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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	2	
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Mid-term	perspectives	(2030-2050)	
The	quest	for	precision:	Linear	or	Circular	?	

ILC	(31	km)	
e+e-	:	250-500	GeV	

FCC	(100	km)	
First	step:	FCC-ee	(88-370GeV)	
[Use	the	tunnel	ultimately	aimed	at	FCC-hh]	
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Precision	with	e+e-	colliders	(1)	
q  Historically,	e+e-	colliders	have	been	used	for	precision	measurements	

◆  The	accuracy	of	e+e-	colliders	led	to	predictions	at	higher	scales	(mtop	,	mH	,	limits	on	NP)		
●  And	to	[unexpected]	discoveries	(e.g.,	c,	g, τ, ντ …)	
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Circular	?		

Linear	?	
FCC-ee, CEPC 

ILC, CLIC 
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Precision	with	e+e-	colliders	(2)	
q  The	dilemma	is	not	really	new	

◆  “An	e+e-	storage	ring	in	the	range	of	a	few	hundred	
GeV	in	the	centre-of-mass	can	be	built	with	present	
technologies	[…]	would	seem	to	be	[…]	the	most	
useful	project	on	the	horizon”	
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B. Richter 
(1976) 

Original	LEP	proposal,	1976	
NIM	136	(1976)	47-60	

◆  B.	Richter,	“The	SLAC	Linear	Collider”,	11th	Conf.	on	High-Energy	Accelerators	(1980)	

200	GeV									30	km	
400	GeV									90	km	
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Precision	with	e+e-	colliders	(3)	
q  Why	are	e+e-	colliders	the	tool	of	choice	for	precision	anyway	?	

◆  Electrons	are	not	protons,	i.e.,	do	not	interact	strongly:	no	pile-up	collisions		
●  Corollary	#1:	Final	state	is	clean	and	cosy,	triggering	is	easy	(100%	efficient)	

➨  																																																																																							Analysis	is	a	waking	dream	

●  Corollary	#2:	No	huge	QCD	cross	section:	All	events	are	signal.		
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Remember	LHC	?	

P. Sphicas 
CMS Results, 14 TeV and beond 

The environment 

Jan 13, 2014 
CMSDAS Jan 2013 

■  # of interactions/crossing: 
◆  Interactions/s: 

Lum = 1034 cm–2s–1=107mb–1Hz 
σ(pp) = 80 mb 
Interaction Rate, R = 8x108 Hz 

◆  Events/beam crossing: 
●  Δt = 25 ns = 2.5x10–8 s 
●  Interactions/crossing=20 

➨ For 50 ns operation: 40! 
◆  Not all p bunches full 

●  2835 out of 3564 only 
●  Interactions/�active� crossing = 

20 x 3564/2835 = 25 

CMS event with 78 reconst-
ructed vertices and 2 muons… 

Operating conditions (summary): 
(1) A "good" event containing a  Higgs or SUSY 

decay + 
(2) ~ 25 extra "bad" (minimum bias) interactions 

Remember	LHC	?	
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Precision	with	e+e-	colliders	(4)	
q  Why	are	e+e-	colliders	the	tool	of	choice	for	precision	anyway	?	(cont’d)	

◆  Electrons	are	leptons,	i.e.,	elementary	particles:	no	underlying	event		
●  Corollary:	Final	state	has	known	energy	and	momentum:	(√s,	0,	0,	0)		
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◆  Example:	an	e+e-	→	W+W-		→	qqqq	candidate	
●  Four	jets	in	the	event	and	nothing	else	
●  Total	energy	and	momentum	are	conserved	

➨  E1	+	E2	+	E3	+	E4	=	√s	
➨  P1

x,y,z	+	p2
x,y,z	+	p3

x,y,z	+	p4
x,y,z	=	0		

●  Jet	directions	(βi	=	pi/Ei)	are	very	well	measured	
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●  Jet	energies	(or	di-jet	masses:	mW)	determined	analytically	by	inverting	the	matrix	
➨  No	systematic	uncertainty	related	to	jet	energy	calibration		

A	lot	of	Z	are	available	anyway	to	calibrate	and	align	everything	
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Precision	with	e+e-	colliders	(5)	
q  Why	are	e+e-	colliders	the	tool	of	choice	for	precision	anyway	?	(cont’d)	

◆  Electroweak	observables	can	be	calculated/predicted	with	precision	
●  And	are	sensitive	to	heavier	particles	through	quantum	corrections		

➨  At	the	Z	pole	

	
➨  Specific	correction	for	Rb		

									Rb	=	Γ(Z→	bb)/Γ(Z→	hadrons)	
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Precision	with	e+e-	colliders	(7)	
q  Why	are	e+e-	colliders	the	tool	of	choice	for	precision	anyway	?	(cont’d)	

◆  Electroweak	observables	can	be	calculated/predicted	with	precision	
●  And	are	sensitive	to	heavier	particles	through	quantum	corrections		

➨  W	mass	

➨  Prediction	of	mtop	and	mH	
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Precision	with	e+e-	colliders	(8)	
q  Current	status	of	precision	measurements	

◆  With	mtop,	mW	and	mH	known,	the	standard	model	has	nowhere	to	go	

	
●  Strong	incentive	to	significantly	improve	the	precision	of	all	measurements	

➨  Towards	being	sensitive	to	100	TeV	new	physics	through	quantum	corrections	
And	to	understand	the	quantum	structure	of	the	underlying	physics		
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Precision	with	e+e-	colliders	(9)	
q  The	European	Strategy	update	in	2013	does	not	say	otherwise	
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universities'worldwide.!

e)! There! is! a! strong! scientific! case! for! an! electronGpositron! collider,!
complementary!to!the!LHC,!that!can!study!the!properties!of!the!Higgs!boson!and!
other! particles! with! unprecedented! precision! and! whose! energy! can! be!
upgraded.!The!Technical!Design!Report!of! the! International! Linear!Collider! (ILC)!
has! been! completed,!with! large! European! participation.! The! initiative! from! the!
Japanese!particle!physics!community! to!host! the! ILC! in! Japan! is!most!welcome,!
and!European!groups!are!eager!to!participate.!Europe'looks'forward'to'a'proposal'
from'Japan'to'discuss'a'possible'participation.!

f)! Rapid! progress! in! neutrino! oscillation! physics,! with! significant! European!
involvement,!has!established!a!strong!scientific!case!for!a!longGbaseline!neutrino!
programme!exploring!CP!violation!and!the!mass!hierarchy!in!the!neutrino!sector.!
CERN' should' develop' a' neutrino' programme' to' pave' the'way' for' a' substantial'
European' role' in' future' longBbaseline' experiments.' Europe' should' explore' the'
possibility'of'major'participation'in'leading'longBbaseline'neutrino'projects'in'the'
US'and'Japan.!

