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Outline

• Higgs Production at Lepton Colliders

• Collider Options: Linear, Circular 

• Higgs Measurements at e+e- Colliders: A Few Examples

• Interpretations: Fits, model discrimination & discovery
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Will only discuss e+e- colliders 
[ µ colliders provide the possibility 
for s-channel production (+ the same 
processes as e+e-), but are still (very) 
far off the real axis ]
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A word on numbers: 
Projected precisions in flux at present, with ongoing work towards the Update of the European Strategy 
for Particle Physics. Comparisons between different projects are highly non-trivial, and are not attempted 
here. In general:

Linear Colliders: ILC & CLIC based on full simulations with realistic detector models, complete 
background and signal samples, uncheated reconstruction, event selection and analysis

Circular Colliders: FCCee using fast simulations and parametrized studies, CEPC full detector simulations 
with partial samples 
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Motivation: Pushing the SM beyond its Breaking Point

• The Standard Model makes unambiguous predictions about the couplings of the Higgs Boson, which are 
modified in many BSM models

�3

Finding New Physics in the Higgs Sector
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The precision electroweak inputs to our fit are shown
in Table VIII. For most of the entries, we have
assumed the current uncertainties, from the Particle
Data Group compilation [65]. For three of the values,
we have assumed improvements in uncertainties:
for the W mass, from LHC [66], for the Higgs boson
mass, from ILC [47], and, for the W width, from
ΓW ¼ ΓðW → lνÞ/BRðW → lνÞ, using the theoretical
value of ΓðW → lνÞ from our fit and the value of
BRðW → lνÞ that will be measured at the ILC at
250 GeV with 107 W pair events.
We have input the following errors on ratios of branching

ratios from the LHC, as described in Sec. III:

δðBRðh → ZZ$Þ/BRðh → γγÞÞ ¼ 2%

δðBRðh → ZγÞ/BRðh → γγÞÞ ¼ 31%

δðBRðh → μþμ−Þ/BRðh → γγÞÞ ¼ 12%: ðA1Þ

The full set of linear relations given in used in the fits and
the final 22 × 22 covariance matrices for the fit parameters
produced by the ILC 250 fit and the full ILC fit are
presented in the files CandV250.txt and CandV500.txt
provided in the Supplemental Material [68].
Though we used existing experimental results for the fit,

it is worth emphasizing that the fit can benefit from several
additional important measurements for which full simu-
lation studies are not yet complete. First, we plan to
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FIG. 3. Visualization of the deviations of Higgs couplings from the SM for the new physics models 1–6 discussed in Sec. VII,
compared to the uncertainties in the measurements expected from a fit to ILC data at 250 and 500 GeV.
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➫ %-level precision provides substantial discovery potential - how 
can this be achieved?

Examples from PRD 97, 053003 (2018)
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Lepton vs Hadron Colliders

• Higher cross section for Higgs production in pp (by ~ 2 orders of 
magnitude), but: very high background 109 x higher cross section


• In e+e-: background processes ~ 100 (or less) x higher cross section: 
high signal purity and efficiency possible

�4

A Question of Backgrounds

Matthias Weber 
CERN 

Higgs Session, July 7 
ICHEP 2018 
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Higgs Production in e+e- Collisions
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Evolution of Cross Sections with Energy
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Higgs Production in e+e- Collisions
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Evolution of Cross Sections with Energy
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Evolution of Cross Sections with Energy
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Higgs Production in e+e- Collisions

• Polarisation plays a role as well:

• Boosting of signal, reduction of background (or vice versa)

• Adds key additional input for global fits & increases sensitivity to new phenomena
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Evolution of Cross Sections with Energy
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e+e- Colliders at the Energy Frontier

• Very simple cost model for storage rings: 
a E4/R + b R 
(a and b taken from LEP - band using optimistic and 
pessimistic ways of calculating LEP costs) 
NB: Luminosity steeply drops with E in this scenario!


• Likewise for Linear Colliders: 
c + d E 
NB: Relative large offset due to complex infrastructure 
needed irrespective of final energy  - this makes 
storage rings more efficient up to ~ 300 GeV

�6

Constraints imposed by Physics

B. Foster - Oxford - 02/13 

Circular e+e- machines 

Very approximate cost LC vs 
circular based on minimum of 
cost model 
Cost = aE4/R + bR   
where a,b “fixed” from LEP – 
two curves are most optimistic 
and pessimistic LEP cost.  
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And it is not just about construction costs and energy: 
Power consumption, capability for polarisation,…

➫ Not a straight-forward optimisation!
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The Facilities: Rings

• “Low tech”, large circumference accelerators - as a first stage of the scientific exploitation of a circular 
tunnel - later followed by a high-energy hadron collider

• Add state-of-the-art ingredients: Nano-beams, high-gradient SCRF, …

�7

FCCee, CEPC

FCC-ee Conceptual Design Report (V0.20, 8 November 2018)

Figure 2.1: The layouts of FCC-hh (left), FCC-ee (right), and a zoomed view of the trajectories across
interaction point PG (right middle). The FCC-ee rings are placed 1 m outside the FCC-hh footprint in
the arc. In the arc the e

+ and e
� rings are horizontally separated by 30 cm. The main booster follows

the footprint of the FCC-hh. The interaction points are shifted by 10.6 m towards the outside of FCC-hh.
The beams coming toward the IP are straighter than the outgoing ones in order to reduce the synchrotron
radiation at the IP.

– The length of the free area around the IP (`⇤) and the strength of the detector solenoid are kept
constant at 2.2 m and 2 T, respectively, for all energies.

– A “tapering" scheme, which scales the strengths of all magnets, apart from the solenoids, according
to the local beam energy, taking into account the energy loss due to synchrotron radiation.

– Two RF sections per ring placed in the straight sections at PD and PJ. The RF cavities will be
common to e

+ and e
� in the case of tt.

– A top-up injection scheme to maintain the stored beam current and the luminosity at the highest
level throughout the physics run. It is therefore necessary to have a booster synchrotron in the
collider tunnel. The integrated luminosity will be reduced by more than an order without the top-
up, due to ramping (⇠ 1/2), reduction of the beam-beam parameter (⇠ 1/2 � 1/4), lower beam
current (⇠ 1/2) at a lower injection energy, loss of stability of the machine (⇠ 1/2), etc.

