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Physics	at	Future	Colliders	
q  Lecture	1	(Thursday	28	July,	10:20)	

◆  An	historical	perspective	(1964-2014):	The	need	for	precision	and	energy	
◆  A	strategy	for	the	future:	Towards	the	precision	and	energy	frontier	
◆  The	short-term	perspectives	(2020-2035):	The	HL-LHC	

q  Lecture	2	(Friday	29	July,	9:15)	
◆  The	quest	for	precision	(2030-2050):	Linear	or	Circular	?	

q  Lecture	3	(Friday	29	July,	10:20)	
◆  The	energy	frontier	(2045-2080):	Leptons	or	Hadrons	?	
◆  Thinking	out	of	the	box:	Muon	collider	
◆  Towards	the	next	European	Strategy	update	(2019-2020)	
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Lecture	3	(1st	part)	
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Long-term	perspectives	(2045-2080)	
The	energy	frontier:	Leptons	or	Hadrons	?	

FCC	(100	km)	
[Future	Circular	Colliders]	
Ultimate	goal:	FCC-hh	(100	TeV)	
[Access	to	highest	energies]	

CLIC		(50km)	
e+e-	at	0.35	-	3	TeV	

HE-LHC	(27	km)	
pp	collisions	at	33	TeV)	

ILC	(50km)	
e+e-	at	1	TeV	
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Reminder:	The	big	questions	(1)	
q  The	days	of	“guaranteed	discoveries”	are	over	…	

◆  …	but	the	big	questions	remain	:	
	

●  What’s	the	origin	of	dark	matter	?		

●  What’s	the	origin	of	baryon	asymmetry	in	the	Universe	?		

●  What’s	the	origin	of	the	neutrino	masses	?	Why	are	they	so	light	?		

●  What’s	the	origin	of	electroweak	symmetry	breaking	?		

●  What’s	the	solution	to	the	hierarchy	problem	?	

q  The	future	of	HEP	will	be	mostly	driven	by	experimental	exploration	
◆  Rather	than	by	deeply-rooted	theoretical	motivations	
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Reminder:	The	big	questions	(2)	
q  Key	issue	after	LHC	Run1	(and,	hopefully	not,	but	possibly	after	Run2)	

◆  Why	don’t	we	see	new	physics	?	
●  Is	the	new	physics	mass	scale	beyond	the	LHC	reach	?		

●  Is	the	mass	scale	within	LHC	reach,	but	final	states	are	elusive	?		
➨  Swamped	by	large	backgrounds	?		
➨  Very	weak	couplings	?	Very	rare	decays	?		
➨ …	

◆  These	two	scenarios	are	a	priori	equally	likely	
●  Future	colliders	must	be	ready	to	address	both,	with		

➨  Precision	for	indirect	hints	at	new	physics	(see	also	Lecture	2)	
➨  Sensitivity	to	elusive	signatures	(see	also	Lecture	2)	
➨  Extended	energy	/	mass	reach	for	direct	discovery	(now)	
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q  Reminder:	Luminosity	targets	of	e+e-	colliders	at	high	energy	

◆  Luminosity	targets	for	CLIC	at	1.4	and	3	TeV:	~2	ab-1		
◆  Design	of	ILC	kept	compatible	with	a	later	energy	upgrade	to	1	TeV	

●  Luminosity	target	for	ILC	at	1	TeV:	~2	ab-1		

4.2×1036 cm-2s-1 

1.0×1035 cm-2s-1 

3.8×1035 cm-2s-1 

2.6×1034 cm-2s-1 

Precision	requires	statistics	(1)	
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Precision	requires	statistics	(2)	
q  Preliminary	parameters	for	FCC-hh	

◆  Compared	to	LHC	and	HL-LHC	

	

●  Ultimate	luminosity	target:	30	ab-1	at	√s	=	100	TeV	
●  Cross	sections	increase	significantly	from	√s	=	14	TeV	to	√s	=	100	TeV	

➨  In	general,	statistical	precision	will	not	be	not	an	issue	at	FCC-hh	
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Parameter	 LHC	 HL-LHC	 FCC-hh	

√s	(TeV)	 14	 100	

Circumference	(km)	 26.7	 100	(80)	

Dipole	field	(T)	 8.3	 16	(20)	

Luminosity	(1034	cm-2s-1)	 1	 5	 5	[→	30]	

Integrated	Lumi	(ab-1)	 0.3	 3	 3	[→	30]	

Bunch	spacing	(ns)	 25	 25	{5}	

Events	/	bunch	crossing	 35	 140	 170	{34}	[→	1020	{204}	]	

Total	SR	Power	(MW)	 0.007	 0.015	 5	[→	30]	
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Precision:	Higgs	properties	at	high	energy	(1)	
q  Why	would	we	continue	to	do	precision	Higgs	physics	at	high	√s?	

◆  Precision	achieved	with	e+e-	colliders	at	√s=240-350	GeV	:	0.1%	-	1%			
●  Far	superior	than	what	can	be	done	at	higher	energy		

➨  σ(HZ)	decreases,	kinematics	less	favourable,	backgrounds	increase,	…	
●  Far	superior	than	what	can	be	done	at	pp	colliders	

➨  HL-LHC	will	already	be	limited	by	systematic	uncertainties	

q  However	…	
◆  Some	production	processes	are	not	directly	accessible	at	low-energy	e+e-	colliders	

●  Hence	more	couplings	might	become	measurable	at	larger	energy	
➨  e.g.,	Htt,	HHH,	HHHH,	…	

◆  Some	decay	channels	have	very	small	branching	fractions	
●  Hence	need	more	than	2×106	Higgs	bosons	to	be	measured	with	precision	

➨  e.g.,	H	→	µµ, γZ,	…	

◆  Systematic	uncertainties	at	FCC-hh	can	be	reduced	by	using	ratios	
●  Normalized	to	the	precise	measurements	made	in	e+e-	collisions	
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Precision:	Higgs	properties	at	high	energy	(2)	
q  Production	in	e+e-	collisions	

	

◆  Access	to	direct	ttH	coupling	and	Higgs	self	coupling	measurements	
●  Luminosity	(at	and)	above	500	GeV	essential	for	ttH	
●  Larger	energies	essential	for	HHH	

28-29 July 2016 
Physics at Future Colliders 8 

Frank Simon (fsimon@mpp.mpg.de)Physics at CLIC 
CLIC Workshop, CERN, February 2014
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Higgs Physics at CLIC
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• Now a guaranteed physics program - Profits from the wide energy reach of CLIC

H	

H	

1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) b¯b ·+·≠ µ+µ≠ cc̄ ss̄
125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W +W ≠ ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e+e≠ æ Zú æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes
e+e≠ æ W +úW ≠ú‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e+e≠ æ ZúZúe+e≠ æ he+e≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e+e≠ collision energy of 250 GeV (just above threshold for
hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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Higgs Production
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(1) ttH grows due to gluon pdfs & improved kinematics

ttH: 61xσ(14 TeV); ggF:15xσ(14 TeV)

100 TeV Opportunities

ggF: SusHi!
ttH: MG5*K
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• Low backgrounds: all decay modes 
are accessible


