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MUON COLLIDER

NEXT ?

Enrico	Fermi	- American	Physical	Society,	NY,	Jan.	29th	1954
“What	can	we	learn	with	High	Energy	Accelerators		?	”

What’s	Next	after	LHC?

ILC
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Physics	scenario	for	a	Future	Collider
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Why	Muons?

Physics
Frontiers

• Intense	and	cold	muon	beams	a unique	physics	reach
• Tests	of	Lepton	Flavor	Violation
• Anomalous	Magnetic	Moment	(g-2)
• Precision	sources	of	neutrinos
• Next	generation	lepton	collider

Colliders

• Opportunities
• s-channel	production	of	scalar	objects
• Strong	coupling	to	particles	like	the	Higgs	
• Reduced	synchrotron	radiation	a	multi-pass	acceleration	feasible
• Beams	can	be	produced	with	small	energy	spread
• Beamstrahlung effects	suppressed	at	IP

• BUT accelerator	complex/detector	must	be	able	to	handle	the	impacts	of	µ decay

Collider	
Synergies

• High	intensity	beams	required	for	a	long-baseline	Neutrino	Factory
are	readily	provided	in	conjunction	with	a	Muon	Collider	Front	End

• Such	overlaps	offer	unique	staging	strategies	to	guarantee	physics	
output	while	developing	a	muon	accelerator	complex	capable	of	
supporting	collider	operations

µ+ → e+νeνµ

µ− → e−νeνµ

mµ =105.7MeV / c
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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/



Challenging	optimization
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CRUCIAL	PARAMETERS:
• luminosity
• energy
• energy	spread
• wall	power
• cost
• background
• radiological	hazard
• technical	risks



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.

– 6 –
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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



High	Energy	Collisions
• At	√s	>	1	TeV:		

Fusion	processes	dominate
– An	Electroweak	Boson	Collider
– A	discovery	machine	complementary	

to	very	high	energy	pp	collider

• At	>5TeV:		Higgs	self-coupling	
resolution	<10%

High	energy	Muon	Collider

Vulcano	2018 Nadia	Pastrone 9



Multi	TeV scale	- efficiency
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Circular

Linear

Muons
Circular

Linear

Muons

Efficiency	of	multi-pass	
acceleration

Rubbia (PIC) 
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MAP	Proposal	R&Ds
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• 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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Ionization	cooling	– MICE	experiment
Liquid hydrogen

absorber

Accelerate Accelerate

Ionisation cooling ( )2

2 3
0

0.014 GeV
    

2
tn nd dE

dX E dX Em Xµ

be e
b b
-

= +

Electron
Muon

Ranger
(EMR)

Pre-shower
(KL)

ToF 2

Time-of-flight
hodoscope 1

(ToF 0)

Cherenkov
counters
(CKOV)

ToF 1

MICE
Muon
Beam
(MMB)

Upstream
spectrometer module

Downstream
spectrometer module

Absorber/focus-coil
module

Liquid-hydrogen
absorber

Scintillating-fibre
trackers

Variable thickness
high-Z diffuser

7th February 2015

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

16Vulcano	2018 Nadia	Pastrone
05.04.18 T. Mohayai 29

Single Particle Amplitude Result 

/

2

1

/

2

1

6-140 –  Preference of 140 MeV/c 
and einput of 6 mm 
10-140 – Preference of 140 MeV/c 
and einput of 6 mm  
RAmp: ratio of downstream muon 
count to upstream 
RAmp > 1 D cooling:
Migration of high amplitude 
muons to low amplitude
“No absorber” does not show 
cooling, agrees with Liouville’s 
theorem

MICE Data

IPAC2018 – FRXGBE3 



Low	EMittance	Muon	Accelerator
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Positron Beam

Key 
Challenges ~1011 µ / sec from e+e-gµ+µ-

Key 
R&D

1015 e+/sec, 100 kW class target, NON 
distructive process in e+ ring

EASIER AND CHEAPER 
DESIGN, IF FEASIBLE
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Snowmass	2013		- M.	Antonelli e	P.	Raimondi



LEMMA	production	scheme
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.		ar8803

arXiv:1803.06696v1



Positron	source

19

Geant4 Simulation:
• 5X0 of Tungsten as generator
• Preliminary results seem promising, 

more to come

Vulcano	2018 Nadia	Pastrone



Key	topics	for	LEMMA	scheme
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IPAC2018 - MOPMF087 
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LHCC/FCC	
Muon	Collider

Vulcano	2018 Nadia	Pastrone 24

Frank	Zimmermann	(CERN)	

IPAC2018 - MOPMF065 



Muon	source	comparison
Physical	process Rate	µ/s

e+		on	target e+e-→	µ+µ- 0.9x1011 0.04	

Protons	on	target p	N→	pX,	kX→	µ X’ 1013 25

Compton	g
on	target g  N→	µ+µ- N 5x1010 2

Vulcano	2018 Nadia	Pastrone 25



The	comparison	– a	challenge

Vulcano	2018 Nadia	Pastrone 26



Cost	estimate
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Vladimir	SHILTSEV,David NEUFFER	(	Fermilab)	

IPAC2018 - MOPMF072 



Conclusions
• The	Muon	Collider	is	an	appealing	solution	as	the	HEP	future	

accelerator	and	a	possibility	as	neutrino	factory	to	be	fully	explored

• 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	reality

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

• The	Update	to	the	European	Strategy	for	Particle	Physics	by	May	2020		
is	the	perfect	opportunity	to	strengthen	the	effort!