The FCC-ee inherits two important aspects from the previous generations of e
+
e
� circular col-

liders. At and above the tt threshold, the FCC-ee will encounter strong synchrotron radiation with the
associated rapid damping. This situation is reminiscent of earlier high-energy colliders, especially LEP2.
By contrast, at the Z pole, FCC-ee will operate with much less damping, but with a high beam current
and a large number of bunches. This mode of operation mode was successfully established by several
high-intensity colliders, such as the two B factories and DA�NE.

There are two reasons for choosing a double-ring collider. Firstly, at low energies, especially at
Z, more than 16,000 bunches must be stored to achieve the desired luminosity. This is only possible
by avoiding parasitic collisions with a double-ring collider. Secondly, at the highest energy tt, although
the optimum number of bunches reduces to ⇠30, the double ring scheme is still necessary to allow
“tapering” [151]. The local energy of the beam deviates by up to ±1.2% between the entrance and the
exit of the RF sections, with the result that the orbit deviation due to the horizontal dispersion in the
arc and the associated optical distortion becomes intolerable. The optics may even fall into an unstable

32
P R E P R I N T

100 km circumference

booster synchrotron required 
to achieve high luminosities

FCCee: 50 MW/beam

Key parameters of current CEPC ring

•100km circumference, double ring with 2 IPs
•Matching the geometry of SPPC as much as possible
•Adopt twin-aperture quads and dipoles in the ARC
•Detector solenoid 3.0T with length of 7.6m while
anti-solenoid 7.2T
•L*=2.2m, qc=33mrad, βx*=0.36m, βy*=1.5mm
•Maximum gradient of quad 136T/m (3.8T in coil)
•Tapering of magnets along the ring
•Two cell & 650MHz RF cavity
•Two dedicated surveys in the RF region for Higgs
and Z modes
•Maximum e+ beam power 30MW & e- 30MW

•Crab-waist scheme with local X/Y chromaticity

correction

•Common lattice for all energies.

synchrotron radiation power:

CEPC: up to 30 MW/beam

91 GeV - 365 GeV
91 GeV - 240 GeV



Frank Simon (fsimon@mpp.mpg.de)Higgs Physics at Lepton Colliders - Higgs Couplings 2018, November 2018

The Facilities: Linear Colliders

• High gradient linear accelerators - intrinsically upgradeable in energy (increase in length, higher-gradient 
acceleration technologies)

�8

ILC, CLIC

ILC (International Linear Collider)

superconducting RF

baseline 250 GeV, full TDR energy 500 GeV, 
potential to 1+ TeV

~ 20 km for 250 GeV
~ 30 km for 500 GeV
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The Facilities: Linear Colliders

• High gradient linear accelerators - intrinsically upgradeable in energy (increase in length, higher-gradient 
acceleration technologies)
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ILC, CLIC

ILC (International Linear Collider) CLIC (Compact Linear Collider)

2-beam acceleration

three stages from 380 GeV (11 km) to 3 TeV (50 km)

superconducting RF

baseline 250 GeV, full TDR energy 500 GeV, 
potential to 1+ TeV

~ 20 km for 250 GeV
~ 30 km for 500 GeV
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Linear Collider Detectors

�9

… similar for FCCee, CEPC

• Realistic detector concepts for Linear Colliders 
established over the last ~ 15 years

• Capitalize on (and drive) technological 

advances

• Exploit LC conditions: benign background 

levels, low event rates, collider time 
structure, …
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e+e- Colliders: Luminosities

• NB: Circular colliders can have more than one IP 
(default: 2), while for linear colliders several 
detectors do not result in an increase in statistics

�10

In Relation to the Higgs Program
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CEPC 2T Detector
ILC initial
ILC LumiUp
CLIC

November 2018November 2018

Cross-over of luminosity curves in the focus region 
of Higgs physics

• Choice of collider energy reflects luminosity 
evolution with energy: For circular colliders, 
240 GeV provides highest ZH statistics, for 
linear colliders 250 GeV is better
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Model Independence: The Pillar of Higgs Physics in e+e-

• What model independence means: Measure the 
coupling of the Higgs Bosons to elementary particles 
free from model assumptions (e.g. how it decays) 

• Requires: The “tagging” of Higgs production 

without observing the particle directly

• Not possible at hadron colliders

�11

The ZH Higgsstrahlung Process

e
+
e
� ! ZH ! µ

+
µ
�
bb̄

ILD, 250 GeV
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The ZH Higgsstrahlung Process

µ from Z

m2
rec = s+m2

Z � 2EZ
p
s

Chapter 11. SiD Benchmarking

Figure II-11.1
Recoil mass distribu-
tions following selection
cuts for e+e≠h (left)
and µ+µ≠h (right)
assuming 250 fb≠1

luminosity with 80eR
initial state polarisation
at

Ô
s = 250 GeV. The

signal in red is added
to the background in
white.

The distributions for the recoil measurements in both the e+e≠h and µ+µ≠h channels are shown
in Figure II-11.1. Main background sources include mainly di-boson production (W+W≠, ZZ).
The amount of W+W≠ background can be greatly reduced by running exclusively with the 80eR
configuration. A summary of the results of both leptonic Z modes and using both 80eR and 80eL
is given in Table II-11.1.

Table II-11.1
Summary of Higgs mass and hZ cross-section
results for di�erent channels and the di�erent
luminosity assumptions at

Ô
s = 250 GeV.

The error includes the measurement statisti-
cal error and the systematic error due to the
finite statistics of the Monte Carlo training
sample.