• Model independent coupling 
measurements


• √s > 500 GeV for ttH and HH 
production

• High energy, huge cross-sections

• Rare decays, heavy final states (ttH, HH)

• Huge backgrounds: not all channels are 

accessible

• Model dependent coupling measurements

XSect WG

FCC-hh wiki

gg→H VBF WH ZH ttH
σ100 [pb] 802 69 16 11 32
σ100/σ14 17 16 10 11 52

Precision:	Higgs	properties	at	high	energy	(3)	
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q  Production	in	pp	collisions	
																																																																																																			Large	cross-section	increase	with	√s	

◆  With	30	ab-1	at	FCC-hh	

●  109	gg	→	ttH	events,	5×107	gg	→	HH	events,	5×108	gg	→	H	→	µµ

➨  Statistical	precision	won’t	be	much	of	a	problem,	even	after	selection	
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Higgs pair production in gg fusion

Grober and Muhlleitner,  arXiv:1012.1562

A typical feature of composite Higgs models is the appearance of a ttHH effective 
coupling, which contributes to gg→HH

gttHH = Δ (ytop / v) 
g3H = g3HSM
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Contino et al, arXiv:1205.5444

Process	 14	TeV	 33	TeV	 100	TeV	

gg	→	ttH	
0.62	pb	

	
4.5	pb	
×	7.3	

37.8	pb	
×	61	

gg	→	HH	
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206	[	
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×	42	
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Precision:	Higgs	properties	at	high	energy	(4)	
q  Example:	ttH	coupling	@	FCC-hh	

◆  Measurement	of	λt	with	σ(ttH)	/	σ(ttZ),	with	H	→	ZZ,	WW,	ττ	→	leptons	(+H	→		bb,	γγ)
●  Very	similar	production	mechanism,	gg	production	dominant	

●  Most	theory	uncertainties	cancel:	<	1%	precision	possible	on	σ(ttH)	/	σ(ttZ)	
➨  Denominator	given	by	FCC-ee		with	a	precision	of	1.5%	
➨  Higgs	boson	BR’s	given	by	FCC-ee	with	a	precision	of	a	few	0.1%	

t

t
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t

t
Z

vs

- Identical production dynamics:

o correlated QCD corrections, correlated scale dependence
o correlated αS systematics

- mZ~mH ⇒ almost identical kinematic boundaries:

o correlated PDF systematics
o correlated mtop systematics

To the extent that the qqbar → tt Z/H contributions are subdominant:

+

For a given ytop, we expect σ(ttH)/σ(ttZ) 
to be predicted with great precision

t

t
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+

Example, ytop from pp→tt H/pp→tt Z
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Precision:	Higgs	properties	at	high	energy	(5)	
q  Achievable	precisions	

	
	
	
	
	
◆  Higgs	self-coupling	@	FCC-hh	estimated	with	gg	→	HH	→	bbγγ so	far	(105	events!)	

●  Other	channels	are	under	study	

q  Sensitivity	to	new	physics	(example)	
◆  ttH	less	sensitive	than	bbH+ZZH@FCC-ee	

●  Improves	sensitivity	when	combined	
		

Collider	 HL-LHC	 LC	500	GeV	 LC	1-3TeV	 FCC-ee+hh	

λt	 4%	 7-14%	 2-4%	 <1%	

λH	 50%	 30-80%	 10-15%	 <5%	

28-29 July 2016 
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Precision:	WW	scattering	at	high	energy	
q  Why	WW	scattering	(and	Higgs	pair	production)	?		

◆  In	the	SM,	Z	and	H	exchange	diagrams	diverge,	but	exactly	cancel	each	other	
●  Anomalous	couplings,	as	relics	of	new	physics,	would	have	dramatic	effects	

➨  Total	WW	scattering	/	Higgs	pair	cross	section	diverge	with	m4
WW,HH	

28-29 July 2016 
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Precision	on	a	and	b

~30%	at	HL-LHC	

~30%	with	CLIC	3	TeV	

~1%	with	FCC-hh	100	TeV	

	
NB.	“a”	can	be	measured	with	0.1%	(1%)	
precision	with	FCC-ee	(ILC)	
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Extended	mass	reach:	Supersymmetry	(1)	
q  Production	in	e+e-	collisions	

◆  If	the	spectrum	is	light	enough	
●  CLIC	can	produce	a	whole	bunch	

of	new	particles	(+Dark	Matter)	
with	masses	below	1.5	TeV	

●  And	measure	the	masses	with	
per-cent	precision		

◆  Unique	opportunity	to	probe	the	
supersymmetry	breaking	mechanism	
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Frank Simon (fsimon@mpp.mpg.de)Physics at CLIC 
CLIC Workshop, CERN, February 2014

CLIC SUSY Benchmark Performance

�26

better. This is generally far more precise than what a hadron collider can do alone. The precision studies
complementary to the LHC and the stand-alone discovery and precision capacity of CLIC makes it an
ideal machine for extending our search for physics beyond the SM. Future effort in beyond the SM
physics will include

– Searches for dark matter missing energy signatures in a model-independent way;
– Searches and study of resonances associated with composite Higgs theory;
– Generalization of higher-dimensional effective operator searches at the various stages of CLIC run-

ning;
– Searches for very weakly interacting exotic particles;
– Searches for vectorlike particles charged under electroweak group;
– Responding to theory guidance for New Physics that is compatible and explains LHC data in the

future.

Table 9: Summary table of the CLIC SUSY benchmark analyses results obtained with full-detector
simulations with background overlaid. All studies are performed at a center-of-mass energy of 3 TeV
(1.4 TeV) and for an integrated luminosity of 2 ab�1 (1.5 ab�1) [24, 25, 26, 27, 28, 29, 30].
p

s Process Decay mode SUSY Measured Generator Stat.
(TeV) model quantity value (GeV) uncertainty

3.0 Sleptons

eµ+
Reµ

�
R ! µ+µ�ec0

1ec
0
1

II

˜̀ mass 1010.8 0.6%
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�
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1ec
0
1
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1ec

0
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ec±
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0
1W+W�

II
ec±
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2ec
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1ec
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3.0 Heavy Higgs H0A0 ! bbbb I H0/A0 mass 902.4/902.6 0.3%
H+H� ! tbbt H± mass 906.3 0.3%

1.4 Sleptons

eµ+
Reµ

�
R ! µ+µ�ec0

1ec
0
1

III

èmass 560.8 0.1%
ec0

1 mass 357.8 0.1%

ee+Ree
�
R ! e+e�ec0

1ec
0
1

˜̀ mass 558.1 0.1%
ec0

1 mass 357.1 0.1%

eneene ! ec0
1ec

0
1e+e�W+W� ˜̀ mass 644.3 2.5%

ec±
1 mass 487.6 2.7%

1.4 Stau et+1et
�
1 ! t+t�ec0

1ec
0
1 III et1 mass 517 2.0%

1.4 Chargino ec+
1 ec

�
1 ! ec0

1ec
0
1W+W�

III
ec±

1 mass 487 0.2%
Neutralino ec0

2ec
0
2 ! h/Z0 h/Z0 ec0

1ec
0
1 ec0

2 mass 487 0.1%
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Frank Simon (fsimon@mpp.mpg.de)Physics at CLIC 
CLIC Workshop, CERN, February 2014