The Strategy update must strike a balance between maintaining the diversity of the scientific 
programme, which is vital for the field since a breakthrough often emerges in unexpected areas, 
and setting priorities since the available resources are limited. As already described, large-scale 
particle physics activities require substantial investment of human and financial resources for an 
extended period. Although many of these activities are important for particle physics, they 
require careful planning and prioritisation in the international context. Out of the many 
motivated proposals put forward by the community and described in the Briefing Book, only 
four activities have been identified as carrying the highest priority. 

One of the key questions of particle physics that should soon receive a definitive answer was 
already identified by the 2006 Strategy, i.e. whether the Standard Model of strong and 
electroweak interactions, with its minimal realisation of the Brout-Englert-Higgs mechanism of 
electroweak gauge symmetry breaking and the modifications required to account for neutrino 
oscillations, is a valid description up to energy scales much higher than the TeV scale, or is 
modified by the presence of new particles at energies accessible to present and future high-
energy colliders. 

Today, some essential milestones along these lines have already been reached. First, and 
foremost, a new boson with a mass near 125 GeV has been discovered, compatible with the 
scalar particle of the Standard Model within the present experimental errors; secondly, many 
particles, suggested by motivated extensions of the Standard Model with or without 
supersymmetry, have been excluded well beyond the previous LEP and Tevatron limits; finally, 
several new precision tests have confirmed the Standard Model description of flavour mixing 
and CP violation in the quark sector and established additional strong indirect constraints on 
possible new physics at the TeV scale and beyond. 

On the one hand, the net result of all this is an impressive consolidation of the Standard Model 
of strong and electroweak interactions, with the technical possibility of extending its validity to 
scales much higher than the TeV scale. The simplest attempts to modify the Standard Model at 
the TeV scale, for example TeV-scale supersymmetry or partial compositeness, in order to 
correct some of its perceived theoretical weaknesses have started to be seriously challenged. On 
the other hand, there is strong evidence that the Standard Model must be modified, with the 
introduction of new particles and interactions, at some energy scale. Such evidence comes from 
studies of neutrino oscillations, dark matter, the observed baryon asymmetry of the Universe, 
the need to eventually incorporate quantum gravity and a model for cosmological inflation. 
Also, there are good indications that some of these modifications could take place in the vicinity 
of the TeV scale. Firstly, the theoretical concept of naturalness suggests that the validity of the 
Standard Model cannot extend much beyond the mass of its scalar particle. Secondly, weakly 
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Linear	or	Circular	?	(1)	
q  For	20	years,	there	was	only	one	such	project	on	the	market	

◆  A	500	GeV		e+e-	linear	collider,	now	called	“ILC”,	proposed	in	the	early	1990’s	

●  Why	not	a	500	GeV	circular	collider	?	

28-29 July 2016 
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Total	length:	31	km	
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Linear	or	Circular	?	(2)	
q  Why	not	a	500	GeV	circular	collider	?	

◆  Synchrotron	radiation	in	circular	machines	
●  Energy	lost		per	turn	grows	like																																	,	e.g.,	3.5	GeV/turn	at	LEP2	

➨  Must	compensate	with	R	and	accelerating	cavities									Cost	grows	like	E4	too.				

◆  A	e+e-	collider	with	√s	>	500	GeV	can	only	be	linear.	The	circular	cost	is	prohibitive.		
●  	“Up	to	a	centre-of-mass	energy	of	350	GeV	at	least,	a	circular	collider	with	

superconducting	accelerating	cavities	is	the	cheapest	option”																									
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Foreword:	Rolf	Heuer	
(Former	CERN	DG)	

H. Schopper, private communication, 2014 
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Linear	or	Circular	?	(3)	
q  Interest	for	circular	collider	projects	grew	up	again	after	first	LHC	results	

◆  The	Higgs	boson	is	light	–	LEP2	almost	made	it:	only	moderate	√s	increase	needed	

	
●  Need	to	go	up	to	the	top-pair	threshold	(350+	GeV)	anyway	to	study	the	top	quark	

◆  There	seems	to	be	no	heavy	new	physics	below	500	GeV	
●  The	interest	of	√s	=	500	GeV	(and	even	1	TeV)	is	now	very	much	debated	

◆  Way	out:	study	with	unprecedented	precision	the	Z,	W,	H	and	top	quark	
●  Highest	luminosities	at	91,	160,	240	and	350	GeV	are	needed	

28-29 July 2016 
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Figure 7. The Higgs boson production cross section as a function of the centre-of-mass energy
in unpolarized e+e− collisions, as predicted by the HZHA program [39]. The thick red curve shows
the cross section expected from the Higgs-strahlung process e+e− → HZ, and the thin red curve
shows the fraction corresponding to the Z → νν̄ decays. The blue and pink curves stand for the
WW and ZZ fusion processes (hence leading to the Hνeν̄e and He+e− final states), including their
interference with the Higgs-strahlung process. The green curve displays the total production cross
section. The dashed vertical lines indicate the centre-of-mass energies at which TLEP is expected
to run for five years each,

√
s = 240GeV and

√
s ∼ 2mtop.

rapidly decreasing with the new physics scale Λ, typically like 1/Λ2. For Λ = 1TeV,

departures up to 5% are expected [7, 8]. To discover new physics through its effects on the

Higgs boson couplings with a significance of 5σ, it is therefore necessary to measure these

couplings to fermions and gauge bosons with a precision of at least 1%, and at the per-mil

level to reach sensitivity to Λ larger than 1TeV, as suggested at by the negative results of

the searches at the LHC.

