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Lepton	Colliders:		µ vs e	@	√s=125	GeV
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Back	on	the	envelope	calculation:

More	precise	determination	
by	M.	Greco	et	al.		arXiv:1607.03210v2

R: percentage beam energy resolution, key parameter 

�(BW) ISR alone R (%) BES alone BES+ISR

µ
+
µ
�: 71 pb 37

0.01 17 10

0.003 41 22

e
+
e
�: 1.7 fb 0.50

0.04 0.12 0.048

0.01 0.41 0.15

Table 1. E↵ective cross sections in µ
+
µ
� (upper panel) collision in units of pb and e

+
e
� (lower

panel) collision in units of fb at the resonance
p
s = mh = 125 GeV, with Breit-Wigner resonance

profile alone, with ISR alone (Jadach-Ward-Was (b)), with BES alone for two choices of beam energy
resolutions, and both the BES and ISR e↵ects included.

3.1 The case for the muon collider

The muon collider Higgs factory features a line-shape scan of the Higgs boson, enables a si-

multaneous measurement of the Higgs boson mass, width and muon Yukawa at unprecedented

precision [3–5]. The inclusion of the ISR e↵ects make the prediction more robust.

In Table 1 we show the reduction e↵ects for the resonance production of the SM Higgs

boson at 125 GeV for a muon collider (upper panel) including BES and ISR. The resonance

production rate is reduced by a factor of 1.9 with the inclusion of ISR e↵ect with the parame-

terization of Jadach-Ward-Was (b). Independently, the production rate would be reduced by

factors of 4.2 and 1.7 for beam spread of 0.01% and 0.003% respectively.1 The total reduction

after the convolution of the beam spread and the ISR e↵ect is 7.1 and 3.2 for the two beam

spread scenarios, respectively.

To illustrate the resulting line-shape we show in Fig. 2 (left panel for a µ
+
µ
� collider)

for various setups of our evaluation. We show the sharp Breit-Wigner resonance in solid blue

lines. The BES will broaden the resonance line-shape with a lower peak value and higher

o↵-resonance cross sections, as illustrated by the green curves. The solid lines and dashed

lines represent the narrow and wide BES of 0.01% and 0.003%, respectively. The ISR e↵ect is

asymmetric below and above the resonant mass, because it only reduces the collision energy

by emitting photons, shown in the orange curve. In regions 10 MeV above the Higgs mass, the

ISR e↵ect increases the production rate via “radiative return” mechanism. Still, the overall

e↵ect is the reduction of on-shell rate as clearly indicated in the plot. In red lines we show

the line shapes of the Higgs boson with both the BES and the ISR e↵ect. We can see the

resulting line shape is not merely a product of two e↵ect but rather complex convolution,

justifying necessity of our numerical evaluation.

Having understood the ISR and BES e↵ects on the signal production rates and line shapes,

we now proceed to understand the e↵ect on the background. For the muon collider study, the

main search channels for the Higgs boson will be the exclusive mode of bb̄ and WW
⇤. For the

bb̄ final state the main background is from the o↵-shell Z/� s-channel production. The ISR

1
In comparison with the cross sections considering beam energy spread in our initial study [5], some small

numerical di↵erences are generated due to a di↵erent choice of the Higgs boson mass of 125 GeV instead of

126 GeV and correspondingly the di↵erent branching fractions and total widths.
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• Lower beamstrahlung in a Muon Collider, enabling more effective beam constraints and 
sharper distributions for physics signals; 

• Typically smaller levels of beam polarization: 15% muon vs 80% electron polarization; 
• Beam shielding required in a Muon Collider limits acceptance in the forward direction. 

The radiation environment in a Muon Collider is similar to that at LHC, which will require 
detectors with moderate radiation hardness. 
 
Muon Collider beam energy can be measured with a precision better then 10–5 by utilizing the g-2 
spin precession of beam muons33.  With beam energy spread similar to the predicted 4.2 MeV 
width of the Higgs a model-independent measurement of the Higgs width could be the unique, 
flagship measurement of such a machine.  With straightforward event shape cuts the Higgs →
!!!signal/ background ratio can be close to 334.  A beam energy scan with 1 fb-1 integrated 
luminosity, counting the Higgs yield as a function of the center-of-mass energy, can establish the 
mass of the Higgs to a statistical precision better than 0.1 MeV and the width to better than 0.5 
MeV35 as shown in Figure 22.  Here the crucial factors are establishment, measurement, and 
maintenance of a small beam energy spread and precise monitoring of the beam energy.  
Figure 23 shows the cross section of a possible Higgs Factory Muon Collider detector consisting 
of precise tracking, calorimetry and muon detection.  Shielding of detectors from beam-induced 
radiation is discussed later in this section. 