Extended Higgs Sectors

• Heavy Higgs bosons - for example H0, A0 and H± in SUSY - can be reconstructed 
with high precision

�18

• For TeV-scale bosons the mass can be measured at the 3 GeV level, a direct 
measurement of the width is expected with 20% - 30% accuracy

Example: Heavy Higgses 
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Extended	mass	reach:	Supersymmetry	(2)	
q  Production	in	pp	collisions	

◆  If	the	spectrum	is	heavier	(as	hinted	at	by	the	so-far	negative	LHC	searches)	
●  Higher	energy	will	be	needed	

➨  Example:	gluino	discovery	reach	~	(5)	11	TeV	with	3	ab-1		@	(HE-LHC)	FCC-hh		

➨  Discovery	reach	of	stop	searches	
Up	to	3	TeV	with	HE-LHC	
Up	to	10	TeV	with	FCC-hh	

28-29 July 2016 
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Extended	mass	reach:	Supersymmetry	(3)	
q  Updated	super-summary		

28-29 July 2016 
Physics at Future Colliders 15 

Supersymmetry summary 

26"
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Extended	mass	reach:	New	gauge	bosons	(1)	
q  Example	1:	Searches	for	new	Z’	

◆  FCC-hh	directly	sensitive	up	to	mZ’	~	30-35	TeV	(vs.	~	3TeV	for	CLIC)	
●  By	looking	for	di-lepton	resonances	

◆  CLIC	3-TeV	indirectly	sensitive	up	to	mZ’	~	15-20	TeV	
●  By	looking	for	deviations	in	the	di-lepton	mass	distribution	at	high	mass		
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Extended	mass	reach:	New	gauge	bosons	(2)	
q  Example	2:	Searches	for	new	W’	

◆  e.g.,	as	a	resonance	in	the	di-jet	mass	(or	l	+	ET
miss	distribution)	at	FCC-hh	

●  Sensitivity	as	a	function	of	integrated	luminosity	

28-29 July 2016 
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Luminosity vs Energy at a hadron collider

Example: discovery reach of W’ with SM-like couplings

At L=O(ab–1),  Lum x 10 ⇒ ~ M + 7 TeV

NB For SM-like Z’ , σZ‘ BRlept ~ 0.1 x σW‘ BRlept , ⇒ rescale lum by ~ 10

Extend	the	mass	reach	
by	~	7	TeV	when	L	×	10	

Right- or left-handed W’ 

22"

Distinguish WR from WL for masses 
10 TeV below discovery reach

10 ab-1
W’ mass = 15 TeV

Study interference 

May	be	able	to	disentangle	
left-handed	and	right-handed	W’	
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Extended	mass	reach	:	Other	exotica	@	FCC-hh	
q  14	TeV	(300	t-1)	→	100	TeV	(3	ab-1)	with	pp	collisions	

◆  Rule	of	thumb:	a	factor	5	in	mass	reach	from	LHC	to	FCC-hh	
●  Then	ad	one	unit	for	each	factor	10	in	luminosity	

28-29 July 2016 
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Projecting the discovery reach
http://cern.ch/collider-reach, Salam, & Weiler

Rule of thumb: at fixed Luminosity, discovery reach scales like 2/3 Ebeam 

=> x 5 from 14 to 100 TeV
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W decays

W±→π± γ BRSM ~ 10–9, CDF≤ 6.4 x 10–5

W±→Ds± γ BRSM ~ 10–9, CDF≤ 1.2 x 10–2

What is the theoretical interest in measuring these rates? What else ?

o SM rare decays -- Examples:

o SM inclusive decays -- Examples:
R = BRhad / BRlept : what do we learn ? Achievable precision 
for CKM, αS , ... ?

o BSM decays -- Are there interesting channels to consider? 
-- Example

o W mass ??

Melia

Not	just	a	mere	extrapolation:	Rare	decays	
q  At	FCC-hh,	30	ab-1	at	100	TeV	imply	

◆  3×1010	Higgs	bosons	=	104	today’s	statistics,	104	FCC-ee	statistics	
●  More	precision	measurements	
●  Rare	decays,	FCNC	probes,	e.g.,	H→eµ	…			

◆  3×1012	top	quarks	=	105	today’s	statistics,	3×106	FCC-ee	statistics	
●  Rare	decays,	FCNC	probes,	e.g.,	t→cZ,	cH	
●  CP	violation	
●  1012	W	and	1012	b	from	top	decays	
●  1011	τ	from	t	→	W	→	τ		

➨  Rare	decays,	e.g.,	τ →	3µ, µγ, CP	violation	…	
●  BSM	decays	:	any	interesting	channels	to	consider	?	

➨  Example:	Majorana	neutrino	search	in	top	decays	

28-29 July 2016 
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W decays

W±→π± γ BRSM ~ 10–9, CDF≤ 6.4 x 10–5

W±→Ds± γ BRSM ~ 10–9, CDF≤ 1.2 x 10–2

What is the theoretical interest in measuring these rates? What else ?

o SM rare decays -- Examples:

o SM inclusive decays -- Examples:
R = BRhad / BRlept : what do we learn ? Achievable precision 
for CKM, αS , ... ?

o BSM decays -- Are there interesting channels to consider? 
-- Example

o W mass ??

Melia
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Not	just	a	mere	extrapolation:	Detectors	(1)	
q  Experimental	conditions	at	CLIC	

◆  Important	beamstrahlung	due	to	bunch	charge	density	
●  Radiated	photon	and	electron-pair	background	
●  Pile-up	of	photon-photon	collisions	(mini-jets)	
●  Reduction	of	effective	centre-of-mass	energy	

28-29 July 2016 
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LEP 2 CLIC at 3 TeV 
L (cm-2s-1) 5×1031 5.9×1034 

BX separation 247 ns 0.5 ns 
#BX / train 4 312 
Train duration  1 µs 156 ns 
Rep. rate 50 kHz 50 Hz 
σx / σy 240/4 µm ≈ 45 / 1 nm 
σz 44 µm  

CLIC Machine Environment 

Mark Thomson 

!  Beam related background: 
"  Small beam profile at IP leads very high E-field: 

#  Beamsstrahlung 
#  Pair-background 

"  Interactions of real and virtual photons: 
#  γγ→ hadrons “mini-jets”  

Drives timing 
Requirements 
for CLIC detector  

UK HEP Forum, 14/11/2014 13 

!  CLIC machine environment much more challenging than LEP or the ILC 

�/�� q

q�/��

Beamsstrahlung 

Mark Thomson UK HEP Forum, 14/11/2014 14 

 [GeV]s'
0 1000 2000 3000

dN
/d

E

0

0.005

0.01

0.015

0.02

!  Beamsstrahlung results in a distribution of centre-of-mass energies 
"  Large effect at CLIC due to small beam size, √s’ > 99 % √s   