The number of Higgs bosons expected to be produced, hence the integrated luminosity

delivered by the collider, are therefore key elements in the choice of the right Higgs factory

for the future of high-energy physics: a per-mil accuracy cannot be reached with less

than a million Higgs bosons. The Higgs production cross section (obtained with the HZHA

generator [39]), through the Higgs-strahlung process e+e− → HZ and the WW or ZZ fusion

processes, is displayed in figure 7. A possible operational centre-of-mass energy is around

255GeV, where the total production cross section is maximal and amounts to 210 fb.

The luminosity profile of TLEP as a function of the centre-of-mass energy (figure 3)

leads to choose a slightly smaller value, around 240GeV, where the total number of Higgs

bosons produced is maximal, as displayed in figure 8. The number of WW fusion events

has a broad maximum for centre-of-mass energies between 280 and 360GeV. It is therefore

convenient to couple the analysis of the WW fusion with the scan of the tt̄ threshold, at√
s around 350GeV, where the background from the Higgs-strahlung process is smallest

and most separated from the WW fusion signal.

– 14 –

LEP2	
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Linear	or	Circular	?	(4)	
q  The	ILC	is	designed	for	√s	=	500	GeV	(works	OK	at	√s	~	250	GeV)	

◆  It	is	supported	by	20	years	of	R&D	and	innovation	
●  With	a	complete	technical	design	report	delivered	in	2013	

➨  In	principle,	ready	for	construction	as	soon	as	decision	is	taken	

◆  This	machine	has	many	technological	challenges	
●  A	24	km-long,	high-gradient	(31	MV/m),	RF	system	
●  A	very	low	β* optics delivering	small	beam	spot	sizes	at	high	intensity	

➨  	Not	yet	demonstrated	to	be	achievable	
●  A	positron	source	with	no	precedent	

➨  Its	performance	cannot	be	verified	before	the	construction	is	complete		
●  A	green-field	project	

◆  It	can	deliver	data	to	only	one	detector	at	a	time	

◆  It	is	in	principle	upgradeable	up	to	√s	=	1	TeV	

●  And	possibly	more	:	CLIC	or	Plasma	acceleration	in	the	same	tunnel	(?)	
➨  But	there	is	no	design	to	run	at	the	Z	pole	
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Linear	or	Circular	?	(5)	
q  The	FCC-ee	is	designed	to	be	a	Z,	W,	H,	and	top	factory	(√s	=	88-370	GeV)	

◆  It	is	a	project	in	its	infancy:	less	than	three	years	old	
●  Lots	of	progress	were	made	in	the	past	two	years	

➨  Technology	is	ready	–	on	paper		

◆  This	machine	has	at	least	as	many	technological	challenges	
●  A	high-power	(200	MW),	high-gradient	(10	MV/m),	2	km-long,	RF	system	
●  Loads	of	synchrotron	radiation	(100	MW)	to	deal	with	
●  A	booster	(for	top	up	injection),	and	probably	a	double	ring	for	e+	and	e-

●  An	optics	with	very	low	β*,	and	large	momentum	acceptance	
●  Transverse	polarization	for	beam	energy	measurement	
●  Up	to	four	experiments	to	serve		
●  …	and	much	more	
	

◆  It	is	supported	by	50	years	of	experience	and	progress	with	e+e-	circular	machines		
●  Most	of	the	above	challenges	are	being	addressed	at	SuperKEKB	(starting	2015)	

➨  FCC-ee	will	have	to	build	on	this	experience	
	
◆  It	is	a	synergetic	spring	board	towards	a	100	TeV	proton-proton	collider	
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Dashed lines : Possible energy and luminosity upgrades

q  Performance	target	for	e+e-	colliders	

◆  Complementarity	
●  Ultimate	precision	measurements	with	circular	colliders	(FCC-ee)	
●  Ultimate	e+e-	energies	with	linear	colliders	(CLIC)	

4.2×1036 cm-2s-1 

1.0×1035 cm-2s-1 

3.8×1035 cm-2s-1 

2.6×1034 cm-2s-1 

Linear	or	Circular	?	(6)	
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Linear	or	Circular	?	(7)	
q  Performance	target	for	e+e-	colliders	

◆  Number	of	events	per	year	for	the	FCC-ee	

	
◆  Number	of	years	needed	to	complete	the	core	programme		

◆  The	ILC	precision	physics	programme	(first	10-15	years)	
●  with	±80%	/	±30%	longitudinal	polarization	for	e-/e+	beams	

	
	
	
	

◆  About	one	year	is	needed	for	the	FCC-ee	to	complete	the	full	ILC	precision	physics	programme	

28-29 July 2016 
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√s	(GeV)	 90	(Z)	 160	(WW)	 240	(HZ)	 350+	(tt)	 350+	(WW→H)	

Lumi	(ab-1/yr)	 40	–	80		 4	–	15		 1.0	–	3.5	 0.25	–	1.0	 0.25	–	1.0	

Events/year	 2–4×1012	 1.5–6×107	 2–7×105	 1.3–4.2×105	 0.6–2.5×104	

#	years		 3	?	(*)	 3	?	(*)	 3	 1	 4	

Total	lumi	(ab-1)	 0.1	 0.5	 0.5	 0.2	 0.5	

Events@ILC		 3×109	(*)	 2×106	(*)	 1.4×105	 105	 3.5×104		

ILC	@	FCC-ee	 1	day	 1	week	 2	months	 3	months	 1.5	year	

#	years	 2	–	3		 1	–	2	 3	–	5			 0.5	 3	–	5		

10	to	15	years	
1	year	=	107	s	

~	13	years	
1	y	=	1.6×107	s	

(*) No design available at the Z pole and the WW threshold: very difficult to achieve with a linear collider. 
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Precision	Higgs	physics	at	FCC-ee	and	ILC	(1)	
q  Dominant	production	processes	for	√s	≤	500	GeV		