80eR 80eL Channel �Mh �‡hZ/‡hZ
(fb≠1) (fb≠1) (GeV)

250 0 e+e≠h 0.078 0.041
250 0 µ+µ≠h 0.046 0.037
250 0 e+e≠h + µ+µ≠h 0.040 0.027

0 250 e+e≠h 0.066 0.067
0 250 µ+µ≠h 0.037 0.057
0 250 e+e≠h + µ+µ≠h 0.032 0.043

Measuring the branching ratios of the Higgs boson is of vital importance to distinguish the SM
Higgs boson from possible alternative scenarios. For the LOI the decays of the Higgs into cc and
µ+µ≠ have been studied at

Ô
s = 250 GeV using the Higgsstrahlung process, where the Z decayed

either in qq or nn. The identification of the h æ cc decay mode took advantage of the excellent
c-tagging capabilities of SiD (see [63]) and employed neural networks to separate the cc signal from
the overwhelming h æ bb background. For the cc branching ratio, the finally achieved accuracies
are 11% (Z æ nn) and 6% (Z æ qq), respectively.

For the rare Higgs decay into µ+µ≠ the challenge is to extract the signal out of an overwhelming
Standard Model background of mainly four-fermion events. While for the Z æ nn decay mode, it
has been proven quite di�cult to extract the signal, the LOI analysis has demonstrated sensitivity
in the hadronic channel, selecting 7.6 signal events over a background event of 39.3 events with a
signal selection e�ciency of 62%. This yields a measurement of the cross-section for the process
e+e≠

æ hZ, h æ µ+µ≠ with a precision of 89%.
For the analyses at

Ô
s = 500 GeV a dataset of 500 fb≠1 was used with 80eR polarisation unless

explicitly stated otherwise.
The first analysis using the 500 GeV dataset studies the process e+e≠

æ t+t≠ and aims to
measure the t polarisation with high precision. The measurement of the t polarisation allows a search
for multi-TeV ZÕ resonances. Tightly collimated jets with only a few tracks must be reconstructed
to identify the underlying charged hadron and p0 constituents. Therefore additional reconstruction
algorithms were applied in a second pass of the reconstruction, which were dedicated for identifying t
decays. This leads to t samples with purities of 85% or larger. To measure the mean t polarisation
over all t production angles, < Pt >, the optimal observable technique [178, 179] is used. For
this study two datasets with an integrated luminosity of 250 fb≠1 each were used, one with 80eR

152 ILC Technical Design Report: Volume 4, Part II

recoil mass: 
measure only the Z!

µ from Z

e
+
e
� ! ZH ! µ

+
µ
�
bb̄

ILD, 250 GeV
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µ+µ≠ have been studied at
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s = 250 GeV using the Higgsstrahlung process, where the Z decayed

either in qq or nn. The identification of the h æ cc decay mode took advantage of the excellent
c-tagging capabilities of SiD (see [63]) and employed neural networks to separate the cc signal from
the overwhelming h æ bb background. For the cc branching ratio, the finally achieved accuracies
are 11% (Z æ nn) and 6% (Z æ qq), respectively.

For the rare Higgs decay into µ+µ≠ the challenge is to extract the signal out of an overwhelming
Standard Model background of mainly four-fermion events. While for the Z æ nn decay mode, it
has been proven quite di�cult to extract the signal, the LOI analysis has demonstrated sensitivity
in the hadronic channel, selecting 7.6 signal events over a background event of 39.3 events with a
signal selection e�ciency of 62%. This yields a measurement of the cross-section for the process
e+e≠

æ hZ, h æ µ+µ≠ with a precision of 89%.
For the analyses at
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s = 500 GeV a dataset of 500 fb≠1 was used with 80eR polarisation unless

explicitly stated otherwise.
The first analysis using the 500 GeV dataset studies the process e+e≠

æ t+t≠ and aims to
measure the t polarisation with high precision. The measurement of the t polarisation allows a search
for multi-TeV ZÕ resonances. Tightly collimated jets with only a few tracks must be reconstructed
to identify the underlying charged hadron and p0 constituents. Therefore additional reconstruction
algorithms were applied in a second pass of the reconstruction, which were dedicated for identifying t
decays. This leads to t samples with purities of 85% or larger. To measure the mean t polarisation
over all t production angles, < Pt >, the optimal observable technique [178, 179] is used. For
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Hadronic Recoils & Invisible Decays

• Significantly extending the HZ sample: 
Using hadronic Higgs decays - adds 
x4 in statistical sensitivity

• requires careful analysis setup to 

ensure model independence

�12

Fully exploiting Higgsstrahlung
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• HZ events can be used to constrain 
invisible Higgs decays: 
Limits on the few per mille level
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Precision Measurements of Couplings

• The main measurements to make:

�13

Exploring the Higgs Sector

�recoil / g2
HZZ

σ for Z recoil measurements

directly constrain the coupling of  
Higgs to Z in a model-independent way
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�13

Exploring the Higgs Sector

�recoil / g2
HZZ

σ for Z recoil measurements

directly constrain the coupling of  
Higgs to Z in a model-independent way

σ x BR for specific Higgs decays

� ⇥ BR(H! ↵) / g2
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�tot
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Precision Measurements of Couplings

• The main measurements to make:

�13

Exploring the Higgs Sector

�recoil / g2
HZZ

σ for Z recoil measurements

directly constrain the coupling of  
Higgs to Z in a model-independent way

σ x BR for specific Higgs decays

� ⇥ BR(H! ↵) / g2
Hii

g2
H↵

�tot

measure couplings to fermions and bosons using production and decay

➫ can be made model-independent in combination with the measurement of the HZ coupling in recoil
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Unique Measurements at Lepton Colliders

• H->bb: A difficult channel at LHC, a “simple” measurement in e+e-

�14

Enabled by the clean environment

• Low backgrounds, and 
highly capable detectors 
enable observations of final 
states that are hard or 
impossible at LHC

p
s = 250GeV

Z
Ldt = 250fb�1

 8

for example: H->bb discovery

at LHC at e+e-

# of Higgs produced: ~4,000,000 ~400
significance: 5.4σ 5.2σ

(Ogawa, PhD Thesis, ILD full simulation)(see talk on Tuesday Higgs/EW session)

ATLAS, arXiv:1808.08238;  
CMS, arXiv:1808.08242

with 1.3 fb-1 data ~ 2 days running

J. Tiang, LCWS 2018
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Unique Measurements at Lepton Colliders

• Higgs decays to jets: difficult (or 
impossible) at hadron colliders 
 
Measurement of H->bb, cc, gg

• Profits from excellent flavor 

tagging enabled by low-mass 
high-resolution vertex trackers 
in moderate background 
environment