#  77 % at 350 GeV 
#  35 % at 3 TeV 

! Impact on physics – depends on final state 
"  Reduces effective luminosity at nominal centre-of-mass energy 

•  not so important for processes well above threshold 
"  When well above threshold, boost along beam axis 

•  can distort kinematic edges, e.g. in SUSY searches 
"  Not a major issue in itself…   

√s’ /√s  350 GeV 3 TeV 

 > 99 %  77 % 35 % 
 > 90 %  98 % 54 % 
 > 70 %  ~100 % 76 % 
 > 50 %   100 % 88 % 

35%	of	events	with		
√s’	>	0.99	√s	

Impact of Background 

Mark Thomson UK HEP Forum, 14/11/2014 15 

20 BXs = 10 ns of γγ→ hadrons   

�/�� q

q�/��

Pile-up of “mini-jets” 

!  Background must be accounted for in physics studies 20	BX	=	10	ns	of	γγ	piled	up			
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Not	just	a	mere	extrapolation:	Detectors	(2)	
q  Experimental	conditions	at	CLIC,	cont’d	

◆  To	find	elusive	signatures,	detectors	will	have	to	deal	with	these	conditions	
●  High-granularity	calorimeter	and	tracker	

➨  for	ultimate	jet-energy	resolution	(no	√s	constraint)	
➨  for	individual	particle	characterization	(timing)	

●  Excellent	timing	resolution		
➨  to	mitigate	γγ	pile-up	interactions	

28-29 July 2016 
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Reconstruction in Time 

Mark Thomson 

!  Studied at 3 TeV (the worst case) 

1.2 TeV 

UK HEP Forum, 14/11/2014 18 

Before 

e.g. 
at √s = 3 TeV 

tCluster 
t 

!  High granularity calorimetry allows individual particles to be reconstructed 
"  with times assigned to each particle based on individual hit times  

!  Pile-up from γγ→ hadrons  can be effectively rejected using  
        spatial and timing information 

e+e� ! H+H� ! 8 jets

Reconstruction in Time 

Mark Thomson 

!  Studied at 3 TeV (the worst case) 

UK HEP Forum, 14/11/2014 19 

e+e� ! H+H� ! 8 jetse.g. 
at √s = 3 TeV 

tCluster 
t 

!  High granularity calorimetry allows individual particles to be reconstructed 
"  with times assigned to each particle based on individual hit times  

!  Pile-up from γγ→ hadrons  can be effectively rejected using  
        spatial and timing information 

100 GeV After 

Example:	e+e-	→	H+H-	→	8	jets		
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Not	just	a	mere	extrapolation:	Detectors	(3)	
q  Detectors	for	FCC-hh:	a	formidable	challenge,	well	beyond	HL-LHC	

◆  Up	to	1000	in-time	pile-up	events	with	25	ns	bunch	spacing,	bunch	length	5	cm	
●  High-granularity	calorimetry,	tracking	and	vertexing	required	

◆  Reduced	to	200		in-time	pile-up	events	with	5	ns	bunch	spacing	
●  Ultra	fast	detectors	required	(out-of	time	pile-up)	

◆  Large	longitudinal	event	boost	
●  Enhanced	coverage	at	large	rapidity	required	(with	tracking	and	calorimetry)	

➨  Also	need	for	forward-jet	tagging	in	boson	fusion	production	
◆  Zs,	Ws,	Higgses,	tops,	will	also	be	boosted	

●  Again,	high-granularity	detectors	needed	

◆  Very	energetic	charged	particles	
●  Precise	momentum	measurement	up	to	10	TeV:	strong	B	field	(6T)	and	large	tracker	

◆  Very	energetic	jets	
●  Energy	containment	require	thicker	calorimeter	

28-29 July 2016 
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Bigger,	thicker,	faster,	stronger,	clever	detectors	



Patrick Janot 

Not	just	a	mere	extrapolation:	Detectors	(4)	
q  Initial	option:	Twin	Solenoid	6T,	12m	bore,	Dipoles	10Tm	

◆  Length	~	60	m	
◆  Radius	~	15	m	

◆  Cost	~	2-3	BCHF	–	not	enDrely	reasonable		
●  Scale	down	magnet	system	to	10m,	4T	solenoid	and	4Tm	dipoles	

➨  Reduces	the	cost	by	a	factor	2.		

28-29 July 2016 
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Summary	at	this	point	(1)	
q  Two	very	ambitious	visions	for	the	future	

◆  PLAN	A	

28-29 July 2016 
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ILC	(*)	
	
250-500	GeV	
SC	1.3	GHz	
klystrons	
31.5	MV/m	
31	km	

ILC	(*)	
	
1	TeV	
SC	1.3	GHz	
Klystrons	
45	MV/m?	
50	km	

CLIC	
	
3	TeV	
drive	beam	
NC	12	GHz	
100	MV/m	
50	km	

Precision	studies		
of	Higgs	and	top	

10	B$,	2030	/	2035	?	

Energy	Frontier	
20	B$,	2060	?	ttH	(HHH)	couplings	

+10B$,	2045	?	

≥ 50	years	of	e+e-		(e-e-,	γγ) collisions	up	to	√s	~	3	TeV  

Plasma	acceleration?	
>	1	GV/m	
4	km	+	final	focus	

(*) Can also be CLIC 
wiith √s = 0.38 & 1.4 TeV 
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Summary	at	this	point	(2)	
q  Two	very	ambitious	visions	for	the	future	(cont’d)	

◆  PLAN	α

28-29 July 2016 
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PSB	PS	(0.6	km)	
SPS	(6.9	km)	

FCC-ee	(80-100	km,	
								e+e-,	√s	from	90	
								to	~400	GeV)	
								

FCC-hh		
(pp,	up	to		
100	TeV	c.m.)	

Precision	studies		
of	Z,	W,	H,	top	
3-5	B$,	2035	?	

ttH,	HHH	couplings	
Energy	Frontier	
20	B$,	2055	?	

&	e±	(50-175	GeV)	–	p	(50	TeV)	collisions	(FCC-he)		

≥ 50	years	of	e+e-,	pp	and	ep collisions	at	highest	energies  

LHC	
HL-LHC	

LEP	(26.7	km)	
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Summary	at	this	point	(3)	
q  Two	very	ambitious	visions	for	the	future	(cont’d)	

◆  Both	visions	have	different,	but	solid,	technological	maturity	
●  The	linear	collider	vision	is	the	most	advanced	from	the	design	point-of-view	

➨  Many	test	facilities	have	proven	the	acceleration	technology	to	work		
But	the	associated	risk	is	still	quite	high	(final	focus,	positron	source,	…)	

●  The	circular	collider	vision	is	much	younger	
➨  But	is	strongly	backed	up	by	50	years	of	experience,	by	historical	successes	

And	by	projects	that	will	prove	its	feasibility	(SuperKEKB,	HL-LHC)	
	

◆  The	scientific	case	is	obvious	
●  Precision	studies	for	new	physics	at	high	mass	or	with	small	couplings	
●  Energy	frontier	for	new	physics	at	high	mass	and	with	large	couplings		