◆  Effect	of	beam	polarization	(exercise)	
●  Higgs-strahlung	cross	section	multiplied	by	1	-	P-P+	- Ae	×	(P-	-	P+)	
●  Boson	fusion	cross	section	multiplied	by	(1-P-)	×	(1+P+)	

28-29 July 2016 
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1 Higgs Theory
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Figure 1.4. (Left)The production cross sections of the Higgs boson with the mass of 125 GeV at the ILC as a
function of the collision energy

Ô
s. Polarization of the electron beam (80%) and the positron beam (20%) is as-

sumed. (Right) The cross sections of the production processes e+e≠ æ hZ, e+e≠ æ H‹e‹̄e, e+e≠ æ He+e≠,
e+e≠ æ t¯tH, e+e≠ æ HHZ and e+e≠ æ HH‹e‹̄e as a function of the collision energy for the mass of 125 GeV.
No polarization is assumed for the initial electron and positron beams.
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Figure 1.5. Typical diagrams for double Higgs boson production via o�-shell Higgsstrahlung (Left) and W -boson
fusion (Right) processes.

Higgsstrahlung cross-section falls o� as 1/s. Consequently, the W -boson fusion mechanism is more
significant at higher energies, and its production cross section grows logarithmically and becomes
larger than that of the Higgsstrahlung cross section for

Ô
s > 450 GeV. At

Ô
s = 500 GeV, both

the Higgsstrahlung process and the W-boson fusion process are important, and at
Ô

s = 1 TeV the
W-boson fusion is dominant. The cross section of e+e≠ æ tt̄h is shown in Fig. 1.4 (Right) . The
threshold of the production process is roughly 480 GeV, so that the tt̄h cross section can be measured
at the ILC with the energy of 1 TeV.

Finally, the triple Higgs boson coupling can be determined from measuring the double Higgs
production mechanisms e+e≠ æ Zhh and e+e≠ æ ‹‹̄hh by extracting the contribution of the
Feynman diagram shown in Fig. 1.5. The production cross section for the Zhh process is typically of
the order of 0.1 fb at the collision energy just above the threshold at about 400 GeV as shown in
Fig. 1.4(Right). At the ILC with a center-of-mass energy of 500 GeV, the triple Higgs boson coupling
can be measured via this process. On the other hand, at higher energies the cross section of the
fusion process e+e≠ æ ‹‹̄hh becomes larger. This process becomes relevant for the measurement of
the triple Higgs boson coupling at the energies around 1 TeV.
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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,

Ô
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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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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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Figure 1.4. (Left)The production cross sections of the Higgs boson with the mass of 125 GeV at the ILC as a
function of the collision energy

Ô
s. Polarization of the electron beam (80%) and the positron beam (20%) is as-

sumed. (Right) The cross sections of the production processes e+e≠ æ hZ, e+e≠ æ H‹e‹̄e, e+e≠ æ He+e≠,
e+e≠ æ t¯tH, e+e≠ æ HHZ and e+e≠ æ HH‹e‹̄e as a function of the collision energy for the mass of 125 GeV.
No polarization is assumed for the initial electron and positron beams.
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Figure 1.5. Typical diagrams for double Higgs boson production via o�-shell Higgsstrahlung (Left) and W -boson
fusion (Right) processes.

Higgsstrahlung cross-section falls o� as 1/s. Consequently, the W -boson fusion mechanism is more
significant at higher energies, and its production cross section grows logarithmically and becomes
larger than that of the Higgsstrahlung cross section for

Ô
s > 450 GeV. At

Ô
s = 500 GeV, both

the Higgsstrahlung process and the W-boson fusion process are important, and at
Ô

s = 1 TeV the
W-boson fusion is dominant. The cross section of e+e≠ æ tt̄h is shown in Fig. 1.4 (Right) . The
threshold of the production process is roughly 480 GeV, so that the tt̄h cross section can be measured
at the ILC with the energy of 1 TeV.

Finally, the triple Higgs boson coupling can be determined from measuring the double Higgs
production mechanisms e+e≠ æ Zhh and e+e≠ æ ‹‹̄hh by extracting the contribution of the
Feynman diagram shown in Fig. 1.5. The production cross section for the Zhh process is typically of
the order of 0.1 fb at the collision energy just above the threshold at about 400 GeV as shown in
Fig. 1.4(Right). At the ILC with a center-of-mass energy of 500 GeV, the triple Higgs boson coupling
can be measured via this process. On the other hand, at higher energies the cross section of the
fusion process e+e≠ æ ‹‹̄hh becomes larger. This process becomes relevant for the measurement of
the triple Higgs boson coupling at the energies around 1 TeV.
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Precision	Higgs	physics	at	FCC-ee	and	ILC	(2)	
q  The	plan	is	to	run	at	√s	=	240-250	GeV	and	350-500	GeV	in	order	to	

◆  Determine	all	Higgs	couplings	(κi)	in	a	model-independent	way	
◆  Infer	the	Higgs	total	decay	width	
◆  Evaluate	(or	set	limits	on)	the	Higgs	invisible	or	exotic	decays		

●  Through	the	measurements	of	
																							with	Y	=	b,	c,	g,	W,	Z,	γ, τ, µ ,	invisible	
	
	

	
	
	
	
	
	
	

◆  mH	=	125	GeV	is	a	very	good	place	to	be	for	precision	measurements	!	

