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MOTIVATION

Progress on Muon Ionisation Cooling with MICE
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Unique advantages of muon accelerators

Energy frontier lepton-antilepton 
collider:

 No brem-/beam-strahlung
– Rate  m-4 

[5  10-10 cf e]

• Enhanced Higgs coupling
– Production rate  m2 

[4  104 cf e+e-]

Neutrino beams

• ne, nm

• Precisely known energy spectrum
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Resurgence of interest: Pastrone Panel
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Proton Driver Acceleration Collider Ring

Accelerators:    
Linacs, RLA or FFAG, RCS
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AccelerationLow EMmittanceMuon 
Accelerator (LEMMA): 
1011 pairs/sec from 

e+e− interactions.  The small 
production emittance allows lower 
overall charge in the collider rings 
– hence, lower backgrounds in a 

collider detector and a higher 
potential CoM energy due to 

neutrino radiation.

Fig.2: Schematic layoutsofMuonCollider complexesbasedontheprotondriverschemeandonthelowemittance
positrondriver schemeemphasizing synergies.

R&D to address their feasibility is summarized inRef. [1]. Their basic layouts areshown in Figure2,144

emphasizing synergies. The idea of muon colliders was first introduced in the early 1980’s [14,15]145

and further developed by aseries of world-wide collaborations [16,17] culminating in creation of the146

US Muon Accelerator Program(MAP) [18] in 2011. MAP developed theconcepts of aproton driver147

schemeand addressed the feasibility of thenovel technologies required for Muon Colliders and Neu-148

trino Factories [19]. In thescheme(seesection3.2), themuonsaregeneratedas tertiary particles in the149

decays of thepions created by an intenseproton beaminteracting aheavymaterial target. In order to150

achievehigh luminosity in thecollider, theresulting initial low energymuonbeamwith short lifetime,151

with large transverseand longitudinal emittances, has to becooled by fiveorders of magnitude in the152

six-dimensional phase-space and rapidly accelerated to minimize the decrease of the intensity due to153

muondecays.154

A novel approach of theLow EmittanceMuonAccelerator (LEMMA) basedonmuonpair pro-155

ductionwithapositronbeamimpingingonelectronsatrest inatarget [20]wasrecently proposedandis156

nowunder conceptual study [21]. Thecorrespondingpositrondriver schemeisdescribed insection3.3.157

Themuonsproducedinthee+e− interactionsclosetothresholdareconstrained intoasmall phase-space158

region, effectively producing amuon beamwith very small transverseemittances [22], comparable to159

thosetypically obtained inelectronbeamswithoutnecessitatinganycooling. Thesemuonpairsarepro-160

ducedwithanaverageenergy of 22 GeV corresponding to anaverage laboratory lifetimeof ⇠ 500 µ s,161

whichmitigates theintensity lossesbymuondecay andeases theacceleration scheme. Potentially high162

luminositycouldbereachedwithrelativelysmall muonfluxes, reducingbackgroundandactivationprob-163

lemsdueto high energymuondecays, and thusmitigating theon-siteneutrino radiation issue. Conse-164

quently, the LEMMA scheme, although not appropriate for aHiggs Factory due to a too large beam165

energy spread, is very attractive for a collider in themulti-TeV range, extending the energy reach of166

muoncolliderswhichcanbelimitedbyneutrino radiation.167

3.2 Proton driver scheme168

3.2.1 Design status169

Intheprotondriver scheme[17,18]muonsareproducedastertiaryparticles fromdecayof pionscreated170

by ahigh-power proton beamimpinging ahigh Zmaterial target. Themajority of theproduced pions171

havemomentaof afewhundredMeV/c,withalargemomentumspreadandlargetransversemomentum172

components. Hence, the daughter muons are produced at low energy within a large longitudinal and173

transversephase-space. This initial muonpopulationmust beconfined transversely, captured longitudi-174

nally, andhave its phase-spacemanipulated to fitwithin theacceptanceof anaccelerator. Thesebeam175

manipulationsmustbedonequickly, beforethemuonsdecay.176
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Pastrone et al.



IONISATION COOLING AND MICE
Progress on Muon Ionisation Cooling with MICE

7



The principle of ionisation cooling

 Competition between:
 dE/dx [cooling] 
 Multiple Coulomb Scattering 

[heating]

 Optimum:
 Low Z, large X0

 Tight focus (small bt)
 H2 gives best performance
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Schematic of the experiment
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HIGHLIGHTS OF THE DATA TAKING

Progress on Muon Ionisation Cooling with MICE
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Pure muon beam selection:
• High precision (55 ps) time-of-flight 

hodoscopes (TOF0, TOF1)
• Threshold aerogel Cherenkov counters

Measured p contamination < 1.4% (90% C.L.)
(w\ KL)

Rejection of decays:
• TOF2
• KLOE Light ‘preshower’ (KL)
• Electron Muon Ranger (EMR)

‘e-tag’ efficiency w\ EMR: > 98.6%

Transverse phase space measurement:
• Scintillating-fibre trackers
• Spectrometer solenoids



Characterisation of the cooling equation
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• Evolution of normalised transverse emittance:

– Measured dependence on:
• Input emittance:

– Vary beam optics/diffuser;

• Material:
– Absorber LH2; LiH

• p, E  and β:
– Vary beam momentum, optics

Absorbers:
65 mm thick lithium hydride disk
350 mm thick liquid hydrogen vessel
45o polythene wedge absorber
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Single-particle technique
• Powerful!  Fully measure one muon at a time:

– Fast instrumentation, matched to beam intenstity:

• Measure all 6D phase-space coordinates of each muon

– Build muon ensemble offline:

• Calculate ensemble
properties

– E.g. T
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CURRENT STATUS AND RESULTS

Progress on Muon Ionisation Cooling with MICE
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Emittance and amplitude

• Emittance:

– Evaluated from RMS beam ellipsoid

• Amplitude: 

– Distance from core of beam

• Mean amplitude ~ RMS emittance
15



Effect of absorber

Simulation in good 
agreement with data

– Example:
• T = 6 mm

• P = 140 MeV/c
Notation: T–P = 6-140
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Change in amplitude across absorber

Muons in beam core:
– Decrease with no 

absorber

– Increase with LiH and 
LH2 absorbers

Ionisation cooling 
signal

17



Core-density change across absorber
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Core-density:
– Increases with LiH and 

LH2 absorbers

– Consistent with ‘no 
change’ for no absorber

Ionisation cooling signal

   Ramp = ratio of cumulative density downstream to upstream

Paper sent for publication
Systematic uncertainty

Data with statistical uncertainty



NEXT STEPS
Progress on Muon Ionisation Cooling with MICE
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Next steps in study of ionisation cooling

• MICE has:

– Demonstrated principle of 4D ionisation cooling

• Analysis of MICE data will:

– Study ionisation cooling as a function of:
• Input beam emittance and momentum;

• Lattice optics and absorber material (LiH and LH2);

– Study emittance exchange with wedge absorber

• Ambitious next step:

– Design and implement a 6D cooling experiment
• Essential R&D for development of multi-TeV muon collider

20
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Thank you



The Standard Model and beyond

• Energy frontier: big advantage over pp because fundamental fermion

• Future study of the Higgs:
– Line width; establish single resonance (?) in s-channel with m+m-

– Couplings; requires > 1 TeV for complete, precise study
22
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