◆  My	own	impression	
●  Beyond	the	LHC	Run2,	the	combination	of	FCC-ee	and	FCC-hh	offers,	for	a	great	

cost/infrastructure	effectiveness,	the	best	precision	and	the	best	search	reach	

28-29 July 2016 
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Summary	at	this	point	(4)	
q  This	impression	will	have	to	be	reviewed			

◆  After	the	LHC	Run2		
◆  After	5	years	of	FCC	study	

	
q  A	whole	set	of	new	discoveries	might	still	be	waiting	for	us	in	LHC	Run2	

◆  …	or	it	may	be	decades	before	the	next	big	discovery	
●  Meanwhile,	the	LHC	will	set	the	scene	for	precision	physics	and	rare	decay	searches	

q  Future	options	will	need	a	long	time	to	materialize	
◆  None	of	the	options	is	cheap	(from	~5	B$	to	20	B$)	

●  Clear	and	global	planning/funding	are	probably	needed	
◆  Criteria	for	choice	include	

●  Scientific	potential	
●  Cost,	funding	availability,	sociology		
●  Technological	maturity		

q  Next	update	of	the	European	Strategy	in	2019-2020	:	stay	tuned	!	

28-29 July 2016 
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Lecture	3	(2nd	part)	
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Thinking	out	of	the	box	
Muon	Colliders	

Note:		
•  Muon	colliders	were	not	identified	as	priority	by	the	European	Strategy	update	in	2013.	
•  However,	interest	has	recently	with	new	ideas	that	may	make	them	realizable	
•  It	is	therefore	important	to	understand	the	relevant	ins	and	outs		
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Why	muon	colliders	?	
q  Muons	are	leptons	(like	electrons)	

◆  Collisions	at	the	full	energy,	small	physics	background,	(E,p)	conservation	
●  Muons	can	a	priori	do	all	what	electrons	can	do		

q  Muons	are	heavy	(like	protons)	
◆  Negligible	synchrotron	radiation,	no	beamstrahlung	

●  Small	circular	colliders,	up	to	large	√s	
●  Excellent	energy	definition	(up	to	a	few	10-5)	

◆  Large	direct	coupling	to	the	Higgs	boson	

●  Unique	Higgs	factory	at	√s	=	125.093	GeV		

q  Muons	are	naturally	longitudinally	polarized	(100%)	
◆  Because	arising	from	π±	decays	to	µ±νµ	

●  Ultra-precise	beam	energy	and	beam	energy	spread	measurement	

q  Muons	eventually	decay	(in	2.2	µs)	to	eνµνe	
◆  Outstanding	neutrino	physics	programme	

●  Muon	colliders	could	be	the	natural	successors	of	neutrino	factories	?	

28-29 July 2016 
Physics at Future Colliders 29 

- 

- 

√s ~ mH 

, W+ 

, W- 

mµ
2	~	40,000	me

2	



Patrick Janot 

Muon	colliders	challenges	until	2014	
q  Muons	decay:	Produce,	Collect,	Cool,	Accelerate	and	Collide	them	fast	!	

	

◆  Intense	proton	driver	to	get	the	adequate	number	of	muons		
●  At	least	4	MW	for	the	desired	muon	luminosities	

◆  Robust	target	to	not	evaporate	at	the	first	proton	bunch	
●  Re-circulating	liquid	metal			

◆  Efficient	muon	collector	from	pion	decays	
●  	Magnetic	fields	of	20T	

◆  Unique	6D	muon	cooling		
●  To	reduce	beam	sizes	and	beam	energy	spread	

◆  Fast	acceleration	and	injection	into	circular	ring(s)	
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the	level	of	intense	R&D.	
Will	require	decades	to		
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Muon	colliders	challenges	since	2014	?	
q  Clever	alternative	

	

◆  Intense	e+	beam	with	E	=	45	GeV	
●  100	kW	suffice	for	the	desired	muon	luminosities	

◆  Non	destructive	target	for	e+e- → µ+µ- 

●  Keep	the	e+	beam	in	a	ring		
➨  Unique	synergy	with	FCC-ee		
➨  Energy	Recovery	Linac	is	also	a	possibility	

◆  Production	at	threshold	(√s	~	2	mµ)	
●  	Quasi	monochromatic	muons,	almost	no	need	for	cooling	

➨  Except	for	the	Higgs	factory		
◆  Fast	acceleration	and	injection	into	circular	ring(s)	remain	as	in	the	proton-driver	option	

28-29 July 2016 
Physics at Future Colliders 31 

Bu
nc
he

r(
Ph

as
e(
Ro

ta
to
r(

In
i1
al
(C
oo

lin
g(

Ca
pt
ur
e(
So
l.(

Ac
cu
m
ul
at
or
(

Co
m
pr
es
so
r(

(((Proton(Driver( Front(End(

M
W
AC
la
ss
(T
ar
ge
t(

(((Accelera1on(

De
ca
y(
Ch

an
ne

l(

(((! Storage(Ring(

ν

(≈0.35(km(
Accelerators:(
SingleAPass(Linacs((
(Opt.(RLA(or(FFAG)(

0.2–1(
GeV(

1–5(
GeV(

5(GeV(

(((Proton(Driver( (((Accelera1on( (((Collider(Ring(

Accelerators:(((((
Linac,(RLA(or(FFAG,(RCS(

(((Cooling(

#+!

6D
(C
oo

lin
g(

6D
(C
oo

lin
g(

Fi
na
l(C
oo

lin
g(

Bu
nc
h(

M
er
ge
(

#−!

#+! #−!

Share same complex 

ν Factory Goal:  
O(1021) µ/year  

within the accelerator  
acceptance 

Neutrino)Factory)(NuMAX))

Muon)Collider)(Muon)Accelerator)Staging)Study))

µACollider Goals:  
126 GeV   

~14,000 Higgs/yr 
Multi-TeV    

Lumi > 1034cm-2s-1 

Ac
cu
m
ul
at
or
(

ECoM:(
(

Higgs(Factory(
to(

~10(TeV(

Co
m
pr
es
so
r(

(((CoolA(
ing(

In
i1
al
(C
oo

lin
g(

Ch
ar
ge
(S
ep

ar
at
or
(

ν#+!

#−!

Bu
nc
he

r(
Ph

as
e(
Ro

ta
to
r(

Ca
pt
ur
e(
So
l.(

M
W
AC
la
ss
(T
ar
ge
t(

De
ca
y(
Ch

an
ne

l(

Front(End(
LH

eC
Mc
la
ss
#e
+#
#

so
ur
ce
#&
#e
+#

ac
ce
le
ra
Ro

n#
at
#

45
#G
eV

#
(c
irc
ul
ar
/li
ne

ar
#

op
Ro

ns
)#

e+
##r
in
g#

10
0#
KW

#ta
rg
et
#

µ+#

µM#

iso
ch
ro
no

us
#

rin
gs
#

Bu
nc
he

r(
Ph

ase
(Ro

tat
or(

Ini
1a

l(C
oo

lin
g(

Ca
ptu

re(
So
l.(

(((Proton(Driver( Front(End(

MW
?Cl

ass
(Ta

rge
t(

(((Accelera1on(

De
cay

(Ch
an
ne

l(

(((! Storage(Ring(

ν

(281m(

Accelerators:(
Single?Pass(Linacs((
(

0.2–1(
GeV(

1–5(
GeV(

5(GeV(

(((Proton(Driver( (((Accelera1on( (((Collider(Ring(

Accelerators:(((((
Linacs,(RLA(or(FFAG,(RCS(

(((Cooling(

#+!