●  All	decay	channels	open	and	measurable	–	can	test	new	physics	from	many	angles	
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σ (e+e− →H + X)×BR(H→YY )
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Precision	Higgs	physics	at	FCC-ee	and	ILC	(3)	
q  Physics	backgrounds	are	“small”	

◆  For	example,	at	√s	=	240	GeV	

	
●  “Green”	cross	sections	decrease	like	1/s	

➨  “Purple”	cross	sections	increase	slowly	with	s	
◆  To	be	compared	to		
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e+e-	→	qq,	l+l-
γγ	→	qq,	l+l-
m	>	30	GeV	 e+e-	→	W+W- e+e-	→	Ze+e- e+e-	→	Weν e+e-	→	ZZ e+e-	→	Zνν- - - 

60	pb	 30	pb	 16	pb	 3.8	pb	 1.3	pb	1.4	pb	 32	�	

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,

Ô
s increases, the

Z

Z
He+

e< i

i<

W

W
H

e+

e<

e
+

e
−

H

t

t
-

γ/Z

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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200	�	

q  Only	one	to	two	orders	of	magnitude	smaller		
◆  vs.	11	orders	of	magnitude	in	pp	collisions	

●  Trigger	is	100%	efficient	(no	need	for	trigger	
with	ILC	–	all	crossings	are	recorded)	

●  	All	Higgs	events	are	useful	and	exploitable	
●  Signal	purity	is	large	

Add	e+e-	→	tt		
for	√s	>	345	GeV	

- 
0.6	pb	
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Precision	Higgs	physics	at	FCC-ee	and	ILC	(4)	
q  Example	of	a	Higgs	boson	event		

◆  Tagged	with	a	Z	boson	
◆  Very	clean	signature	
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e+e-→ HZ

√s = 240 GeV 

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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Precision	Higgs	physics	at	FCC-ee	and	ILC	(5)	
q  Example:	Model-independent	measurement	of	σHZ	and	κZ	

◆  The	Higgs	boson	in	HZ	events	is	tagged	by	the	presence	of	the	Z	→	e+e-,	µ+µ-	
●  Select	events	with	a	lepton	pair	(e+e-,	µ+µ-)	with	mass	compatible	with	mZ	
●  No	requirement	on	the	Higgs	decays:	measure	σHZ	×	BR(Z→	e+e-,	µ+µ-)	
●  Apply	total	energy-momentum	conservation	to	determine	the	“recoil	mass”	

➨  mH
2	=	s	+	mZ

2
	-	2√s	(p+	+	p-)		

●  Plot	the	recoil	mass	distribution	–	resolution	proportional	to	momentum	resolution	

◆  Provides	an	absolute	measurement	of	κZ	and	set	required	detector	performance	

28-29 July 2016 
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Exercise ! 

Frank Simon (fsimon@mpp.mpg.de)The International Linear Collider

Universe Cluster Science Week

A unique Feature: Model Independence!

• The well-known initial state in e+e- 
collisions allows to measure Higgs 
production without seeing the Higgs
(250 GeV up to 350 GeV):

6
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a) X-µ+µ→ZH

assuming mH =120 GeV; √s = 250 GeV

The trick: Measurement of the total production cross-section for ZH, irrespective 
of the Higgs decay - No model assumptions (e.g. only SM decays) needed
➫ Provides an absolute measurement of the coupling gHZZ!

ILD simulation 

mH=125 GeV  
√s=240 GeV 
ZH → l+l-X 
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Precision	Higgs	physics	at	FCC-ee	and	ILC	(6)	
q  Repeat	the	search	in	all	possible	final	states	

◆  For	all	exclusive	decays	of	the	Higgs	boson:	measure	σHZ	×	BR(H	→	YY)	
●  Including	invisible	decays,	just	tagged	by	the	presence	of	the	lepton	pair		&	mmiss	
●  For	all	decays	of	the	Z	(hadrons,	taus,	neutrinos)	to	increase	statistics	

◆  For	the	WW	fusion	mode	(Hνν	final	state):	measure	σWW→H	×	BR(H	→	YY)	
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Higgs physics at ILC 
ATLAS (H->JJ)  on 2011.12.13 

ILC Reference Design Report 

ILC is an ideal place for studying the Higgs boson 
2 

mH=125 GeV  
√s=240 GeV 

ZH	→	qq	bb,	0.25	ab-1			ZH	→	l+l-	+	nothing,	0.5	ab-1	
BR(H	→ invis) = 100%		

- - 

Mbb	(GeV)	

Mmiss	(GeV)	

ILD simulation CMS simulation 

- 
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Precision	Higgs	physics	at	FCC-ee	and	ILC	(7)	
q  Indirect	determination	of	the	total	Higgs	decay	width	

◆  From	a	counting	of	HZ	events	with	H	→	ZZ	at	√s	=	240	GeV		
●  Measure	σHZ	×	BR(H	→	ZZ)	

●  σHZ	is	proportional	to	κZ
2		

●  BR(H	→	ZZ)	=	Γ(H	→	ZZ)	/	ΓH	is	proportional	to	κZ
2/ΓH	

➨  σHZ	×	BR(H	→	ZZ)		is	proportional	to	κZ
4	/	ΓH	

●  Infer	the	total	width	ΓH	

28-29 July 2016 
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e+

e-
Z*

Z 

H 

Z*

Z 

Final	state	with	three	Z’s	
Almost	background	free	

Measured	with	the	Hl+l-	final	state		
(see	slide	23)	
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Precision	Higgs	physics	at	FCC-ee	and	ILC	(8)	
q  Indirect	determination	of	the	total	Higgs	decay	width	(cont’d)	

◆  From	a	counting	WW→	H→	bb	events	at	350-500	GeV	in	the	bbνν	final	state:	

	

●  Measure	σ(WW→	H→	bb)	
●  Take	the	branching	ratios	into	WW	and	bb	from	σHZ	and	σHZ×	BR(H	→	WW,bb)		
●  Infer	the	total	width	

28-29 July 2016 
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ΓH ∝σWW→H / BR(H→WW ) = σWW→H→bb / BR(H→WW ) ×  BR(H→ bb)

Analysis

The final step: look at missing mass distribution:
400
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mH =      120 GeV Higgsstrahlung

Interference
Background

Determine the rate for WW-fusion from a shape fit to the con-
tributions of WW-Fusion, Higgs-Strahlung and background.

