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Intensity Frontier Particle Physics 
K.Kirch, ETH Zurich – PSI Villigen, Switzerland 

Need: High intensities  

  

 

Perform: 

 

- Precision measurements 

 

- Searches and 

   Symmetry Tests 
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The Standard Model of Particle Physics 

is extremely successful …  
(with some issues concerning neutrino masses,  

  muon g-2, B-decays, …) 
  

… but does not explain 
Gravity, Dark matter 

Dark energy 

3 families 

QCD theta term 

Values and structure of particle masses and couplings 

Baryon Asymmetry of the Universe 

Conservation of baryon and charged lepton number 

… 
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Intensity Frontier Particle Physics 

Has a very large and diverse community 

Besides particle physics it has strong connections to other 

fields, especially to nuclear and atomic physics 

It can be performed at high and at low energies, w and w/o 

accelerators, at electron and at proton machines:  
  

High power proton drivers have arguably the largest impact 

Examples of recent community efforts in Europe and the US: 
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Tension in muon g-2: 

A few recent and not so recent excitements 

Tension in B decays 

to D* and leptons:  

 

 

 

 

 

 

 

 

Tension in proton charge radius:  

 

 

 

 

 

 

 

 

http://lhcb-public.web.cern.ch/lhcb-public/Images2015/comparison.png
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Maxim Pospelov’s version: 
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Very high energy example 

GUT scale physics 

proton decay 
intensity frontier 

neutrino detectors 

nnbar oscillations 
dedicated experiment 
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Multi-TeV example 

 

Wolfgang Altmannshofer Altmannshofer, Harnik, Zupan, arxiv1308.3653 

Heavy Susys 
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Sub-GeV example 

Dark Photons 
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Ultra-low energy example 

 

Axions & 

Ultralight bosons 
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Intensity Frontier Particle Physics 

Many – if not most – precision measurements and 

searches need the highest possible intensities 

Indirect tests are extremely powerful,  

both, in absence of direct detection or 

complementing it 

New particles could be very heavy or very light, 

could couple strongly or very weakly …  

 

 – need to check at many places! 

  – need highest intensity proton drivers! 
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In this talk: 
selected examples of intensity frontier physics at 

powerful proton drivers 

Muons: PSI, J-PARC, FNAL 

MEG, Mu3e, COMET, Mu2e, g-2  

Neutrons: SNS, PSI, TRIUMF, ESS (& competing reactor sources) 

npdg, Nab, nEDM, nnbar  

Antiprotons: CERN 

Hbar 

Kaons: CERN, J-PARC 

Neutrinos, p-decay, … : J-PARC, T2K, HyperK, FNAL, NOvA, DUNE 

(&reactors and natural sources) 

Rare Isotopes: TRIUMF, CERN, … 

Higgs, B, HE fixed target: CERN, … 

Apologies to the many important 

experiments not covered here 
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Antiproton and Antihydrogen physics 
at CERN’s AD and ELENA 

    Aiming at 

Precision tests of CPT 

comparison of the p and pbar 

mass, magnetic moment, … 

Test of charge equality 

comparison of spectroscopy 

of H and Hbar 

Test of antimatter gravity 

 … 

AEgIS, ALPHA, ASACUSA, ATRAP, BASE, GBAR 



Fundamental Neutron Physics at the Spallation Neutron Source 

The Fundamental Neutron Physics program at the SNS has 
three major themes: 
 
1. The study of Hadronic Parity Violation in simple nuclei 
2. Measurement of correlations in neutron beta decay 
3. Search for a neutron electric dipole moment 



Hadronic Parity Violation in simple nuclei  

Direct W+,- or Z0 is highly suppressed by range heavy boson. 
Look instead for PV interference term from meson exchange. 
 

Example: PV in n+p d+γ 

n p

d



nA p  

Status: Data collection complete, statistics at <2x10-8 



Determination of correlations “a” and “b” in neutron decay  

Determine “a” by measurement of complete kinematics in 
unpolarized neutron decay.  