6D
(Co

oli
ng
(

6D
(Co

oli
ng
(

Fin
al(
Co

oli
ng
(

Bu
nc
h(

Me
rge

(

#−!

#+! #−!

Share same complex 

ν Factory Goal:  
1021 µ+ & µ− per year  
within the accelerator  

acceptance 

Neutrino)Factory)(NuMAX))

Muon)Collider)

µ?Collider Goals:  
126 GeV !  

~14,000 Higgs/yr 
Multi-TeV !   

Lumi > 1034cm-2s-1 

ECoM:(
(

Higgs(Factory(
to(

~10(TeV(

(((Cool?(
ing(

Ini
1a

l(C
oo

lin
g(

Ch
arg

e(S
ep

ara
tor

(

ν#+!

#−!

Bu
nc
he

r(
Ph

ase
(Ro

tat
or(

Ca
ptu

re(
So
l.(

MW
?Cl

ass
(Ta

rge
t(

De
cay

(Ch
an
ne

l(

Front(End(
SC
(Lin

ac(
SC
(Lin

ac(

Ac
cu
mu

lat
or(

Bu
nc
he

r(

Ac
cu
mu

lat
or(

Bu
nc
he

r(

Co
mb

ine
r(

Positron#Beam#

share#the#same#complex#

Key 
Challenges  ~1011 µ / sec from e+e-!µ+µ� 

Key  
R&D 

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

Key 
Challenges  

Key 
R&D 

MW proton driver 
MW class target 

NCRF in magnetic field 

Ionization cooling 
High field solenoids (30T) 

High Temp Superconductor  

Cost eff. low RF SC 
Fast pulsed magnet 

(1kHz) 

Detector/
machine 
interface Bu

nc
he

r(
Ph

ase
(Ro

tat
or(

Ini
1a

l(C
oo

lin
g(

Ca
ptu

re(
So
l.(

(((Proton(Driver( Front(End(

MW
?Cl

ass
(Ta

rge
t(

(((Accelera1on(

De
cay

(Ch
an
ne

l(

(((! Storage(Ring(

ν

(281m(

Accelerators:(
Single?Pass(Linacs((
(

0.2–1(
GeV(

1–5(
GeV(

5(GeV(

(((Proton(Driver( (((Accelera1on( (((Collider(Ring(

Accelerators:(((((
Linacs,(RLA(or(FFAG,(RCS(

(((Cooling(

#+!

6D
(Co

oli
ng
(

6D
(Co

oli
ng
(

Fin
al(
Co

oli
ng
(

Bu
nc
h(

Me
rge

(

#−!

#+! #−!

Share same complex 

ν Factory Goal:  
1021 µ+ & µ− per year  
within the accelerator  

acceptance 

Neutrino)Factory)(NuMAX))

Muon)Collider)

µ?Collider Goals:  
126 GeV !  

~14,000 Higgs/yr 
Multi-TeV !   

Lumi > 1034cm-2s-1 

ECoM:(
(

Higgs(Factory(
to(

~10(TeV(

(((Cool?(
ing(

Ini
1a

l(C
oo

lin
g(

Ch
arg

e(S
ep

ara
tor

(

ν#+!

#−!

Bu
nc
he

r(
Ph

ase
(Ro

tat
or(

Ca
ptu

re(
So
l.(

MW
?Cl

ass
(Ta

rge
t(

De
cay

(Ch
an
ne

l(

Front(End(

SC
(Lin

ac(
SC
(Lin

ac(

Ac
cu
mu

lat
or(

Bu
nc
he

r(

Ac
cu
mu

lat
or(

Bu
nc
he

r(

Co
mb

ine
r(

Fast acceleration 
mitigating µ decay 

Background 
by µ decay 

Fast cooling 
 (τ=2µs) by 106 (6D) 
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If	feasible,	this	design		
would	probably	be		

faster,	cheaper,	and	easier	
than	the	proton-driver	option	
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Muon	collider	optimal	circumference(s)	
q  Muon	decay:	Minimize	the	ring	circumference	

◆  To	allow	the	produced	muons	to	collide	as	many	times	as	possible		before	they	decay	
●  With	14T	state-of-the-art	dipoles,	the	optimal	ring	size	is	proportional	to	Eµ	

◆  One	ring	per	centre-of	mass	energy	
●  Two	very	small	rings	for	precision	studies	

➨  One	for	Z	and	H	factories	(140	m	circumference)	
➨  One	for	W	and	top	pair	thresholds	(385	m	circumference)	

●  One	larger	ring	for	the	energy	frontier	
➨  √s	=	6	TeV	can	fit,	for	example,	in	the	Tevatron	(6.6	km	circumference)	
➨  √s	=	24	TeV	can	fit	in	the	LHC		

●  Plus	a	number	of	rings	for	first	stages	of	fast	accelaration	
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√s	 91	GeV	 126	GeV	 161	GeV	 350	GeV	 6	TeV	 24	TeV	

t = βγτµ 0.94	ms	 1.27	ms	 1.67	ms	 3.64	ms	 68.7	ms	 280	ms	

L	=	βγcτµ 284	km	 383	km	 502	km	 1092	km	 20600	km	 84000	km	

Ring	 100	m	 140	m	 180	m	 385	m	 6.6	km	 27	km	

Nturns	 ~2840	turns	
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Muon	collider	as	a	Higgs	factory	(1)	
q  Challenges	for	the	Higgs	factory	

◆  ΓH	is	small	(4.2	MeV	in	the	SM)	
●  Similar	or	smaller	beam	energy	

spread	is	required	(3	×	10-5)		
➨  Fast	longitudinal	cooling	

to	reduce	energy	spread	
●  Beam	energy	reproducibility	

must	be	at	the	same	level	or	
better		

◆  σ(µ+µ-→	H)	is	about	20	pb	

●  Luminosity	must	be	at	the	level			
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σ(µ+µ-→ H)	[pb]

						of		1.5	×	1032	cm-2s-1	for	the	same	number	of	Higgs	bosons	as	ILC	…	
●  and	at	the	level	of	3.5	×	1033	cm-2s-1	for	the	same	number	of	Higgs	bosons	as	FCC-ee	

➨  Fast	transverse	cooling	to	reduce	beam	spot	dimensions	
And	the	Higgs	bosons	produced	are	not	tagged	with	a	Z	anyway	…	

◆  Problem	
●  Longitudinal	and	transverse	cooling	are	antagonistic	

➨  Luminosity	is	limited	(as	of	today’s	knowledge)	to	a	few	1031	cm-2s-1		
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Figure 6: Line-shape of the direct Higgs production process in the µ+µ� collider including
e↵ect of ISR type and the machine energy spread. The same input and notation as in Fig. 4
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q  Physics	performance	of	a	Higgs	factory	
◆  Scan	of	Higgs	resonance	in	the	inclusive,	bb,	and	WW	final	states	

●  Ten	years	of	data	taking	at	1031	cm-2s-1,		–	just	count	events		

	

◆  Measure	ΓH	to	5%	in	10	years	(Cf.	4%	at	ILC,	<1%	at	FCC-ee)	
●  Only	way	to	see	a	structure	in	the	resonance	(several	Higgs	bosons?)	