Interference currently treated as constant (could be fit as well)

Systematics: background shape can be checked from
anti-b-tagged selection

Higgs-Strahlung shape can be checked with
events after removing the leptons

Running with different beam polarisation has different effects
on the background and Higgsstrahlung contributions!

K. Desch Measurement of the Cross Section for WW–Fusion, LCWS2000 – Fermilab, 25/10/200 Page 7

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,

Ô
s increases, the
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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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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
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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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Coupling	 HL-LHC	 ILC	(+)	 FCC-ee	

κW 2-5%	 0.8%	 0.19%	

κZ 2-4%	 0.6%	 0.15%	

κb 4-7%	 1.5%	 0.42%	

κc –	 2.7%	 0.71%	

κτ 2-5%	 1.9%	 0.54%	

κµ ~10%	 20%	 6.2%	

κγ 2-5%	 7.8%	 1.5%	

κg 3-5%	 2.3%	 0.8%	

κZγ ~12%	 ?	 ?	

BRinvis	 ~10-15%?	 <	0.5%	 <	0.1%	

ΓH ~50%?	 3.8%	 0.9%	

κt 7-10%	 18%	 13%	(*)	

κH 30-50%	?	 77%	 80%(*)	

Precision	Higgs	physics	at	FCC-ee	and	ILC	(9)	
q  Comparison	with	LHC	

28-29 July 2016 
Physics at Future Colliders 27 

Sensitive	to	new	physics	at	tree	level	
Expected	effects	<	5%	/	Λ2

NP	
1%	precision	needed	for	ΛNP~1TeV	
Sub-percent	needed	for	ΛNP>1TeV 

Sensitive	to	new	physics	in	loops	

Need	higher	energy	to	improve	on	LHC	

Sensitive	to	light	dark	matter	(sterile	ν,	χ,	…)	
and	to	other	exotic	decays	

(*)	indirect	

Model-independent	results	

(+) Factor 2 smaller errors if lumi upgrade 
and an additional 10-15 years of running.    
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Precision	Higgs	physics	at	FCC-ee	and	ILC	(10)	
q  Higgs	couplings	are	affected	by	new	physics	

◆  Example:	Effect	on	κZ	and	κb	for	4D-Higgs	Composite	Models	
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4D-CHM	(*)	
f	<	2	TeV	

I	
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Precision	Higgs	physics	at	FCC-ee	and	ILC	(10)	

28-29 July 2016 
Physics at Future Colliders 29 

q  Higgs	couplings	are	affected	by	new	physics	
◆  Example:	Effect	on	κZ	and	κb	for	4D-Higgs	Composite	Models	

4D-CHM	

-1%                                     0%                                      1% 

2% 
 
 
 
0% 
 
 
 
 
 
 
 
 
 
 
-5% 

 ~10σ 
 ~2σ 
I	

4D-CHM	
f	<	2	TeV	
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Precision	Higgs	physics	at	FCC-ee	and	ILC	(12)	
q  Sensitivity	to	new	physics	(example)	

◆  Compare	the	difference	between	the	predictions	
of	a	few	simple	SUSY	models	and	the	SM	for	a	few	
Higgs	branching	fractions	

●  With	LHC,	HL-LHC,	ILC	and	FCC-ee	expected	
precision	

●  With	the	current	SM	prediction	uncertainties	

◆  Basic	messages	
●  The	statistics	proposed	by	the	FCC-ee	are	

needed	to	distinguish	these	SUSY	models	
from	the	Standard	Model	

●  The	SM	theoretical	uncertainties	(dominated	
by	QCD)	must	be	reduced	to	match	the	
experimental	potential	

➨  Feasible	by	FCC-ee	/	ILC	timescales	?	

28-29 July 2016 
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FCC-ee 
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Precision	electroweak	physics	at	FCC-ee	(1)	
q  Reminder:	The	FCC-ee	goals	in	numbers	(after	commissioning)	

	
◆  FCC-ee	is	the	ultimate	Z,	W,	Higgs	and	top	factory	

●  10	to	10,000	times	the	ILC	targeted	statistics	at	the	same	energies	
●  105	more	Z’s	and	104	more	W’s	than	LEP1	and	LEP2	

➨  Potential	statistical	accuracies	are	mind-boggling	!	

	
◆  Predicting	accuracies	with	300	times	smaller	statistical	precision	than	at	LEP	is	difficult	

●  Conservatively	used	LEP	experience	for	systematics.	This	is	just	the	start.	

◆  Example:	The	uncertainty	on	EBEAM	(2	MeV)	was	the	dominant	uncertainty	on	mZ,	ΓZ	

●  Can	we	do	significantly	better	at	FCC-ee	?	

28-29 July 2016 
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√s	(GeV)	 Running	time	 FCC-ee	Statistics	 ILC	 LEP	

91	 2-3	year	 ~1013	Z	decays	(Tera	Z)	 109	(*)	 2x107	

161	 1-2	year	 ~108	WW	pairs	(Oku	W)	 106	(*)	 4x104	

350	 3-5	years	 ~106	top	pairs	(Mega	Top)	 105	 –	
(*)	Estimate:	not	in	the	core	programme		
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Precision	electroweak	physics	at	FCC-ee	(2)	
q  Measurement	of	the	beam	energy	at	LEP	

◆  Ultra-precise	measurement	unique	to	circular	colliders	(crucial	for	mZ,	ΓZ)	

28-29 July 2016 
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Electron	with	momentum	p	in	a	uniform	vertical	
magnetic	field	B:	
	
	
	
	
	
	
	
	

	

In	real	life,	B	non	uniform,	LEP	ring	not	circular		

The	electrons	get	transversally	polarized	(i.e.,	
their	spin	tends	to	align	with	B)	
	
	
	
	
	
	
	
	
	
	
Slow	process	(~	1	hour	to	get	10%	polarization)	
	
NB.	Polarization	can	be	kept	in	collision	(was	
tried	only	once	at	LEP).		
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Precision	electroweak	physics	at	FCC-ee	(3)	
q  Measurement	of	the	beam	energy	at	LEP	(cont’d)	

◆  The	spin	precesses	around	B	with	a	frequency	proportional	to	B	(Larmor	precession)	
●  Hence,	the	number	of	revolutions	νS	for	each	LEP	turn	is	proportional	to	BL	(or	∫Bdl)	

 
◆  LEP	was	colliding	4	bunches	of	e+	and	e-;	FCC-ee	will	have	10,000’s	of	bunches.	