 

Figure 22: Simulated bb̄ event counts from a 1 fb-1 scan across a 126 GeV Higgs peak assuming 4.2 MeV 
beam energy spread. 
 
 
 
 

                                                        
33 R. Raja, A. Tollestrup, Phys. Rev. D 58, 013005 (1998). 
34 A. Conway, H. Wenzel, arXiv:1304.5270. 
35 T. Han, Z. Liu, arXiv:1210.7803. 

Higgs	width	4.2	MeV
Beam	energy	spread	~	10-5



Higgs	production	at	Lepton	Collider
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Circular	muon	colliders	
might	reach	center-of-mass	energies	of	tens	of	TeV
thanks	to	the	limited	amount	of	synchrotron	radiation	
compared	to	ee colliders	

𝒔� 	[𝑻𝒆𝑽]

𝝈	
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Proton	vs	Muon	Colliders
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Muon	collider	energy	√𝑠μμ
is	entirely	available,	while	
proton	constituents	collide	
carrying	only	a	fraction	of	√𝑠pp

è discovery	machine	for	complete	exploration	of	multi-TeV energy	scale	

Cross	section	comparison	for	pair	production	of	heavy	particles	with	M	~	½	√𝒔μμ 

√𝑠μμ [TeV]

√𝑠
pp

[T
eV

]

Equal	muon	and	proton	collider	cross-sections	obtained	for	√𝒔μμ≪√𝒔pp

(factor	ten	enhancement	
possibly	due	to	QCD	
production)



Machine	challenges
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CRUCIAL	PARAMETERS:
• luminosity
• energy
• energy	spread
• wall	power
• cost
• background
• radiological	hazard
• technical	risks



Physics	reach
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• Muon	rare	processes
• Neutrino	physics
• Higgs	factory
• Multi-TeV frontier

U.S.	Muon	Accelerator	Program	(MAP)	
• Recommendation	from	2008	Particle	Physics	Project	Prioritization	Panel	(P5)
• Approved	by	DOE-HEP	in	2011
• Ramp	down	recommended	by	P5	in	2014

AIM:		to	assess	feasibility	of	technologies	to	develop	muon	accelerators	for	the	
Intensity	and	Energy	Frontiers:
• Short-baseline	neutrino	facilities	(nuSTORM)
• Long-baseline	neutrino	factory	(nuMAX)	with	energy	flexibility
• Higgs	factory	with	good	energy	resolution	to	probe	resonance	structure
• TeV-scale	muon	collider

http://map.fnal.gov/
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International	R&D	program
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MERIT - CERN
Demonstrated	principle	of	liquid	Mercury	jet	target

MuCool Test	Area	- FNAL
Demonstrated	operation	of	RF	cavities	in	strong	B	fields	

EMMA - STFC	Daresbury	Laboratory
Showed	rapid	acceleration	in	non-scaling	FFA	

MICE	- RAL
Demonstrate	ionization	cooling	principle	
Increase	inherent	beam	brightness	
→	number	of	particles	in	the	beam	core	
“Amplitude”
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Ionization	cooling	– MICE	experiment
Liquid hydrogen

absorber
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MICE

Realistic	
cooling	cell

http://mice.iit.edu/publications/	

• Competition	between:
– dE/dx	[cooling]	
– MCS	[heating]

• Optimum:
– Low	Z,	large X0
– Tight	focus
– H2 gives	best	performance



MICE	experiment	@	RAL
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MICE:	first	results
Ionization	cooling	observed:	using	LiH and	LH2 absorbers
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IPAC2018 – FRXGBE3 

MICE	has	measured	the	underlying	physics	processes	that	govern	cooling	



Low	EMittance	Muon	Accelerator
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Snowmass	2013		- M.	Antonelli e	P.	Raimondi