�15

Enabled by the clean environment

example from CLIC
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Accessing the Couplings to First Generation Leptons

• The only chance to access couplings to first generation: Study of s-channel Higgs production in e+e- 
collisions

• Requires high luminosities and very small energy spread at 125.1 GeV

�16

A long shot - Requires extreme Luminosities

With special monochromatization setups 
for FCCee: 
Energy spreads of 10 MeV / 6 MeV may 
be achievable, at significantly reduced 
luminosity (7 ab-1/year / 2 ab-1/year)

Patrick Janot 

And	if	there	is	time	…	
q  Spend	few	years	at	√s	=	125.09	GeV	with	high	luminosity	

◆  For	s-channel	production	e+e-	→	H	(a	la	muon	collider,	with	104	higher	lumi	)	

	
◆  Expected	signal	significance	of	~0.4σ	/	√year	in	both	option	1	and	option	2	

●  Set	a	electron	Yukawa	coupling	upper	limit	:	κe	<	2.5	@	95%	C.L.	
●  Reaches	SM	sensitivity	after	five	years	(or	2.5	years	with	4	IPs)	

◆  Unique	opportunity	to	constrain	first	generation	Yukawa’s		

CERN, 16 Nov 2018 
103rd PECFA meeting 

25 

(1):	with	ISR	
(2):	δ√s	=	6	MeV		
(3):	δ√s	=	10	MeV		

S. Jadach, R.A. Kycia 
arXiV:1509.02406 q  FCC-ee	monochromatization	setups	

◆  Default:	δ√s	=	100	MeV,	25	ab-1	/	year	
●  No	visible	resonance	

◆  Option	1:	δ√s	=	10	MeV,	7	ab-1	/	year	

●  σ(e+e�	�	H)	~	100	ab	
◆  Option	2:	δ√s	=	6	MeV,	2	ab-1	/	year	

●  σ(e+e�	�	H)	~	250	ab	
◆  Backgrounds	much	larger	than	signal	

●  e+e�	�	qq,	ττ,	WW*,	ZZ*,	γγ,	…	
	

– 

D. d’Enterria 
arXiV:1701.02663 

NB: signal sits on very large backgrounds

For both options of the energy spread: Expected signal significance ~ 0.4 σ / t/[years]

➫ Upper limit of 2.5 x SM at 95% CL reachable in ~ 5 years (one IP) of dedicated running 



Frank Simon (fsimon@mpp.mpg.de)Higgs Physics at Lepton Colliders - Higgs Couplings 2018, November 2018

Directly measuring the Coupling to the Top Quark

• Direct access to the top Yukawa coupling provided by ttH final state: 
requires energy ≥ 500 GeV (ideal ~ 550 GeV - 1.5 TeV)

�17

Requires higher Energies

DRAFT

6 MODIFICATIONS OF RUNNING SCENARIOS IN CASE OF NEW PHYSICS

in the important top Yukawa coupling parameter motivates serious consideration of extending
the upper center-of-mass reach of the nominally 500 GeV ILC to about 550 GeV.

On the other hand it should be noted that for
p

s < 500 GeV the cross-section drops quickly.
For

p
s = 485 GeV, a reduction of 3% in

p
s, the uncertainty of the top Yukawa would be twice

as large as at
p

s = 500 GeV. Thus reaching at least
p

s = 500 GeV is essential to be able to
perform a meaningful measurement of the top Yukawa coupling.

Figure 20: Relative cross section and top Yukawa coupling precision versus centre-of-mass
energy, extrapolated based on scaling of signal and main background cross-sections.

6 Modifications of Running Scenarios in Case of New Physics

The above running scenarios have been derived based on the particles we know today. However
there are many good reasons to expect discoveries of new phenomena at the LHC or the ILC
itself. Obviously, such a discovery would lead to modifications of the proposed running scenar-
ios. Since the possibilities are manifold, we outline here the basic techniques which exploit the
tunability of centre-of-mass energy and beam helicities at the ILC in order to characterize new
particles. In practice, the inital run at

p
s = 500 GeV would serve as a scouting run. Careful

analysis of these data will then give some first information, which would guide the optimisation
of the running program for the following years.

Threshold Scans

As in the case of the top quark or the W boson, threshold scans are also important tools for
a precise determination of the masses of new particles. This has been studied in the literature

28

ILC
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The above running scenarios have been derived based on the particles we know today. However
there are many good reasons to expect discoveries of new phenomena at the LHC or the ILC
itself. Obviously, such a discovery would lead to modifications of the proposed running scenar-
ios. Since the possibilities are manifold, we outline here the basic techniques which exploit the
tunability of centre-of-mass energy and beam helicities at the ILC in order to characterize new
particles. In practice, the inital run at

p
s = 500 GeV would serve as a scouting run. Careful

analysis of these data will then give some first information, which would guide the optimisation
of the running program for the following years.

Threshold Scans

As in the case of the top quark or the W boson, threshold scans are also important tools for
a precise determination of the masses of new particles. This has been studied in the literature

28

ILC: ΔgttH/gttH ~ 6.3% with 4 ab-1 @ 500 GeV

would be ~ 3% @ 550 GeV  
(and ~ 13% @ 485 GeV: achieving design energy critical!)

