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Unique advantages of muon accelerators

Energy frontier lepton-antilepton:

• No brem-/beam-strahlung

– Rate  m-4

[5  10-10 cf e]

• Efficient acceleration

– Favourable rigidity

• Enhanced Higgs coupling

– Production rate  m2

[5  104 cf e+e-]

Neutrino beams

• ne, nm
• Precisely known energy spectrum
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Current	

discovery	

CERN	
Horn	#2	&	Gargamelle	

CERN	
Gargamelle,	Aachen/Padova,	CDHS,		

CHARM,	BEBC,	CCFR,	NOMAD,	CHORUS	

BNL/FNAL	
CITF,	HPWF,	7’	BC,	15’	BC,	E605,		
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SKAT,	JINR	

Development	of	
E/w	SM,	QPM,	QCD	

nm

discovery	

CERN	
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MINOS,	MINOS+,	NOvA	

KEK/J-PARC	
K2K,	T2K	

Development	of	
Standard	Neutrino		

Model	

Global	neutrino	
progamme	

Hyper-K	
LBNF/DUNE	

CERN	Neutrino	Platform	

Discovery	of	
CP-invariance	violation?	

Simon&van&der&Meer&
CERN,&1961&

Innovation	in	detectors	to	provide:	
			—	High-precision	
								—	Large	data	sets	
								—	Control	of	systematics	
Innovation	in	accelerators	to	go	beyond	

Fast	extraction	



Resurgence of interest: Pastrone Panel
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Proton Driver Acceleration Collider Ring

Accelerators:    
Linacs, RLA or FFAG, RCS

Cooling
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Accelerators:    
Linacs, RLA or FFAG, RCS
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AccelerationLow EMmittance Muon 
Accelerator (LEMMA): 
1011 µpairs/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 layoutsof Muon Collider complexesbased on theproton driver schemeand on thelow emittance

positron driver scheme emphasizing synergies.

R&D to address their feasibility is summarized in Ref. [1]. Their basic layouts are shown in Figure 2,144

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

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

US Muon Accelerator Program (MAP) [18] in 2011. MAP developed the concepts of a proton driver147

scheme and addressed the feasibility of the novel technologies required for Muon Colliders and Neu-148

trino Factories [19]. In the scheme (see section 3.2), the muons are generated as tertiary particles in the149

decays of the pions created by an intense proton beam interacting a heavy material target. In order to150

achieve high luminosity in the collider, the resulting initial low energy muon beam with short lifetime,151

with large transverse and longitudinal emittances, has to be cooled by five orders of magnitude in the152

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

muon decays.154

A novel approach of the Low Emittance Muon Accelerator (LEMMA) based on muon pair pro-155

duction with apositron beam impinging on electrons at rest in a target [20] was recently proposed and is156

now under conceptual study [21]. The corresponding positron driver scheme is described in section 3.3.157

Themuonsproduced in thee
+

e
−

interactions close to threshold areconstrained into asmall phase-space158

region, effectively producing a muon beam with very small transverse emittances [22], comparable to159

those typically obtained in electron beams without necessitating any cooling. These muon pairs are pro-160

duced with an average energy of 22 GeV corresponding to an average laboratory lifetime of ⇠ 500µs,161

which mitigates the intensity losses by muon decay and eases the acceleration scheme. Potentially high162

luminosity could bereached with relatively small muon fluxes, reducing background and activation prob-163

lems due to high energy muon decays, and thus mitigating the on-site neutrino radiation issue. Conse-164

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

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

muon colliders which can be limited by neutrino radiation.167

3.2 Proton dr iver scheme168

3.2.1 Design status169

In theproton driver scheme[17,18] muonsareproduced astertiary particles from decay of pionscreated170

by a high-power proton beam impinging a high Z material target. The majority of the produced pions171

havemomentaof afew hundred MeV/ c, with a largemomentum spread and largetransversemomentum172

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

transverse phase-space. This initial muon population must be confined transversely, captured longitudi-174

nally, and have its phase-space manipulated to fit within the acceptance of an accelerator. These beam175

manipulations must be done quickly, before the muons decay.176

5

Pastrone et al., arXiv:1901.06150

45 GeV
Intentisy > 2 x ILC

reduced



IONIZATION COOLING AND MICE

Progress on Muon Ionization Cooling with MICE
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The principle of ionization cooling

• Competition between:

– dE/dx [cooling] 

– MCS [heating]

• Optimum:

– Low Z, large X0

– Tight focus (small bt)

– H2 gives best performance
7
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Schematic of the experiment
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HIGHLIGHTS OF THE DATA TAKING

Progress on Muon Ionization Cooling with MICE
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ISIS
Proton

Synchrotron

Dipole 2
(D2)

Q4 Q5 Q6 Q7 Q8 Q9

CkovTOF0 TOF1

Decay Solenoid
(DS)

Dipole 1
(D1)

MICE Muon Beam line (MMB)

MICE Experiment

Q3
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Q1

Target
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(a)

(b)