Status: Installation at SNS in summer 2016 
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Search for neutron electric dipole moment 

Fully cryogenic experiment using in-situ production of UCN within 
measurement volume and incorporating 3He co-magnetometry 

Status: Design on individual subsystems in progress 
              Installation at SNS planned for  2019 



NNbar @ ESS 

Baryon Number Violation at the core of our existence 
Physics of Baryon Number Violation of utmost importance 
 Standard Model tells us about interactions 
o But nothing about nature of quarks and leptons 

 Standard Model is now complete 
o Understanding fermions is our biggest gap 
o Grand Unification our best hint 

 Baryon Number Violation excellent probe 
o We know it exists 
o Observation will tell us about mechanism, and Grand Unification 

(and maybe neutrinos) 

ESS + modern neutron guiding technology allows to push 
sensitivity to free neutron oscillation probability by ~1000 wrt 
1990’s ILL experiment 
Opportunities to gain a factor 1000 in sensitivity to processes 

at core of our existence and understanding of universe are rare 
 Should not be squandered 



ESS, June 5, 2015 

Blue: ESS 

Green: NNbar 



ESS                                                               Neutron Beam EDM 

2 Neutron beams 

E  > 50 kV/cm  

B0  = 200 μT 

L  = 5 m  (proof-of-prin.) 

L = 50 m  (full-scale) 

► Unique, complementary and novel approach: ideal for ESS  

► Ramsey neutron beam-type experiment, sensitivity ~1E-27ecm  

► Directly measures main systematic false effect (v×E) 

► Proof-of-principle planned for PSI and ILL  

Piegsa, PRC 88, 045502 (2013) 



UCN-Source 
- 1st test: 12/2010 
- Safety approval: 06/2011 
- UCN start 08/2011 
- Reliable performance 2012 
- UCN to nEDM since 2012 
  -> intensity 90x over 2010 
- Increased duty factor 2015: 
  20  40 mA average 
- 2016: towards 60mA 
 

nEDM 

590 MeV Proton Cyclotron 
2.2 .. 2.4 mA Beam Current 

Excellent performance of HIPA 
and regular beam delivery to UCN  

Ultracold Neutron Source & Facility 



1.7×10-26 ecm 

Towards new limits and beyond 
Neutron EDM search at PSI 

 The slope determines  

 the path forward 

 
n2EDM nEDM 

Testing CP symmetry and  

searching exotic forces 
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Only known LFV so far: 

neutrino mixing 

cLFV suppressed by 

 (dm/mW)4 and thus 

smaller than 10-50  
 SM not observable 

 accidentally small !? 

Plenty of room for  

new physics 

Charged Lepton Flavor Violation 

is small in the Standard Model 

 

W- 

m- 
m e 

e- 

Expect from SM: 
  

BR(m-e) < 10-50 

 

Experimentally so far: 
  

< 5.7 x 10-13  

PRL110(2013)201801 
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cLFV Searches: Current Situation 

The present best  

limits on LFV 

are from muon  

experiments at PSI 

 

m → eee 

   BR < 1  10-12 

   SINDRUM 1988 
 

m- + Au → e- + Au 

   BR < 7  10-13 

   SINDRUM II 2006 
 

m → e +  

   BR < 5.7  10-13 

   MEG 2013 
  

   [90 % C.L.] SINDRUM 

SINDRUM II MEG 

10-14 

10-10 

10-4 

Marciano, Mori, Roney 

Most sensitive LFV search 

MEGA@LANL 
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cLFV Searches: next steps 

m → e +    to 4  10-14 with MEG II at PSI 

 

m → eee    to 10-15 and 10-16 with Mu3e at PSI 

 

m- → e- conversion to  10-14 … 10-16..17 and beyond  

       with DeeMe, COMET at J-PARC 

    and Mu2e at FNAL 

 

 

 



MEGII Status 

Single volume He:iC4H10 

Better uniformity w/ 

12x12 VUV SiPM 

7 x 107 

muons/s 

x2 resolution 

everywhere 

35 ps resolution 

w/ multiple hits 

 

Key elements: 

• Higher beam intensity 

• Higher detector efficiency and 

resolution 

• Improved calibration methods 

• New DAQ system 

Design Construction PreEng Run Eng. Run Run 

2013 2014 2015 2016 2017-20 

Sensitivity [2017-20] ~ 4 x 10-14 



Mu3e Status 
Key elements: 

• Staged approach (here only 

phase I up to 108 muons/s) 