●  Use	~100	“single”	bunches	to	measure	EBEAM	with	resonant	depolarization	
➨  Each	measurement	gives	100	keV	precision,	with	no	extrapolation	uncertainty	
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Precision	electroweak	physics	at	FCC-ee	(4)	
q  EW	Precision	measurements	at	FCC	(see	arXiv:1308.6176)	

Z	resonance:	TeraZ																							WW	threshold	scan:	OkuW																tt	threshold	scan:	MegaTops	
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Side Remark - Threshold Scan at LCs and FCCee

• Somewhat different luminosity spectra for 
different machines:

• no beamstrahlung tail in storage ring

• sharper main peak at ILC, broader at CLIC
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●  Lineshape	
➨  Exquisite	Ebeam	(unique!)	
➨  mZ,	ΓZ	to		<	100	keV	

●  Asymmetries			
➨  sin2θW	to	6×10-6	

➨  αQED(mZ)	to	3×10-5	
●  Branching	ratios,	Rl,	Rb	

➨  αS(mZ)	to	0.0002	

●  Threshold	scan	
➨  mW	to	500	keV	

●  Branching	ratios	Rl,	Rhad	

➨  αS(mW)	to	0.0002	
●  Radiative	returns	e+e-→γZ		

➨  Nν	to	0.0004	

●  Threshold	scan		
➨  mtop	to	10	MeV		
➨  λtop	to	13%		

➨  EW	couplings	to	1%	

		

ν

ν
- 

(2.2 MeV) 

(1.6×10-4) 

(1.5×10-4) 

(15 MeV) 

(0.002) 
(0.008) 

(500 MeV) 



Patrick Janot 

10% 20% 30%

10%

-10%

 -20%

 -20% -30%

 -20%

 -10%

LHC
20%

� gR/gR(%)

  gL/gL(%)�

LC

FCC-ee

Precision	electroweak	physics	at	FCC-ee	(5)	
q  Measurements	of	tLtLZ	and	tRtRZ	couplings,	gL	and	gR	

◆  Couplings	most	sensitive	to,	e.g.,		composite	Higgs	models	

28-29 July 2016 
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4D-CHM	
Other	NP	models	
(tested	at	the	LHC)	
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Pe�/e+ !!!

Masse$du$Top$

�the
seuil <

1

10
�the
jets

poussiere$d’avantPplan$

theorique$

FCC-ee	@	370	GeV	
Leptons	and	b-jets	distributions	
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FCC-ee	
Leptons	and	b-jets	distributions	

ILC	
Total	rate	and	AFB

tt		

Precision	electroweak	physics	at	FCC-ee	(5)	
q  Measurements	of	tLtLZ	and	tRtRZ	couplings,	gL	and	gR	

◆  Couplings	most	sensitive	to	composite	Higgs	models	
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Precision	electroweak	physics	at	FCC-ee	(6)	
q  Combination	of	all	precision	electroweak	measurements	

◆  FCC-ee	precision	allows	mtop,	mW,	mH,	sin2θW	to	be	predicted	in	the	SM	
●  …	and	to	be	compared	to	the	direct	measurements		

	

q  The	Standard	Model	has	nowhere	to	go	
◆  Constraints	on	new	physics	?	
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Figure 9: Summary of the reaches for the dimension-6 operator coe�cients with TeV
scale sensitivity, when switched on individually (green) and when marginalised (red), from
projected precision measurements at the ILC250 (lighter shades) and FCC-ee (darker
shades). The left plot shows the operators that are most strongly constrained by EWPTs
and Higgs physics, where the di↵erent shades of dark green and dark red represent the
e↵ects of EWPT theoretical uncertainties at FCC-ee. The right plot is constrained by
Higgs physics and TGCs, and the di↵erent shades of light green demonstrate the improved
sensitivity when TGCs are added at ILC250.

classification of possible e↵ects from decoupled new physics makes this an attractive
framework for characterising the impacts of measurements across the SM as a whole 8.

The importance of improving precision tests of the SM, in particular in the Higgs
sector, strongly motivates the construction of a future lepton collider. Such proposals
include the ILC and FCC-ee, as well as the Chinese collider CEPC. One may then ask
how the improved precision of measurements at these machines translates into the scale
of heavy new physics to which we shall be indirectly sensitive. The SM EFT provides a
relatively model-independent way to address this question.

We have shown in this paper that the prospective sensitivities of possible future e+e�

colliders extend to ⇤ = O(30) TeV in the case of EWPTs at FCC-ee, ⇤ = O(10) TeV in
the case of EWPTs at ILC250, ⇤ = O(2) TeV in the case of Higgs and TGCmeasurements
at FCC-ee, and ⇤ = O(1) TeV in the case of Higgs and TGC measurements at ILC250.
These estimates are for the more conservative marginalised limits. The individual fits,
assuming only one operator a↵ects a given set of observables at a time, provides an upper
bound on the potential reach. These results are summarised in Fig. 9. We expect that
higher-energy runs of the ILC would improve the sensitivity to new physics via Higgs
and TGC measurements, but improving its sensitivity to new physics via EWPTs would
require higher luminosity at the Z peak and near the W+W� threshold. In this respect,
the capabilities of the CEPC or the ILC with upgraded luminosity would lie between

8It is worth mentioning that the possible breakdown of the SM EFT assumptions in specific measure-
ments is not a weakness, but a strength of the approach, as it could provide a consistency check that
informs the way forward in investigating any new physics e↵ects.
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Precision	electroweak	physics	at	FCC-ee	(7)	
q  Higher-dimensional	operators	as	relic	of	new	physics	?	