CLIC: ΔgttH/gttH ~ 2.9% with 2.5 ab-1 @ 1.4 TeV

ILC
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Measuring the Higgs Self-Coupling 

�18

Requires higher Energies - may be the ultimate Challenge in Higgs Physics

• Two processes with double Higgs final states 
provide access to the self-coupling λ:

the final state also receives contributions 
from the quartic coupling
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Measuring the Higgs Self-Coupling 

�18

Requires higher Energies - may be the ultimate Challenge in Higgs Physics

• Two processes with double Higgs final states 
provide access to the self-coupling λ:

the final state also receives contributions 
from the quartic coupling

04/09/2018 Philipp Roloff Higgs at ILC & CLIC 25

Higgs self-coupling measurements

• ILC, √s = 500 GeV, L = 4 ab−1:
Δλ/λ = 27%

Model-independence demonstrated 
using EFT framework

• CLIC, √s = 1.4 TeV, L = 2.5 ab−1

+ √s = 3 TeV, L = 5 ab−1: Δλ/λ = 13%

• Complementarity of the two 
production processes:
λ > λ

SM
: σ(ZHH) at 500 GeV enhanced

λ < λ
SM

: σ(HHv
e
v

e
) at high energy enhanced

Based on Eur. Phys. J. C 77, 475 (2017)

DESY-THESIS-2016-027

Phys. Rev. D97, 053004 (2018)

cross section depends non-
linearly on λ, measurements 
at different energies / of 
different processes lift 
degeneracies
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Higgs self-coupling measurements

• ILC, √s = 500 GeV, L = 4 ab−1:
Δλ/λ = 27%

Model-independence demonstrated 
using EFT framework

• CLIC, √s = 1.4 TeV, L = 2.5 ab−1

+ √s = 3 TeV, L = 5 ab−1: Δλ/λ = 13%

• Complementarity of the two 
production processes:
λ > λ

SM
: σ(ZHH) at 500 GeV enhanced

λ < λ
SM

: σ(HHv
e
v

e
) at high energy enhanced

Based on Eur. Phys. J. C 77, 475 (2017)

DESY-THESIS-2016-027

Phys. Rev. D97, 053004 (2018)

cross section depends non-
linearly on λ, measurements 
at different energies / of 
different processes lift 
degeneracies

ILC: Using the ZHH process

Δλ/λ ~ 27% with 4 ab-1 @ 500 GeV

CLIC: A combination of ZHH (1.4 TeV) 
and ννHH (1.4 TeV + 3 TeV), combining 
cross section and MHH differential

Δλ/λ ~[-7%, +11%] with  
2.5 ab-1 @ 1.4 TeV, 5 ab-1 @ 3 TeVDRAFT

2 CLIC physics overview

Parameter Relative precision

350GeV + 1.4TeV + 3TeV
1ab�1 + 2.5ab�1 + 5ab�1
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CLIC results of the model-dependent fit to the Higgs coupling, without theoretical uncertainties. For
kHtt , the 3TeV case has not yet been studied. Operation with �80% (+80%) electron beam

polarisation is assumed for 80% (20%) of the collected luminosity above 1 TeV, corresponding to the
baseline scenario. (image credit: CLICdp)
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Figure 4: Nominal Dc2 distributions from template fitting with different values of the Higgs self-coupling
l , shown for the variation Dkl from the SM value of kl = 1 and using (a) only cross section
information for the HHnene process at 3 TeV; (b) additionally using the differential distribution
M(HH) in HHnene at 3 TeV and the cross section measurement of ZHH at 1.4 TeV. In this case
the ambiguity is removed and the sensitivity is increased. (image credit: CLICdp)

2.3 Top quark physics potential543

The top quark is the heaviest known fundamental particle and occupies an important role in many BSM544

theories; it therefore provides unique opportunities to test the SM and probe signatures of BSM effects.545
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1. Introduction
The CLIC physics program includes a thorough study of the Higgs sector with measurements at all
three energy stages, 350 GeV, 1.4 TeV and 3 TeV. These measurements include the model-independent
measurement of Higgs production in ZH events, the measurement of decays into fermions and bosons
as well as the coupling to the top quark and the self-coupling. To study the impact of this program, the
expected precision for all relevant couplings is studied via combined fits, both in a model-independent
way and in a model-dependent fit following the strategies used also at the LHC. Since the self-coupling
of the Higgs is obtained in a separate analysis and does not contribute to the other couplings it is not
considered in the fits presented here. At present, only statistical uncertainties are considered, and theory
uncertainties in the model-dependent fit are ignored.

2. General Fit Strategy
The extraction of the coupling uncertainties is based on c2 fits using MINUIT. The model-independent fit
has been cross-checked with an independent implementation of a maximum likelihood fit in the Bayesian
Analysis Toolkit (BAT) framework, which obtains fully consistent results. Here, only the c2 fit is dis-
cussed in detail. To perform the fit, a global c2 is constructed from the sum of individual c2 values for
each independent measurement and its respective statistical uncertainty at CLIC. These measurements
are either a total cross section s in the case of the measurement of e+e� ! ZH via the recoil mass tech-
nique or cross section ⇥ branching ratio s ⇥BR for specific Higgs production modes and decays. To
obtain the expected sensitivity for CLIC it is assumed that for all measurements the value expected in the
SM has been measured, so only the statistical uncertainties of each measurement are actually used in the
c2 calculation. The c2 for one individual measurement is then given by

c2
i =

(Ci �1)2

DF2
i

, (1)

where Ci is the combination of Higgs couplings (and total width, if applicable) describing the particular
measurement, and DFi is the statistical uncertainty of the measurement of the considered process. The
full c2 then is given by

c2 = Â
i

(Ci �1)2

DF2
i

. (2)

The Ci’s depend on the particular measurements and on the type of fit (model-independent or
model-dependent), given in detail below. The results of the individual measurements used in the fits are
summarized in Appendix A.