◆  Measure	σpeak	~	BRµµ	to	2-3%	in	10	years	
◆  Other	expected	measurements	on	the	next	slide.	

Figure 7: Simulated event counts for a scan across a 126.0 GeV Higgs peak
with a 4.2 MeV wide Gaussian beam spread, counting X ! bb̄ events with a
total energy of at least 98.0 GeV visible to the detector and cutting on event
shape parameters. Data is taken in a 60 MeV range centered on the Higgs mass
in bins separated by the beam width of 4.2 MeV. Event counts are calculated
as Poisson-distributed random variables and the data is fit to a Breit-Wigner
convoluted with a Gaussian plus linear background. The fit width is 4.78±0.48
MeV, the error in the mass measurement is 0.01± 0.05 MeV and the branching
ratio is measured at 0.271 ± 0.001. Total luminosity is 1000pb�1, or 71.4pb�1

per point.

11

Muon	collider	as	a	Higgs	factory	(3)	
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Figure 5: Simulated event counts for a scan across a 126.0 GeV Higgs peak
with a 4.2 MeV wide Gaussian beam spread, counting all events with a total
energy of at least 98.0 GeV visible to the detector. Data is taken in a 60 MeV
range centered on the Higgs mass in bins separated by the beam width of 4.2
MeV. Event counts are calculated as Poisson-distributed random variables and
the data is fit to a Gaussian peak plus linear background. The fit width is
5.16± 0.24 MeV and the error in the mass measurement is 0.26± 0.19 MeV.

4.3 H0 ! WW ⇤

There are several channels with very little physics background that are of im-
portance, despite their smaller cross sections. One of these is the H0 ! WW ⇤

decay mode, with a branching fraction of 0.226 (cross section 6.39 pb) and no
real background from the corresponding Z decays. The W boson decays into a
charged lepton and corresponding neutrino 32.4% of the time, with e↵ectively
equal rates for each type of lepton. The majority of the remaining branching
fraction is the decay into pairs of light quarks. While it is certainly possible
to reconstruct W bosons from four-jet events, in this report we focus on the
decays with missing energy in the form of neutrinos since they can be identified
by the presence of one or two isolated leptons and missing energy and are the
most common. Further study will be required for a detailed analysis of the
four-jet case. Since the W boson decays into a lepton and neutrino 32.4% of
the time and we require at least one such decay between a pair of W’s, these
make up 54.3% of WW ⇤ events. Thus the theoretical cross section is 6.39 pb
with virtually no background.

Because the detector will have a non-sensitive cone, there will be a small
amount of ‘fake’ background, eg. when the photon in the decay µ+µ� ! Z0 +
� ! `+ + `� boosts the two leptons and disappears into the cone as missing
energy. Figure 26 in Appendix A.3 shows an example event display for a WW ⇤

9

Evis > 98 GeV 
Inclusive 

Δσµµ→H ~ 4% 
ΔmH ~ 0.14 MeV 
ΔΓH ~ 1.3 MeV 

Figure 16: Simulated event counts for a scan across a 126.0 GeV Higgs peak
with a 4.2 MeV wide Gaussian beam spread, counting all H0 ! WW ⇤ events
with a minimal background. Data is taken in a 60 MeV range centered on the
Higgs mass in bins separated by the beam width of 4.2 MeV. Event counts
are calculated as Poisson-distributed random variables and the data is fit to a
Breit-Wigner convoluted with a Gaussian plus linear background. The fit width
is 4.06± 0.24 MeV, the error in the mass measurement is 0.00± 0.07 MeV and
the branching ratio is measured at 0.217± 0.001. Total luminosity is 1000pb�1,
or 71.4pb�1 per point.

Figure 17: Simulated event counts for a scan across a 126.0 GeV Higgs peak
with a 4.2 MeV wide Gaussian beam spread, counting all H0 ! WW ⇤ !
lepton + missing energy events with a minimal background. Data is taken in
a 60 MeV range centered on the Higgs mass in bins separated by the beam
width of 4.2 MeV. Event counts are calculated as Poisson-distributed random
variables and the data is fit to a Breit-Wigner convoluted with a Gaussian
plus linear background. The fit width is 3.96 ± 0.17 MeV, the error in the
mass measurement is �0.16± 0.04 MeV and the branching ratio is measured at
0.1271± 0.0002. Total luminosity is 1000pb�1, or 71.4pb�1 per point.

25

+ Perfect b tagging 

Δσµµ→H→bb ~ 4% 
ΔmH ~ 0.3 MeV 
ΔΓH ~ 0.6 MeV 

µµ → WW → lνqq  Δσµµ→H→WW ~ 3% 
ΔmH ~ 0.4 MeV 
ΔΓH ~ 0.8 MeV 

µµ → bb  

µµ → anything  
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Muon	collider	as	a	Higgs	factory	(4)	
q  Summary	of	precision	measurements	(after	~10	years	of	running)	

◆  Note:	BR(H→	µµ)	can	also	be	measured	with	%	precision	at	FCC-hh.	(Will	be	already	10%	after	LHC.)	
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Error	on	 µµ	Collider	 ILC	 FCC-ee	

mH	(MeV)	 0.06	 30	 8	

ΓH	(MeV)	 0.17	 0.16	 0.04	

gHbb	 2.3%	 1.5%	 0.4%	

gHWW	 2.2%	 0.8%	 0.2%	

gHττ 5%	 1.9%	 0.5%	

gHγγ 10%	 7.8%	 1.5%	

gHµµ	 2.1%	 20%	 6.2%	

gHZZ	 	–	 0.6%	 0.15%	

gHcc	 	–	 2.7%	 0.7%	

gHgg	 	–	 2.3%	 0.8%	

BRinvis	 	–	 <0.5%	 <0.1%	

Not	sure	of	the	practical	use		
of	such	a	precision	on	mH		

The	Higgs	width	is		
best	measured	at	ee		colliders		

The	SM	Higgs	coupling	to	muons	
is	the	added	value	of	a	µµ	collider	*			

These	Higgs	couplings	are		
best	measured	at	ee		colliders		

These	Higgs	couplings	are		
only	measured	at	ee		colliders		*	

*	pp	colliders	have	their	say,	too	
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Muon	colliders	at	the	energy	frontier	(1)	
q  Muon	colliders	might	be	a	solution	for	high	energy	in	the	(far?)	future	

◆  Many	challenges	to	solve	with	sustained	R&D	and	innovative	thinking,	as	to	
●  increase	luminosity	for	precision	studies;	
●  solve	the	radiation	hazard	at	high	energy	(decay	neutrino	interactions	with	Earth)	

q  For	the	record,	here	are	the	current	target	performance	

	

