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Potentiality of a muon beam: Higgs 
factory and neutrino factory
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Basis of potential
• Muon mass:

– 200me ~ mm ~ 0.1mp

• Muon decay:
– ne, nm
– Precisely known 

energy spectrum

• Energy frontier:
– No brem-/beam-strahlung

• Rate  m-4

[5  10-10 cf e]

– Enhanced coupling to Higgs
• Production rate  m2

[5  104 cf e+e-]

– Efficient acceleration
• Favourable rigidity

• Physics of flavour:
– Precision neutrino physics

– Sensitive cLFV searches
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Line shape
• Standard Model Higgs:

– M = 125 GeV; 
G=4.5 MeV
• Exquisite resolution

– R < 0.003%

• “Two-state” Higgs:
– Deviation from SM line 

shape
– Resolve states

• Exquisite resolution!
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Couplings/branching ratios
• Standard Model Higgs

– Accurate threshold 
measurement

– Exploiting accurate knowledge 
of (narrow) energy spectrum

• Beyond SM Higgs
– Exploit narrow energy 

spectrum to search for :
• Narrow resonances
• Unexpected thresholds
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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 5



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 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
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Muon collider as Higgs factory

• Opportunity:

– Detailed study of Higgs line shape:

• Motivation from LHC or future collider results?
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Current	
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CHARM,	BEBC,	CCFR,	NOMAD,	CHORUS	

BNL/FNAL	
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Standard	Neutrino		
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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	



Neutrino Factory: sensitivity & precision

• Unique:
– Large, high-energy 

νe (νe) flux
• Muon-beam cooling

– Favourable rigidity:
• Optimise E for given L
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Neutrinos from stored muons
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• Scientific objectives:
1. %-level (νeN)cross sections

• Double differential

2. Sterile neutrino search
• Beyond Fermilab SBN

• Precise neutrino flux:
– Normalisation: < 1%
– Energy (and flavour) precise

• minjection pass:
– “Flash” of muon neutrinos



Personal remarks
• Muon collider:

– Well motivated as energy-frontier l+l- machine

– R&D programme:
• Valuable in itself; and

• Essential part of ‘energy-frontier’ risk-mitigation

• Strategic development of muon collider:
– Must include (near)medium-term particle physics

• Not necessarily nuSTORM
– But nuSTORM is a candidate

– Must include balanced ‘RD’ programme
• With decision points
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Neutrino programme using stored muons
• Articulated in IDS-NF and MASS:

– nuSTORM:

• As first step, serves as accelerator test facility

– Neutrino factory:

• Dictated by requirements of physics beyond DUNE & Hyper-K

• Develop/prove techniques for muon collider

• Build user community

• Does not ‘pre-commit’ to proton-driven approach
13
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Thank you



European Strategy for Particle Physics Update
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113 authors; 45 from the UK
47 groups; 13 from the UK



European Strategy for Particle Physics Update
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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,

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.
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