3. Model-independent Fit
The model-independent fit makes minimal assumptions, such as the zero-width approximation to provide
the description of the individual measurements in terms of Higgs couplings and of the total width. Here,
the Ci’s take the following form: For the total cross section of e+e� ! ZH, it is given by

CZH = g2
HZZ, (3)

while for specific final states such as e+e� ! ZH, H ! bb̄ and e+e� ! Hnen̄e, H ! bb̄ it is given by

CZH,H!bb̄ =
g2

HZZg2
Hbb

GH
(4)

and

CHnen̄e,H!bb̄ =
g2

HWWg2
Hbb

GH
, (5)

2

minimize a χ2 with 
all measurements:
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constraints imposed on BSM decays

• “Model-dependent κ” fit the same as the MI fit, with the total width 
constrained to the sum of the SM decays
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Table 1: Results of the model-independent fit. Values marked ”-” can not be measured with sufficient precision
at the given energy, while values marked ”tbd” have not yet been studied, but should result in a considerable
improvement of the precision.

parameter precision
350 GeV 350 GeV + 1.4 TeV 350 GeV + 1.4 GeV + 3 TeV

gHZZ 2.1% 2.1% 2.1%
gHWW 2.6% 2.1% 2.1%
gHbb 2.8% 2.2% 2.1%
gHcc 3.8% 2.4% 2.2%
gHtt 4.0% 2.5% tbd
gHµµ - 10.7% 5.6%
gHtt - 4.5% tbd
gHgg 4.1% 2.3% 2.2%
gHgg - 5.9% tbd
GH 9.2% 8.5% 8.4%

Model as
k2

i =
Gi

Gi|SM
. (6)

In this scenario, the total width is given by the sum of the nine partial widths considered, which is
equivalent to assuming no invisible Higgs decays. The variation of the total width from is SM value is
thus given by

GH,md = Â
i

k2
i BRi, (7)

where BRi is the SM branching fraction for the respective final state. To obtain this branching fractions,
a fixed value for the Higgs mass has to be made. For the purpose of this study, 126 GeV is assumed.
The branching ratios are taken from the LHC Higgs cross-section working group, ignoring theoretical
uncertainties. To exclude effects from numerical rounding errors, the total sum of BR’s is normalized to
unity.

With these definitions, the Ci’s in the c2 take the following form, analogous to the model-independent
fit: For the total cross section of e+e� ! ZH, it is given by
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while for specific final states such as e+e� ! ZH, H ! bb̄ and e+e� ! Hnen̄e, H ! bb̄ it is given by
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respectively.
Since at the first energy stage of CLIC no significant measurements of the H ! µ+µ� and H ! gg

decays are possible, the fit is reduced to six free parameters (the coupling to top is also not constrained,
but this is without effect on the total width) with an appropriate rescaling of the branching ratios used in
the total width for 350 GeV.

As in the model-independent case the fit is performed in three stages, taking the statistical errors
of CLIC at the three considered energy stages (350 GeV, 1.4 TeV, 3 TeV) successively into account.
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Interpreting Higgs Measurements

• The Higgs coupling measurements at any present and future collider unfold their full potential in global fits 
of all observables - possibly beyond Higgs measurements alone

• The evaluation of the potential of future colliders is based on such fits using projected precisions on 

various Higgs (and other) measurements as input

�19

A Word on Fits

Typical fits used in this context:

• “Model-independent” fit

N.B.: Not fully model independent, 
does not account for certain possible 
BSM features of HV couplings

August 5, 2013 – 14 : 49 DRAFT

1. Introduction
The CLIC physics program includes a thorough study of the Higgs sector with measurements at all
three energy stages, 350 GeV, 1.4 TeV and 3 TeV. These measurements include the model-independent
measurement of Higgs production in ZH events, the measurement of decays into fermions and bosons
as well as the coupling to the top quark and the self-coupling. To study the impact of this program, the
expected precision for all relevant couplings is studied via combined fits, both in a model-independent
way and in a model-dependent fit following the strategies used also at the LHC. Since the self-coupling
of the Higgs is obtained in a separate analysis and does not contribute to the other couplings it is not
considered in the fits presented here. At present, only statistical uncertainties are considered, and theory
uncertainties in the model-dependent fit are ignored.

2. General Fit Strategy
The extraction of the coupling uncertainties is based on c2 fits using MINUIT. The model-independent fit
has been cross-checked with an independent implementation of a maximum likelihood fit in the Bayesian
Analysis Toolkit (BAT) framework, which obtains fully consistent results. Here, only the c2 fit is dis-
cussed in detail. To perform the fit, a global c2 is constructed from the sum of individual c2 values for
each independent measurement and its respective statistical uncertainty at CLIC. These measurements
are either a total cross section s in the case of the measurement of e+e� ! ZH via the recoil mass tech-
nique or cross section ⇥ branching ratio s ⇥BR for specific Higgs production modes and decays. To
obtain the expected sensitivity for CLIC it is assumed that for all measurements the value expected in the
SM has been measured, so only the statistical uncertainties of each measurement are actually used in the
c2 calculation. The c2 for one individual measurement is then given by

c2
i =

(Ci �1)2

DF2
i

, (1)

where Ci is the combination of Higgs couplings (and total width, if applicable) describing the particular
measurement, and DFi is the statistical uncertainty of the measurement of the considered process. The
full c2 then is given by

c2 = Â
i

(Ci �1)2

DF2
i

. (2)

The Ci’s depend on the particular measurements and on the type of fit (model-independent or
model-dependent), given in detail below. The results of the individual measurements used in the fits are
summarized in Appendix A.

3. Model-independent Fit
The model-independent fit makes minimal assumptions, such as the zero-width approximation to provide
the description of the individual measurements in terms of Higgs couplings and of the total width. Here,
the Ci’s take the following form: For the total cross section of e+e� ! ZH, it is given by

CZH = g2
HZZ, (3)

while for specific final states such as e+e� ! ZH, H ! bb̄ and e+e� ! Hnen̄e, H ! bb̄ it is given by

CZH,H!bb̄ =
g2

HZZg2
Hbb

GH
(4)

and

CHnen̄e,H!bb̄ =
g2

HWWg2
Hbb

GH
, (5)

2

minimize a χ2 with 
all measurements:
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the description of the individual measurements in terms of Higgs couplings and of the total width. Here,
the Ci’s take the following form: For the total cross section of e+e� ! ZH, it is given by
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…
ΔFi: uncertainty of measurement 
(σ or σxBR)

total width as a free parameter: no 
constraints imposed on BSM decays

• “Model-dependent κ” fit the same as the MI fit, with the total width 
constrained to the sum of the SM decays
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Table 1: Results of the model-independent fit. Values marked ”-” can not be measured with sufficient precision
at the given energy, while values marked ”tbd” have not yet been studied, but should result in a considerable
improvement of the precision.