◆  Larger	than	CLIC	above	1.5	TeV	
●  With	the	possibility	of	several	IPs			
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Muon	colliders	at	the	energy	frontier	(2)	
q  Muon	colliders	might	be	a	solution	for	high	energy	in	the	(far?)	future	

◆  With	an	acceptable	power	consumption			
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Muon	colliders:	Summary	
q  A	muon	collider	may	be	the	best	way	to	get	lepton	collisons	at	√s	≥	3	TeV	

◆  Much	R&D	remain	in,	e.g.,	muon	cooling	(or	not)	/	acceleration	
	

q  A	muon	collider	at	√s	=	125	GeV	is	a	very	pretty	Higgs	factory	(µ+µ-	→	H)	
◆  But	not	necessarily	the	one	we	need	

●  If	H(125)	is	a	single	particle,	the	process	e+e-	→	HZ	@	240	GeV	is	better	suited	
➨  In	particular,	e+e-	can	measure	the	Higgs	width	very	well	

●  A	muon	collider	can	also	do	that,	but	much	higher	luminosity	would	be	necessary	
➨  At	least	two	orders	of	magnitude	–	limited	by	the	p/e+	source.	

q  Several	quasi-degenerate	Higgs	bosons	is	a	strong	case	for	muon	colliders	
◆  If	Δm	is	between	4	MeV	(ΓH)	and	~100	MeV	(LHC	resolution)	

●  Such	a	situation	may	occur	with	two	Higgs	doublets,	and	quasi-degenerate	H	&	A	
➨  Isolate	the	two	peaks	and	perform	nice	CP	studies	!	

q  A	muon	collider	is	the	natural	second	step	of	neutrino	factories	/	FCC-ee	

q  Conclusion:	don’t	kill	it,	but	don’t	oversell	it	!	
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Lecture	3	(3rd	part)	

28-29 July 2016 
Physics at Future Colliders 39 

Towards	the	next	strategy	update	(2019)	
Personal	views	
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What	have	we	learnt	since	2013	?	
q  LHC	accelerator	

◆  Successful	refurbishment	towards	√s	>	13	TeV	in	2013-14	
◆  The	Run2	at	√s	=	13	TeV	proceeds	extremely	well	–	possibly	50	t-1	in	2016	!	

q  LHC	detectors		
◆  The	experiments	continue	to	perform	very	well,	too	–	see	ICHEP	results	@	Chicago	

q  LHC	Physics	
◆  No	convincing	hints	of	strong	deviations	from	Standard	Model	just	as	yet	

●  Direct	BSM	searches,	Higgs	properties,	SM	&	HF	measurements	

q  Policy	/	Politics	
◆  The	FCC	design	study	has	started	at	CERN,	with	financial	support	

●  All	configurations	are	pursued:	ee,	hh,	eh	
◆  The	P5	process	has	come	to	an	end	in	US	in	2015	

●  Strong	support	for	HL-LHC	as	the	highest	global	priority	
●  Long-term	US-domestic	accelerator-based	particle	physics	program	(ν’s	@		LBNF)	

◆  China	
●  Discussions	of	possible	circular	machine	(50-70km	–	so	far)	

➨  Current	focus	on	250	GeV	e+e-	machine,	followed	by	50	TeV	pp	collider	
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What	will	we	know	after	LHC	Run	2	?		
q  If	new	physics	is	found	in	LHC	Run	2	

◆  It	will	(hopefully)	point	to	best	new	accelerator	to	build		
●  Which	in	turn	will	make	it	easier	to	get	financial	/	political	/	societal	

support	for	this	accelerator	

q  Much	greater	challenge	if	no	new	physics	is	found	in	Run2	
◆  Cannot	continue	indefinitely	with	R&D	towards	all	possible	future	facilities	

●  A	choice	will	have	to	be	made	in	2019-2020	

●  However,	it	is	impossible	for	the	LHC	to	rule	out	all	possible	new	particle	
with	m	<	1	TeV	(say)		

➨  In	a	model	independent	fashion	

●  Some	very	difficult	and	painful	judgment	calls	will	have	to	be	made	
➨  HL-LHC	duration	
➨ Minimal	energy	/	luminosity	for	a	lepton	/	hadron	collider		
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Personal	views	
q  Very	clear	physics	case	for	an	e+e-	collider	with	90	<	√s	<	350-500	GeV	

◆  Precision	Higgs	and	electroweak	physics	(Z	pole	and	WW/tt	thresholds)	
●  Precision	measurements	at	the	Z	pole	start	to	look	like	the	poor	relation	in	this	plot	

➨  Calls	for	much	more	precise	measurements	at	the	Z	pole	
➨  Also	calls	for	significant	theoretical	progress	in	this	area	

●  Measurements	of	W,	H,	top	properties	will	give	orders	of	magnitude	improvements	
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Personal	views	
q  Very	clear	physics	case	for	an	e+e-	collider	with	90	<	√s	<	350-500	GeV	

◆  Precision	Higgs	and	electroweak	physics		

q  Much	harder	to	make	physics	case	for	e+e-	colliders	with	√s	>	350-500	GeV	
◆  At	least	without	clear	evidence	for	accessible	new	particles		

●  Produced	copiously	in	e+e-	or	γγ	collisions	

q  Need	serious	assessment	of	relative	merits	of	ILC	and	FCC-ee	
◆  As	precision	machines	–	as	we	have	done	in	this	series	of	lectures	
◆  …	plus	some	RealPolitik,	of	course		

●  T2K	highest	priority	for	Japan,	strengths	of	the	collaborations,	…	etc		

q  Hard	to	imagine	next	major	investment	in	R&D	for	CLIC	(~300	MCHF)	
◆  Without	clear	evidence	of	new	physics	to	study	

q  Exploration	of	energy	frontier	seems	best	done	with	a	hadron	collider	
◆  e.g.,	FCC-hh	
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Even	more	personal	views	
q  Will	China	be	in	a	position	to	build	an	e+e-		Higgs	factory	?		

◆  Maybe	followed	by	a	hadron	collider		?	
●  Financially,	yes	!	But	…	
●  …	size	of	the	community,	expertise,	scientific	and	organizational	structure	

➨  In	both	accelerator	and	particle	physics	
●  …	and	political	progress	not	as	fast	as	anticipated		

q  There	will	be,	most	probably,	only	one	such	machine	in	the	world		

q  Don’t	underestimate	the	value	of	CERN	
◆  		…	and	its	60-years	track	record	and	treaty	in	comparison	

q  CERN	should	continue	to	expand	geographically	
◆  With	new	associate	member	states	
◆  With	financial	contributions	of	associate	members	
◆  …	and	maybe	persuade	China	to	make	a	large	in-kind	contribution	to	accelerator	?		
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Conclusions	of	this	series	of	lectures	

q  The	journey	towards	the	future	of	HEP	will	probably	be	long	and	tortuous	
◆  You	can	make	it	enjoyable	for	yourself:	

●  Always	keep	your	passion	for	science	
●  Apply	healthy	practical	common	sense	
●  Follow	your	dreams		
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