• Impressive momentum 

resolutions 

• Good timing also with minimal 

amount of material 

2013-5 2015-7 2017 2018-20 

Sensitivity phase I [2018-20] ~ 10-15 

Design Construction Eng Run  Run Eng Run 

(Final Sensitivity phase II [202x] ~ 10-16 ) 

Mupix detector 

Fibre hodoscope 

70 ps resolution 

w/ single hit 

 

~ 500 ps resolution 

w/ double hits 

thickness: < 0.3% X0 
 

Tracking, integrate sensor and 

readout in the same device: 50 

um thick 

1 layer: ~ 0.1% X0  
 

Superconducting 

solenoid Magnet 

 Homogeneous field 

1T 

Tile detector 
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MEG and Mu3e complementarity 

 

See: 
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• A search for Charged Lepton 
Flavor Violation: 𝜇N→eN 
– Expected sensitivity of    6x10-17 

@ 90% CL, x10,000 better than 
SINDRUM-II 

– Probes effective new physics 
mass scales up to 104  TeV/c2 

– Discovery sensitivity to broad swath 
of NP parameter space 
 

 



Mu2e 

Mu2e Proton Beam line 

• Mu2e makes use of existing 

infrastructure at Fermilab 
 

• Mu2e uses 8 kW of protons 

– From the Booster (8 GeV) 

– Re-bunched in the Recycler 

– Slow-spill from Delivery Ring 

• aka Accumulator/Debuncher 

for Tevatron anti-protons 

• Revolution period 1695 ns 
 

• Mu2e can (and will) run 

simultaneously with NOvA 

• Commissioning 2020 

 

http://mu2e.fnal.gov 29 

- Fermilab 
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Tension between 
Theory and Experiment 

Difference is between 3 to 4 , depending on the 
value of the strong interaction contribution used. 



Outlook for Fermilab Experiment E989 

35 

• Goal,  factor of 4 improvement on total error. 

• Theory is also improving, factor of 2 possible 

• Magnet  shimming underway 

• Beamlines are under construction  

• Detectors under construction  
– 24 6×9 PbF2 segmented calorimeters read out by SiPMs  

– 3 tracker arrays that go inside the vacuum chamber  

• Systems being refurbished: 
– Vacuum chambers, electrostatic quadrupoles 

• New fast muon kicker under development 

• First beam on the pion production target in March 2017 

• First muons stored May 2017 

• Engineering run →   BNL level data set by fall 2017  

• Two years of data collection to follow 

 

 



Expected future comparison between 

theory and experiment 

- p. 36 

arXiv:1311.2198v1 [hep-ph] 9 Nov 2013 

see:  arXiv:1311.2198v1 [hep-ph] 9 Nov 2013 

        arXiv:1407.4021v2 [hep-ph] 21 Jul 2014 

http://arxiv.org/abs/1311.2198v1
http://arxiv.org/abs/1311.2198v1


Klaus Kirch 37 PSI, Feb 29, 2016 

 



Klaus Kirch 38 PSI, Feb 29, 2016 

  

The intensity frontier at PSI: p, m, UCN 

nEDM 

CREMA: mp / md / mHe laser spectroscopy 

MuLan/MuCap 

MEG  Mu3e 

PEN 

PIF 

nTRV 
The most powerful 

proton beam to targets: 

590 MeV x 2.4 mA = 1.4 MW 

The highest intensity  

pion and muon beams, e.g., 

up to a few 108m+/s at 28 MeV/c 
The new high intensity 

ultracold neutron source  

Swiss national laboratory with strong international collaborations 

Precision experiments with the lightest unstable particles of their kind 

MuSun 

MUSE 

pHe 

Feasibility study for 

HI muon beam with 

1010m+/s below 30 MeV/c 

AlCap MuX 
muCool 



 

39 

: 1010 m+/s below 30 MeV/c 
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The muCool project: an ultra-bright LE m+ beam 
compressing phase space by 10 orders of magnitude 

while loosing only 3 orders in intensity 

  Will enable 
  

- new M experiments 

- spectroscopy 

- gravity 
  

- new g-2 / EDM 
 

- new mSR techniques 
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www.psi.ch/particle-zuoz-school                  www.psi.ch/psi2016 

PSI Particle physics  
organizes in 2016 

August 14 – 20, 2016                                 October 17 – 20, 2016 



Picture: K. Schuhmann 

Thank you! 
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