parameter precision
350 GeV 350 GeV + 1.4 TeV 350 GeV + 1.4 GeV + 3 TeV

gHZZ 2.1% 2.1% 2.1%
gHWW 2.6% 2.1% 2.1%
gHbb 2.8% 2.2% 2.1%
gHcc 3.8% 2.4% 2.2%
gHtt 4.0% 2.5% tbd
gHµµ - 10.7% 5.6%
gHtt - 4.5% tbd
gHgg 4.1% 2.3% 2.2%
gHgg - 5.9% tbd
GH 9.2% 8.5% 8.4%

Model as
k2

i =
Gi

Gi|SM
. (6)

In this scenario, the total width is given by the sum of the nine partial widths considered, which is
equivalent to assuming no invisible Higgs decays. The variation of the total width from is SM value is
thus given by

GH,md = Â
i

k2
i BRi, (7)

where BRi is the SM branching fraction for the respective final state. To obtain this branching fractions,
a fixed value for the Higgs mass has to be made. For the purpose of this study, 126 GeV is assumed.
The branching ratios are taken from the LHC Higgs cross-section working group, ignoring theoretical
uncertainties. To exclude effects from numerical rounding errors, the total sum of BR’s is normalized to
unity.

With these definitions, the Ci’s in the c2 take the following form, analogous to the model-independent
fit: For the total cross section of e+e� ! ZH, it is given by

CZH = k2
HZZ, (8)

while for specific final states such as e+e� ! ZH, H ! bb̄ and e+e� ! Hnen̄e, H ! bb̄ it is given by

CZH,H!bb̄ =
k2

HZZk2
Hbb

GH,md
(9)

and

CHnen̄e,H!bb̄ =
k2

HWWk2
Hbb

GH,md
, (10)

respectively.
Since at the first energy stage of CLIC no significant measurements of the H ! µ+µ� and H ! gg

decays are possible, the fit is reduced to six free parameters (the coupling to top is also not constrained,
but this is without effect on the total width) with an appropriate rescaling of the branching ratios used in
the total width for 350 GeV.

As in the model-independent case the fit is performed in three stages, taking the statistical errors
of CLIC at the three considered energy stages (350 GeV, 1.4 TeV, 3 TeV) successively into account.
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• “Model-independent EFT” fit
A global fit of Higgs and other EW observables parametrizing deviations from the SM by various 
operators - allows for couplings not included in κ fit, includes connections between W and Z couplings
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Extracting the Total Width

�20

Model independent measurement at high precision

• e+e- colliders provide the possibility for a model-independent measurement of the total width at the level of 
a few %:
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Extracting the Total Width

�20

Model independent measurement at high precision

• e+e- colliders provide the possibility for a model-independent measurement of the total width at the level of 
a few %:

�(ZH) / g2
HZZ

�(ZH)⇥ BR(H ! ZZ) / g4
HZZ

�tot
and

➫ The low BR of H->ZZ and correspondingly large uncertainties make this determination relatively imprecise

• In the “model-independent fit” framework the total width is obtained from production and decay of the Higgs:



Frank Simon (fsimon@mpp.mpg.de)Higgs Physics at Lepton Colliders - Higgs Couplings 2018, November 2018

Extracting the Total Width

�20

Model independent measurement at high precision

�(H⌫e⌫e)⇥ BR(H ! WW
⇤
) / g4

HWW

�tot

�(e+e� ! ZH)⇥ BR(H ! bb̄)

�(e+e� ! H⌫e⌫e)⇥ BR(H ! bb̄)
/ g2

HZZ

g2
HWW

➫ Profits substantially from higher energy, where WW fusion becomes relevant:

need the “model-independent anchor” 
of the ZH measurement

• e+e- colliders provide the possibility for a model-independent measurement of the total width at the level of 
a few %:

�(ZH) / g2
HZZ

�(ZH)⇥ BR(H ! ZZ) / g4
HZZ

�tot
and

➫ The low BR of H->ZZ and correspondingly large uncertainties make this determination relatively imprecise

• In the “model-independent fit” framework the total width is obtained from production and decay of the Higgs:
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Extracting the Total Width
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Model independent measurement at high precision
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➫ Higher energies important for width measurements  

➫ In EFT fits W and Z are connected, there the width can be well constrained also without WW fusion

• e+e- colliders provide the possibility for a model-independent measurement of the total width at the level of 
a few %:
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➫ The low BR of H->ZZ and correspondingly large uncertainties make this determination relatively imprecise

• In the “model-independent fit” framework the total width is obtained from production and decay of the Higgs:
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Perspectives on Precision

• Comparisons of the potential of different colliders are non-straightforward: The projections are based on 
different levels of realism / pessimism / optimism in detector modeling, analysis techniques, systematic 
uncertainties and machine parameters / running scenarios,… 

�21

Still in flux - Meant as a rough Guide

Here: Taking the “model independent” fit results - combine the projected uncertainties on σxBR

ILC 250 ILC 500 CLIC 380 CLIC 3 TeV CEPC FCCee 240 FCCee 365
δgHZZ/gHZZ 0.38 0.30 0.6 0.6 0.25 0.25 0.22
δgHWW/gHWW 1.8 0.40 1.0 0.6 1.4 1.3 0.47
δgHbb/gHbb 1.8 0.60 2.1 0.7 1.3 1.4 0.68
δgHcc/gHcc 2.4 1.2 4.4 1.4 2.2 1.8 1.23
δgHgg/gHgg 2.2 0.97 2.6 1.0 1.5 1.7 1.03
δgHττ/gHττ 1.9 0.80 3.1 1.0 1.5 1.4 0.80
δgHµµ/gHµµ 5.6 5.1 5.7 8.7 9.6 8.6
δgHγγ/gHγγ 1.1 1.0 2.3 3.7 4.7 3.8
δgHtt/gHtt - 6.7 - 3.0 - - -
δΓH/ΓH 3.9 1.7 4.7 2.5 2.8 2.8 1.6

