Avoid “early-to-late” systematics 

t+ = 2196980.3  2.2ps 

 

GF = 1.1663818(7) x 10-5 GeV-2  (0.6 ppm) 

D.B. Chitwood et al., Phys. Rev. Lett. 99, 03201 (2007) 
D. Webber et al., Phys. Rev. Lett. 106, 041803  (2011) 
Tishchenko et al., Phys. Rev. D. 87, 052003 (2013) 

    



MuCap: Measuring the nucleon structure 

 MuLan result l+ = 1/t+ is input for MuCap 

 Form muonic hydrogen -p in ultra-pure hydrogen TPC 

 Measure disappearance rate l- 

 Extract singlet capture rate LS ≈ l- - l+ 

 Determine the nucleon’s pseudo-scalar form factor gP 

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016 
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Peter Winter (ANL), CTEQ 2013 Summer School -- Part 1, July 2013 
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MuCap: Muon capture on the proton 

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016 
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M ~ GFVud · y ga(1-g5)y · yn(V
a-Aa)yp 
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2
 = -0.88m
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gP(cPT theory) = 8.26 ± 0.23 

gP(MuCap) = 8.06 ± 0.55 
Andreev et al., Phys. Rev. Lett. 110, 012504 (2013) 

 Since gV, gM, gA, and Vud are well 
known, LS determines the  
pseudo-scalar form factor gP 

 Test of cPT theory prediction 

 



MuSun: Muon capture on the deuteron 

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016 
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 Next step: Measure simplest two-body system 

 EFT relates this process to low energy constant 𝑑 R 
relevant for other processes 

 Similar to MuCap with ultra-pure deuterium, cryo-
TPC (30K) 

 Data taking mostly completed, analysis ongoing 

 

 - 

d 
n 
n 



Muonic Hydrogen Lamb Shift – Proton Charge Radius 

 Bohr radius in muonic hydrogen is smaller by mred = 186me  
than in hydrogen 

 The muon overlap with the proton is larger by m3
red and hence  

-p is more sensitive to the proton’s charge distribution 

 Extract proton charge radius rp from 2S – 2P transition (Lamb shift) 

 

 

 Knowledge of the charge and magnetic 
distributions inside the proton are needed 
for precision tests of bound-state QED 

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016 
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MUSE @ PSI 

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016 
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rp (fm) electron muon 

spectroscopy  0.877±0.007 0.841±0.0004 (p) 
0.8356±0.0020 (d+iso) 

scattering 0.875±0.006 ? 

 New experiment at PSI to measure 
low-energy scattering of ±p and e±p 

 Goal: Drp ≈ 0.007 fm  
(similar to current CODATA)  



Muon g-2: Motivation measuring a = (g-2)/2 

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016 
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a
Expt.   =   a

SM   +   a
New Physics 

B 

  g 

QED 

Z 

Weak Had LbL 

p 

Had VP 

p 

Known well beyond current experimental 
precision 

Known slightly better than current experimental 
precision – needs work 

??? 

BNL:  a
Expt. - a

SM = (260 ± 78) x 10-11    (3.3 ) 

 If current discrepancy remains new experiments 
would yield >5 

 Together with theory improvements could give >8 



Muon g-2: The basic measurement 

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016 
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wa = e/m a B 

Spin S 

Momentum p 

Determination of a requires measurement of both 

1. the spin precession frequency wa 

2. the magnetic field B 

 



The new Muon g-2 experiments: A comparison 

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016 
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E34 @ JPARC E989 @ Fermilab 

Beam High-rate, ultra-cold muon beam  
(p = 300 MeV/c) 

High-rate, magic-momentum muons  
(p = 3.094 GeV/C) 

Polarization Pmax = 50% P ≈ 97% 

Magnet MRI-like solenoid (rstorage = 33cm) Storage ring (7m radius) 

B-field 3 Tesla 1.45 Tesla 

B-field gradients Small gradients for focusing Try to eliminate 

E-field None Electrostatic quadrupole 

Electron detector Silicon vanes for tracking Lead-fluoride calorimeter 

B-field measurement Continuous wave NMR Pulsed NMR 

Current sensitivity goal 400 ppb 140 ppb 

See also WG4 talks today: 
• R. Kitamura @ 10:45am 
• W. Gohn @ 11:15am 



ThO EDM excludes certain SM extensions 

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016 

45 



Why CLFV 
• Flavor is one of the most puzzling aspects of the SM.  

– Why 3 generations? Mass? Mixing? 

• We have observed quark mixing and neutrino 

oscillation, but no charged flavor violation so far. 

– Will tell us more about the nature of flavor BSM! 

2019/1/29 46 

 Quark flavor violation: 

• Characterized by CKM matrix 

 Neutral lepton flavor violation: 

• Characterized by PMNS matrix 

 Charged lepton flavor violation?  

• Will help to solve flavor puzzle! 