Detector	and	interaction	region	
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.		ar8803

Detailed	studies	performed	by	MAP	Collaboration	for	√s=1.5	TeV collider	using	MAR15
simulation	of	particle	transport	and	interactions	in	accelerator,	detector	and	shieldings

N.V.	Mokhov,	S.I.	Striganov Detector	Backgrounds	at	Muon	Colliders,	TIPP	2011,	
Physics		Procedia	37	(2012)	2015	– 2022
N.K.	Terentiev,	V.	Di	Benedetto,	C.	Gatto,	A.	Mazzacane,	N.V	Mokhov,	S.I.	Striganov
ILCRoot tracker	and	vertex	detector	hits	response	to	MARS15	
simulated	backgrounds	in	the	muon	collider,	TIPP	2011,	Physics	Procedia	37	(2012)	104	– 11	



Detector	challenges
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A. Mazzacane (Fermilab) A. Mazzacane (Fermilab)   44

Baseline Detector for Muon Collider Studies

Dual Readout

Calorimeter

Quad

Muon 

Coil

Tracker+Vertex

based on an evolution

of SiD + SiLC trackers

@ILC
10° Nozzle

Muon	Collider	simulation: MAP	package
𝜇/𝜇0 ⟶ 𝐻 ⟶ 𝑏𝑏4 Pythia	@	√s=125	GeV

Background	(MARS	somulation)
from	muon	decays	and	interaction	with	
machine	elements	included

No	cuts:	all	hits

Background	@	√s=125	GeV	
is	the	worst	possible	case

Muon	decays	background:	
beam		@	0.75	TeV 𝜆 = 4.8×10=m
with	2×10?@𝜇/bunch	
è 4.1×10Adecay	per	meter	of	lattice



Timing	powerful	to	remove	background
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ü higher	energies	need	to	be	studied	
ü a	new	detector	must	be	designed	based	on	more	recent	R&D	effort



Neutrino	induced	hazard
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Neutrino	radiation	imposes	
major	design	and	siting	
constraints	on	multi-TeV
muon	colliders
or	inventing	smart	solutions!

New	background	generation	with	new	neutrino	cross	sections	planned	with	FLUKA	



Dream	or	possibility?
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IPAC2018 - MOPMF065 



MAP	Proposal	R&Ds

20

• Based	on	6-8	
GeV	Linac
Source	

• H- stripping	
requirements	
same	as	those	
established	for	
neutrino	

U.S.$Muon$Accelerator$Program$$
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(MC), thus providing the final elements of a Muon Accelerator Staging Plan which spans the 
Intensity and Energy Frontiers—in a nutshell,   
 

• nuSTORM → NuMAX → NuMAX+ → HF(commissioning) → HF(operation) → TeV-
scale MC  

2.4.3.1 Components%
 

 
Figure 27:  Functional elements of a Higgs Factory/Muon Collider complex 

 
The functional elements of a Higgs Factory/TeV-scale Muon Collider complex are illustrated 
schematically in Figure 27.  They can be listed as follows:  

• A proton driver producing a high-power multi-GeV bunched proton beam.  

• A pion production target operating in a high-field solenoid.  The solenoid confines the pions 
radially, guiding them into a decay channel. 

• A “front end” consisting of a solenoid π→µ decay channel, followed by a system of RF 
cavities to capture the muons longitudinally and phase rotate them into a bunch train suitable 
for use in the cooling channel. 

• A cooling channel that uses ionization cooling to reduce the longitudinal phase space 
occupied by the beam by about six orders of magnitude from the initial volume at the exit of 
the front end.  The first stages of the cooling scheme include 6D cooling and a bunch merge 
section.  For a Higgs Factory, cooling would stop before entering a “Final Cooling” section 
which trades increased longitudinal emittance for a ten-fold improvement in each transverse 
emittance as required for a high luminosity TeV-scale Muon Collider. 

• A series of acceleration stages to take the muon beams to the relevant collider energies.  
Depending on the final energy required, this chain may include an initial linac followed by 
recirculating linear accelerators (RLA) and/or fixed-field alternating gradient (FFAG) rings. 
At present, the multi-TeV collider designs utilize rapid-cycling synchrotrons (RCS) as the 
baseline for achieving the highest beam energies. 