EMRKLTOF2

Diffuser

SciFi TrackerSciFi Tracker

Spectrometer
Solenoid

Focus
Coil

Spectrometer
Solenoid

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

~1 dip/1.28 sec
Titanium
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Liquid-hydrogen absorber
Online reconstruction: 

Mean momentum lost by muons as they pass through the 
liquid-hydrogen absorber. 
The data were recorded while the absorber was filling.
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Characterisation of the cooling equation
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• Evolution of normalized 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

Analagous to SR cooling



Measurement of muon-LiH scattering

• Precision measurement of MCS

• Validate consistency of energy-loss model
14
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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

15



Emittance determination
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Emittance and amplitude

• Emittance:
– Evaluated from RMS beam ellipse

• Amplitude: 
– Distance from core of beam

• Mean amplitude ~ RMS emittance
17



Effect of absorber

Simulation in good 
agreement with data

– Example:

• T = 6 mm

• P = 140 MeV/c

Notation: T-P = 6-140

18

Upstream Downstream
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Change in amplitude across absorber

Muons in beam core:

– Decrease with no 
absorber

– Increase with LiH
and LH2 absorbers

Ionization-cooling 
signal

19



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

LH2 absorbers

– Consistent with ‘no 
change’ for no 
absorber

Ionization-cooling 
signal

Ramp = ratio of cumulative density downstream to upstream

Paper in preparationSystematic uncertainty

Data with statistical uncertainty



NEXT STEPS

Progress on Muon Ionization Cooling with MICE
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Next steps in study of ionization cooling
• MICE has:

– Demonstrated principle of 4D ionization cooling

• Analysis of MICE data will:
– Measure the factors that determine the ionization-cooling effect
– Study ionization 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

– Such a demonstration could be performed at nuSTORM
22
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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
24



European Strategy for Particle Physics Update
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Americas: 29
Asia: 7
Europe: 81
Total: 117



Muon collider

26
Caterina Biscari and Lenny Rivkin, Phil Burrows, Frank Zimmermann
Open Symposium towards updating the European Strategy for Particle Physics
May 13-16, 2019, Granada, Spain

Accelerators summary



Neutrinos

27
  

Neutrino Physics 
(accelerator and non-accelerator)

summary of the session

Conveners: Stan Bentvelsen, Marco Zito

ESPPU Open Symposium Granada
May 16, 2019

In the session we also covered astroparticle physics



European Strategy for Particle Physics Update
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Proton Driver Acceleration Collider Ring

Accelerators:    
Linacs, RLA or FFAG, RCS
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1011 µpairs/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 layoutsof Muon Collider complexesbased on theproton driver schemeand on thelow emittance

positron driver scheme emphasizing synergies.

R&D to address their feasibility is summarized in Ref. [1]. Their basic layouts are shown in Figure 2,

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

and further developed by a series of world-wide collaborations [16, 17] culminating in creation of the

US Muon Accelerator Program (MAP) [18] in 2011. MAP developed the concepts of a proton driver

scheme and addressed the feasibility of the novel technologies required for Muon Colliders and Neu-

trino Factories [19]. In the scheme (see section 3.2), the muons are generated as tertiary particles in the

decays of the pions created by an intense proton beam interacting a heavy material target. In order to

achieve high luminosity in the collider, the resulting initial low energy muon beam with short lifetime,

with large transverse and longitudinal emittances, has to be cooled by five orders of magnitude in the

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

muon decays.

A novel approach of the Low Emittance Muon Accelerator (LEMMA) based on muon pair pro-

duction with apositron beam impinging on electrons at rest in a target [20] was recently proposed and is

now under conceptual study [21]. The corresponding positron driver scheme is described in section 3.3.

Themuonsproduced in thee
+

e
−

interactions close to threshold areconstrained into asmall phase-space

region, effectively producing a muon beam with very small transverse emittances [22], comparable to

those typically obtained in electron beams without necessitating any cooling. These muon pairs are pro-

duced with an average energy of 22 GeV corresponding to an average laboratory lifetime of ⇠ 500µs,

which mitigates the intensity losses by muon decay and eases the acceleration scheme. Potentially high

luminosity could bereached with relatively small muon fluxes, reducing background and activation prob-

lems due to high energy muon decays, and thus mitigating the on-site neutrino radiation issue. Conse-

quently, the LEMMA scheme, although not appropriate for a Higgs Factory due to a too large beam

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

muon colliders which can be limited by neutrino radiation.

3.2 Proton dr iver scheme

3.2.1 Design status

In theproton driver scheme [17,18] muons areproduced as tertiary particles from decay of pionscreated

by a high-power proton beam impinging a high Z material target. The majority of the produced pions

havemomentaof afew hundred MeV/ c, with a largemomentum spread and largetransversemomentum

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

transverse phase-space. This initial muon population must be confined transversely, captured longitudi-

nally, and have its phase-space manipulated to fit within the acceptance of an accelerator. These beam

manipulations must be done quickly, before the muons decay.

5



European Strategy for Particle Physics Update

29