CLFV as a Probe to New Physics 

• Is CLFV allowed in SM? 

– Through loop diagram with neutrino oscillation, yes. But… 

2019/1/29 47 

• How about with New Physics? 

– Assuming TeV scale new physics, naturally large coupling constant like 

SUSY, it may happen just around the corner! 

Practically negligible. 

Clean probe to NP! 

10;11~10;15 level. 

Reachable with current technics! 

* Historically we define: 𝐵𝑟 = 𝛤𝐶𝐿𝐹𝑉/𝛤𝑐𝑎𝑝𝑡𝑢𝑟𝑒 



CLFV candidates 

2019/1/29 48 

Reaction Current Limit Future Limit Location 

τ → μγ 4.4 × 10;8 < 10;9 Flavor factory 

τ → 𝑒γ 3.3 × 10;8 < 10;9 Flavor factory 

τ → μμμ 2.1 × 10;8 < 10;9 ~10;10 Flavor factory 

τ → 𝑒𝑒𝑒 2.7 × 10;8 < 10;9 ~10;10 Flavor factory 

τ → μ𝑒𝑒 1.5 × 10;8 < 10;9 ~10;10 Flavor factory 

μ → 𝑒γ 4.3 × 10;13 4 × 10;14 MEG II 

μ → 𝑒𝑒𝑒 1 × 10;12 10;15~10;16 mu3e/MuSIC 

μN → 𝑒N (Au) 7 × 10;13 < 10;18 PRISM/Mu2e II 

μN → 𝑒N (Al) − − 10;15/10;17 COMET/Mu2e 

μN → 𝑒N (Ti) 4.3 × 10;12 < 10;18 PRISM/Mu2e II 

μ;N → 𝑒:N (Al) 4.3 × 10;12 ? COMET 

μ:𝑒; → μ;𝑒: 8.3 × 10;11 ? COMET 

• CLFV in τ sector: 

• Studied in B factories: 

LHCb, BaBar, Belle 

• Will see improvement 

in Belle II and LHCb 

• CLFV in μ sector: 

• Studied at PSI. μ → 𝑒γ 

is the best result. 

• Will see great 

improvement in 

μN → 𝑒N at J-PARC 

and FermiLab 
• τ intensity: 

• Current: 2/sec 

• Future: 100/sec 

• μ intensity: 

• Current 108/sec 

• Future: 1011~1012/sec 

 



Model Independent Approach for CLFV 
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X
 1

0
 

𝜅 ≪ 1 𝜅 ≫ 1 

Photonic Process Four-Fermi Process 

𝝁 → 𝒆𝜸 𝝁 − 𝒆 

 

Strong Yes 

𝝁 → 𝒆𝜸 𝝁 − 𝒆 

 

No Yes 
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Physics background from mu->e nu nu gamma 

All background levels in history 

PSI MEGII                 0.3%                      0.035                                      5 × 10;14 
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Muon to Electron Conversion 

• Event Signature:  
– a single mono-energetic electron of 

105 MeV 

– Free of accidental background. 
No limit on beam intensity! 

• Backgrounds: 
– physics backgrounds, 

ex. muon decay in orbit (DIO), 
radiative muon capture (RMC) 

– beam-related backgrounds, 
ex. radiative pion capture, muon 
decay in flight, large angle 
scattering. 
Can be suppressed by pulsed beam! 

– cosmic rays, false tracking 

2019/1/29 57 

We are searching for: 

Neutrino-less muon nuclear capture 
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COMET Phase-I 
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• Precision muon measurements 
(MuLan,FAST,TWIST,MuSan,MuLan,MUSE,MuSEAM,proton radius) 

– On going at Cyclotrons: CW,~500 MeV, ~1MW, detector has potential 

• g-2: 2nd generation on going 
– FermiLab: Bunches with 50ns/1us, 3GeV muon, 200kW (4MW) 

– JPARC: unlcear… 

• mu EDM 
– Bunches with 50ns/10us, 1-8GeV, 2MW (?) 

• CLFV 
– mu-e gamma 

• On going at Cyclotrons: CW,~500 MeV, ~1MW, detector close to rate limit 

– mu-e e e 
• On going at Cyclotrons: CW,~500 MeV, ~1MW, new detector under designing 

– mu-e conv 
• ~2020: bunches with 100 ns / 1 us, 2~8 GeV, 50kW (0.5MW), detector OK 

• ~2030: bunches with 10 ns / 2 us, 2~8 GeV, 2MW (400MW) , detector OK 

– mu e-e e 
• CW, 2~8 GeV, low power consumption, , detector OK 

Muon Summary 
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Physics with Proton Sources 

• Neutrino Physics 
– Neutrino Oscillation 

– Sterile Neutrino 

– Heavy Neutrino 

• Muon Physics 
– CLFV 

– g-2 

– muEDM 

– Precision Measurements 

• Kaon/Pion Physics 
– K->pi,nu,nu 

• Neutron Physics 
– nEDM 

2019/1/29 63 



Doug Bryman FNAL Accelerator 

Workshop October 20, 2009 

64 

Summary: Rare Kaon Decays 

* Fermilab: great potential for advancing the intensity frontier

          "Ultimate" high precision experiments possible

* Significant work can be done with existing facilities: 

      MI+Tevatron Strec

0 0

* Project X ICD-2 would provide extraordinary 

        possibilities for measuring   

her   :      

L

K

K

p 

p 

+ +



 )  )0 0
CERN NA62 and JPARC KOTO poised to begin soon.