• A compact collider ring, having a circumference of ~300 m for a Higgs Factory and several 
kilometers for a TeV-scale collider, along with the associated detector(s).  At present, the 
baseline Higgs Factory design assumes 1 detector while the TeV-scale colliders can readily 
accommodate at least 2 detectors. 

2.4.3.2 Implementation%on%the%Fermilab%site%
 
Here we discuss specific facilities based on Fermilab’s infrastructure and integrated with the 
stages of Project X.  Based on the physics needs identified at the time, the facility could support 
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• Fast 
acceleration 

• Use RF and 
SC
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MAP	Budget/Effort	Overview
• Overview	of	FY12-FY17

– Full	program	in	FY12-14	(funding	includes	fully	burdened	labor)
– Ramp-down	with	focus	on	MICE	completion	during	FY15-17	

FY12 FY13 FY14 FY15 FY16 FY17

US	Funding	(M$) 12.0 11.8 12.7 9.0 6.0 1.0

28%$

27%$

36%$

10%$

MAP$FY13$Funding$Distribu3on$(%)$

Design$&$Simula6on$

Technology$Development$
(including$MTA)$

MICE$(Construc6on$&$
Experiment)$

Management$

Snapshot of Effort Distribution During 
“full” program operation in FY13
• 23 Institutions Participating
• ~45 FTEs

Reduced scope of effort

22.03%

10.13%

11.87%

1.02%

Breakdown*of*Directly*Supported*
MAP*FTEs*(FY13*Accelerator*R&D)*

Scien.fic%(Staff/Faculty)%

Scien.fic%(Student/
PostDoc)%

Engineering/Technical%

Administra.ve%

Mark	Palmer
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Conclusions
• Muon	Collider	is	an	appealing	solution	as	the	HEP	future	accelerator	

• U.S.	Muon	Accelerator	Program	(MAP)	provides	a	well	documented	set	of	
studies	and	measurements	on	the	proton-driven	option

• First	results	on	ionizing	cooling	from	MICE	experiment	now	available

• A	novel	scheme	to	produce	very	low	emittance	muon	pairs	using	a	
positron	beam	needs	to	be	further	investigated	to	became	vialable

• Detailed	studies	and	R&Ds,	required	to	design	a	feasible	solution	for	a	
Muon	Collider,	must	be	planned	and	pursued	at	international	level

• The	Update	to	the	European	Strategy	for	Particle	Physics	is	the	fly-wheel	
and	the	perfect	opportunity	to	revise	previous	work	and	launch	new	
studies

22PECFA	- CERN	- November	16,	2018



Seed	of	a	renewed	international	effort
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A	lot	of	past	experiences	and	new	ideas	
discussed	at	the	joint	ARIES	Workshop	

July	2-3,	2018		
Università di	Padova - Orto	Botanico

https://indico.cern.ch/event/719240/overview

Muon	Collider	Working	Group
Jean	Pierre	Delahaye,	CERN,	Marcella	Diemoz,	INFN,	Italy,	

Ken	Long,	Imperial	College,	UK,	Bruno	Mansoulie,	IRFU,	France,	
Nadia	Pastrone,	INFN,	Italy	(chair),	Lenny	Rivkin,	EPFL	and	PSI,	Switzerland,	

Daniel	Schulte,	CERN,	Alexander	Skrinsky,	BINP,	Russia,	Andrea	Wulzer,	EPFL	and	CERN

appointed by CERN Laboratory Directors Group
to	prepare	the	Input	Document	to	the	European	Strategy	Update

see	related	material	@	muoncollider.web.cern.ch soon

Personal	acknowledgement	to	Mark	Palmer



extras
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nuSTORM

• Precise	nN scattering	measurements:	
– Serve	long- and	short-baseline	neutrino	programmes
– Provide	a	probe	for	nuclear	physics

• Search	for	sterile	neutrinos
– ‘Beyond’	the	FNAL	SBN	programme

• Feasibility	at	CERN	studied	by	within	the	Physics	Beyond	
Colliders	study	group

25

• nuSTORM will	provide:
• Test-bed	for	accelerator	R&D;	e.g.:

• 6D	ionization-cooling	experiment
to	follow	MICE;

• Instrumentation,	beam	manipulation,	
control,	…