◆  Possible	corrections	to	the	standard	model	
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Precision	electroweak	physics	at	FCC-ee	(8)	
q  The	predictions	of	mtop,	mW,	mH,	sin2θW	have	theoretical	uncertainties	

◆  Which	may	in	turn	cancel	the	sensitivity	to	new	physics	

q  For	mW	and	sin2θW		today,	these	uncertainties	are	as	follows	

◆  Parametric	uncertainties	and	missing	higher	orders	in	theoretical	calculations:	
●  	Are	of	the	same	order	

●  Smaller	than	experimental	uncertainties	
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Precision	electroweak	physics	at	FCC-ee	(8)	
q  Most	of	the	parametric	uncertainties	will	reduce	at	FCC-ee	

◆  New	generation	of	theoretical	calculations	is	necessary	to	gain	a	factor	10	in	precision	
●  To	match	the	precision	of	the	direct	FCC-ee	measurements	

◆  Will	require	calculations	up	to	three	or	four	loops	to	gain	an	order	of	magnitude	
●  Might	need	a	new	paradigm	in	the	actual	computing	methods	

➨  Lot	of	interesting	work	for	future	generations	of	theorists	
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Opportunities	for	discoveries	at	FCC-ee	
q  Searches	for	new	physics	through	rare	decays	

◆  1013	Z,	1012	b,	c	and	1011 τ : A	fantastic	potential	that	remains	to	be	explored.	
◆  E.g,	search	for	right-handed	neutrino	in	Z	decays	

●  Number	of	events	depend	on	mixing	between	N	and	ν,	and	on	mN	
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A method similar to the one outlined in Section 2 was used to compute the expected number of
events. HNL production is assumed to happen in Z ! nn̄ decays with one neutrino kinematically
mixing to an HNL. If the accelerator is operated at the Z resonance, Z bosons decay in place and
the HNL lifetime is boosted by a factor

g =
mZ

2mN
+

mN

2mZ
. (3.1)

All `+`�n final states are considered detectable with a CMS-like detector with spherical symmetry.
Backgrounds from W ⇤W ⇤, Z⇤Z⇤ and Z⇤g⇤ processes can be suppressed by requiring the presence
of a displaced secondary vertex.

Figure 1 shows SHiP’s and FCC-ee’s sensitivities in the parameter space of the nMSM, for
two realistic FCC-ee configurations. The minimum and maximum displacements of the secondary
vertex in FCC-ee, referred to as r in Figure 1, depends on the characteristics of the tracking system.
Inner trackers with resolutions of the order of 100 µm and 1 mm, and outer trackers with diameters
of 1 m and of 5 m have been considered. Figure 2 shows SHiP’s sensitivity to dark photons,
compared to previous searches.

This work shows that the SHiP experiment can improve by several orders of magnitude the
current limits on Heavy Neutral Leptons, scanning a large part of the parameter space below the
B meson mass. Similarly, SHiP can greatly improve present constraints on dark photons. Right-
handed neutrinos with larger mass can be searched for at a future Z factory. The synergy between
SHiP and a future Z factory would allow the exploration of most of the nMSM parameter space for
sterile neutrinos.

Acknowledgments

This work would not have been possible without the precious theory support by M. Shaposhnikov.
We thank A. Blondel for useful discussions about the FCC-ee project. We are indebted to all our

– 3 –



Patrick Janot 

Precision	with	e+e-	colliders:	Summary	(1)	
q  The	small	mass	of	the	Higgs	boson	allows	two	options	to	be	contemplated	

◆  A	250	–	500	GeV	linear	collider:	ILC	(also	CLIC	at	√s	=	380	GeV)	
◆  A	88-370	GeV	circular	collider:	FCC-ee	(also	CEPC	at	√s	=	240	GeV)	

	
q  Precision	measurements	at	the	EW	scale	are	sensitive	to	new	physics	

◆  To	potentially	very	high	scales	(up	to	~100	TeV	with	FCC-ee)	
◆  To	potentially	very	small	couplings	(sterile	neutrinos,	dark	matter,	…)	

●  Through	a	study	of	the	Z,	W,	H,	and	top	properties	with	unprecedented	statistics	
	

q  Understanding	this	physics	requires		an	e+e-	collider	at	the	EW	scale	
◆  In	an	ideal	world,	this	understanding	can	even	profit	from	having	two	of	them	

q  Significant	synergies	(detectors)	and	real	complementarities	(physics)	
◆  Between	circular	(FCC-ee,	CEPC)	and	linear	collider	projects	(ILC,	CLIC)	

●  FCC-ee	offers	the	highest	luminosities	and	discovery	potential	(Z,	WW,	ZH)	

➨  These	features	will	remain	unchallenged	if	a	linear	collider	is	built	
●  Linear	colliders	can	reach	energies	beyond	500	GeV	

➨  This	advantage	will	remain	unique	if	the	FCC	is	built	
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Precision	with	e+e-	colliders:	Summary	(2)	
q  In	practical	terms	

◆  If	a	linear	collider	is	built,	the	FCC-ee	need	not	run	at	the	top	energy		
●  Thus	saving	some	RF	cavities	and	running	time	

➨  While	remaining	a	real	discovery	machine	
◆  If	FCC	is	built,	a	linear	collider	can	concentrate	on	the	highest	energies	

●  Where	it	is	most	effective	and	useful	

q  In	a	real	world:	both	are	technologically/politically/financially	challenging	
◆  Both	can	potentially	be	ready	for	collisions	in	the	2030’s	

●  Go	through	the	slides	again	to	form	a	personal	opinion	–	at	this	level	–	of	the	
scientific	capabilities	of	each	option				

q  If	a	choice	is	to	be	made,	high	energy	capabilities	are	essential	to	decide	
◆  The	likelihood	of	new	physics	below	1	TeV	has	reduced	considerably	with	LHC	Run1	

●  An	new	evaluation	will	have	to	be	made	after	LHC	Run2	(soon!)	

➨  High-energy	frontier	capabilities	discussed	in	3rd	lecture	
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Precision	with	e+e-	colliders:	Summary	(3)	
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