         Exceptional  sensitivity to new  Flavor Physics

L
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Doug Bryman FNAL Accelerator 

Workshop October 20, 2009 
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Experiments 

 K p + +

Lepton Flavor Violation 

 / K ep + + 

0 0 LK p 

Precision 

90% CL 

0.4% 

1110-

7 

100 

0.06% 

13/ 1710- -

(2006)K e + +

1000 

Prospects for 10-1000 x improvements. 



Doug Bryman FNAL Accelerator 

Workshop October 20, 2009 

66 

1.15 10
1.05 BNL E787/949:

 CERN NA62; New  Technique 

 New proposal: Fermilab P996 

 Fermilab Proje
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(From 10^6 pi->e nu events) 
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• Rare Kaon decays 

– Proposed at FNAL & J-PARC: pulsed, 2GeV, 

2MW 

• Precision pion measurements 

– On going at Cyclotrons: CW,~500 MeV, ~1MW 

– Detector has potential to handle higher rate 

Kaon/Pion Summary 
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Physics with Proton Sources 

• Neutrino Physics 
– Neutrino Oscillation 

– Sterile Neutrino 

– Heavy Neutrino 

• Muon Physics 
– CLFV 

– g-2 

– muEDM 

– Precision Measurements 

• Kaon/Pion Physics 
– K->pi,nu,nu 

• Neutron Physics 
– nEDM 
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 Current sensitivity ~2 x 10-26 e∙cm 

 nEDM@PSI should reach sensitivity  
10-26 e∙cm in 2016 

 Next generation n2EDM (start 2018-19) 

– Mu-metal Shield 

– Double chamber setup (two E direction)  

– Magnetometers (improved 199Hg, He-3) 

 Goal: 3 x 10-27 e∙cm early 2020s 
 

 Also: SNS EDM effort in critical 
component demonstration phase now, 
integration ~2018, data early 2020s 
 

 Many other nEDM efforts worldwide 

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016 
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Neutron EDM Efforts  

nEDM @ PSI 



EDMs – Summary and outlook 

 EDM limits for various systems (some limits assume a single source) 

 

 

 

 

 

 

 

 

 Full interpretation to understand underlying CPV interaction requires theory 

 While experiments have set impressive limits, order of magnitude improvements 
expected over the next decade: 

– Several nEDM experiments with up to 2 orders of magnitude improvement 

– Octupole enhanced systems 225Ra and 221Rn/223Rn 

– Light charged particle EDMs in storage rings 

– ...  

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016 
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Type System EDM limit (e∙cm) 

Paramagnetic molecule 
YbF de = (-2.4 ± 5.9) × 10-28 

ThO de = (-2.1 ± 4.5) × 10-29 

Diamagnetic atom 
199Hg dHg = (2.2 ± 3.1) × 10-30 

225Ra dRa225 = (-0.5 ± 2.51) × 10-22 

Nucleon n dn = (0.21 ± 1.82) × 10-26 



• nEDM 

– On going at LINAC/Cyclotron with SNS type 

targets: CW, <1GeV, ~MW 

Neutron Summary 
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• Neutrino Oscillation/Sterile neutrino: 

– Bunched beam, high energy: synchrotron? 

• Heavy neutrino/Dark photon 

–  up to 400 GeV proton, LINAC OK 

• Precision muon measurements (MuLan,FAST,TWIST,MuSan,MuLan,MUSE,MuSEAM,proton 
radius) 

– On going at Cyclotrons, LINAC OK but physics potential limited 

• g-2: 2nd generation on going, 5 sigma expected 

– mu EDM 

• CLFV 

– mu-e gamma/ mu-e e e 

• On going at Cyclotrons, LINAC OK, physics potential depends on detector design 

– mu-e conv 

• 100 ns/1 us bunch structure, ~GeV, MW in future, Synchroton? 

• Rare Kaon decays 

– Proposed at FNAL & J-PARC: pulsed, 2GeV, 2MW 

• Precision pion measurements 

– On going at Cyclotrons: CW,~500 MeV, ~1MW 

– Detector has potential to handle higher rate 

• nEDM 

– On going at LINAC/Cyclotron with SNS type targets: CW, <1GeV, ~MW 

 

Summary 
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