28Vulcano	2018 Nadia	Pastrone



You	are	all	invited	to	contribute!	
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July	2-3,	2018		- Università di	Padova - Orto	Botanico
https://indico.cern.ch/event/719240/overview
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The scales of particle physics …

10 eV
100 eV

1 keV
10 keV

100 keV
1 MeV

10 MeV
100 MeV

1 GeV
10 GeV

100 GeV t, Z, W, H, EWSB
ψ, b, Υ, B
τ, c, n, p, ρ, φ
µ, s, π, QCD
u, d, nuclear binding E
e

atomic binding E

GUT ? 
Planck scale (MPl)

νR ?1014 GeV

1016 GeV

1019 GeV

10 meV
100 meV

1 eV ν’s

?

core of Sun

Lstrong ~ 10−15 m

Latomic ~ 10−10 m

Lweak ~ 10−18 m

Lgravitation ~ 10−35 m

0 γ, g

~ 1900

~ 1970

~ 2010

Year 
when 
energy 
reached 
in labs

Scales in particle physics

5

(required for charge 
quantisation in n×1/3)

Direct	Exploration	of	the	Energy	Frontier	
Andrea	Wulzer

Vulcano	2018
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Giulia Zanderighi, Higgs and Electroweak: theory overview 

An extremely rich program

27

Tool for discovery
- portal to BSM
- portal to hidden 

sector 
- portal to DM 

Precision measurements
- mass, width
- spin, CP, couplings 
- off-shell coupling, 

width interferometry 
- differential 

distributions

SM minimal or not? 
- 2HDM 
- MSSM, NMSSM 
- extra Higgs states, 

doubly-charged Higgs

Rare / beyond SM decays
- H → Zγ 
- H → μμ 
- H → cc 
- H → τμ, τe, eμ 
- H → J/Ψγ, Υγ , … 

… and much more 
- Higgs potential 
- di-Higgs 
- other FCNC decays 
- … 

H



Higgs	scenario	after	HL-LHC
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Higgs projections ($ formalism)

❖ $-formalism requires assumptions 
about the total width

❖ Results predate evidence/discovery of 
H→bb,tt,%% (!!,Z&)

❖ Historical results, will surely be 
updated as part of the strategy process.

❖ ATLAS results consistently more 
conservative than CMS.

0.00 0.05 0.10 0.15

CMS Projection

Expected uncertainties on
Higgs boson couplings

expected uncertainty

γκ

Wκ

Zκ

gκ

bκ

tκ

τκ

 = 14 TeV Scenario 1s at  -13000 fb
 = 14 TeV Scenario 2s at  -13000 fb

1307.7135v2

Deviation	from	SM	predictions	due	
to	various	New	Physics	models	are	
expected	to	be	~	few	%

Single H Double H Triple H

HH@HL-LHC
❖ Results based on 

behavior of cross section 
with (/(SM

❖ No evidence for SM hh 
expected in a single 
channel 
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HH production at 14 TeV LHC at (N)LO in QCD
MH=125 GeV, MSTW2008 (N)LO pdf (68%cl)

Ma
dG
ra
ph
5_

aM
C@
NL
O

1401.7340

3000fb-1

Vulcano	2018 Nadia	Pastrone



A	comparison
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Parameter HL-LHC FCC-ee FCC-ee ILC CLIC CLIC CEPC 𝜇-Coll.
√s[TeV] 14 350 240 250 350 1400 240 125
Lum/IP[E34] 5 1.3 5.0 1.35 1.5 1.5 2 0.01
Lum.Tot.[ab-1] 3 0.65x4 2.5x4 2 0.5 1.5 2.5x2 0.004
Years[107s] 6 5 5 15 3 10 10 4

100 14 - 47 5.9 0.06

1.2 2.4 3.9 2.0 1.1 2.8 4

4 0.15 0.16 0.38 0.6 0.5 0.25 -

4.5 0.19 0.85 1.8 1.2 0.5 1.2 0.2

11 0.42 0.88 1.8 2.6 1.5 1.3 0.4

9 0.54 0.94 1.9 4.2 2.1 1.4 1.5

4.1 1.5 1.7 1.1 - 5.9 4.7 -

0.71 1.0 2.4 6.3 3.2 1.7 -

6.5 0.8 1.1 2.2 5.1 4.0 1.5 -

8.5 - - - - 4.2 - -

7.2 6.2 6.4 5.6 - 14 8.6 -

limits - - - - 40 - -

References ATL-PHYS-PUB-
2014-016

1308.6176 1308.6176 1710.07621 1608.07538 1608.07538 IHEP-CEPC-
DR-2015-01

1308.2143

Different	
parameter	
definition
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Muon	Colliders	potential	of	extending	lepton	
high	energy	frontier	with	high	performance

Nadia	Pastrone 37Vulcano	2018



Muon	Colliders			extending	leptons	high	energy	
frontier	with	potential	of	considerable	power	savings

Nadia	Pastrone 38Vulcano	2018
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