ILC 250: 2 ab-1 @ 250 GeV

ILC 500: +0.2 ab-1 @ 350 GeV 

               + 4 ab-1 @ 500 GeV

CLIC 380: 1 ab-1 @ 380 GeV

CLIC 3 TeV: + 2.5 ab-1 @ 1.5 TeV 

               + 5 ab-1 @ 3 TeV

CEPC: 5.6 ab-1 @ 240 GeV

FCCee 240: 5 ab-1 @ 240 GeV

FCCee 365: + 1.5 ab-1 @ 365 GeV 
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• Comparisons of the potential of different colliders are non-straightforward: The projections are based on 
different levels of realism / pessimism / optimism in detector modeling, analysis techniques, systematic 
uncertainties and machine parameters / running scenarios,… 
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A Closer Look at ILC - in relation to LHC

• ILC (and other e+e- colliders) provide model-independent 
measurements of couplings - can be used to extend 
model independence to LHC measurements

�22
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• ILC (and other e+e- colliders) go substantially beyond HL-
LHC precision for a model-dependent analysis of Higgs 
results - 1 order of magnitude improvement in key channels
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Discovery Stories in the Higgs Sector

• Precision measurements of couplings 
may show deviations from the Standard 
Model

• “Fingerprinting” of deviation pattern 

reveals underlying mechanisms
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Figure 2: Run plan for the staged ILC starting with a 250-GeV machine under two di↵erent
assumptions on the achievable instantaneous luminosity at 250GeV. Both cases reach the
same final integrated luminosities as in Fig. 1.

3 E↵ective Field Theory approach to precision measurements
at e+e� colliders

The goal of the ILC program on the Higgs boson is to provide determinations of
the various Higgs couplings that are both high-precision and model-independent.

It is easy to see how this can be achieved for some combinations of Higgs couplings.
In the reaction e+e� ! Zh, the Higgs boson is produced in association with a Z boson
at a fixed lab-frame energy (110 GeV for

p
s = 250 GeV). Up to small and calculable

background from e+e� ! ZZ plus radiation, observation of a Z boson at this energy
tags the presence of a Higgs boson. Then the total cross section for e+e� ! Zh can
be measured absolutely without reference to the Higgs boson decay mode, and the
various branching ratios of the Higgs boson can be observed directly.

The di�culty comes when one wishes to obtain the absolute strength of each Higgs
coupling. The coupling strength of the Higgs boson to AA can be obtained from the
partial width �(h ! AA), which is related to the branching ratio through

BR(h ! AA) = �(h ! AA)/�h , (1)

where �h is the total width of the Higgs boson. In the Standard Model (SM), the width
of a 125 GeV Higgs boson is 4.1 MeV, a value too small to be measured directly from
reaction kinematics. So the width of the Higgs boson must be determined indirectly,
and this requires a model formalism.

In most of the literature on Higgs boson measurements at e+e� colliders, the width
is determined using the  parametrization. One assumes that the Higgs coupling to

8
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partial width �(h ! AA), which is related to the branching ratio through
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where �h is the total width of the Higgs boson. In the Standard Model (SM), the width
of a 125 GeV Higgs boson is 4.1 MeV, a value too small to be measured directly from
reaction kinematics. So the width of the Higgs boson must be determined indirectly,
and this requires a model formalism.

In most of the literature on Higgs boson measurements at e+e� colliders, the width
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Figure 2: Graphical representation of the �2
separation of the Standard Model and the

models 1–9 described in the text: (a) with 2 ab
�1

of data at the ILC at 250 GeV; (b)

with 2 ab
�1

of data at the ILC at 250 GeV plus 4 ab
�1

of data at the ILC at 500 GeV.

Comparisons in orange have above 3 � separation; comparison in green have above 5 �
separation; comparisons in dark green have above 8 � separation.
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• Discrimination power between models illustrated with 
EFT fit of ILC projections
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• higher energy may be decisive
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The Path towards the Real Axis

• Decisions on next generation of facilities expected in the coming year(s): 

• Statement from Japan on ILC expected in coming weeks - possible site in Kitakami, north of Sendai

• Update of European Strategy for Particle Physics: Towards the next project at CERN, but also with 

global consequences

�24

Waiting for Green Light… and for Strategies
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Waiting for Green Light… and for Strategies

• ILC technology ready: 
European XFEL at DESY in operation, 
a 10% prototype of ILC main LINAC
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Conclusions

• e+e- colliders provide the natural next step beyond HL-LHC for a thorough exploration of the Higgs sector:

• Model-independent measurements of couplings and total width

• Improvement of precision by up to an order of magnitude in many channels

• Access to couplings difficult or impossible to measure at LHC


• Two classes of colliders under discussion:

• Circular colliders FCCee, CEPC, with high luminosity for the ZH process and a maximum reach of 365 GeV

• Linear colliders ILC and CLIC, with polarized beams and intrinsic energy upgradeability, currently up to 3 TeV

• Uniquely capable of measuring the self-coupling - requires TeV+ energies for precision measurements


• It is decision time:

• Concrete statement from Japan expected before the end of the year

• Update of European Strategy for Particle Physics to set future directions at CERN (and elsewhere) in 2020

• Progress in China towards CEPC / SppC
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Extras
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Linear Colliders

• Future e+e- colliders need:

• High energy to explore the energy frontier

• High luminosity to cope with falling cross sections, 

and to make precision measurements

�27

Key Elements & Performance Drivers

For linear colliders, this means:

• High acceleration gradient

• Extreme focusing of beams

detector

e- source e+ source

main linac main linac

Considerable complexity:  
“offset” in the costs in the 
“zero energy limit”
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➫ The linear layout provides a straight-forward energy upgrade path!
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Linear Colliders

• Two collider concepts - based on different main linac technologies:
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Linear Colliders

• Two collider concepts - based on different main linac technologies:
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Main Technological Options

The International Linear Collider

• Superconducting RF structures, ~ 35 MV/m

The Compact Linear Collider

• Warm structures, 2 beam acceleration, ~ 100 MV/m

• Fully established technology, used in European 
XFEL recently constructed at DESY (a ~ 10% 
prototype of the ILC main linac)

• All key steps successfully demonstrated: 
high-current drive beam, power transfer & 
acceleration, 100 MV/m gradient


• In progress: Industrialization, application in 
smaller facilities
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Linear Colliders

• Concrete worked-out designs for both facilities
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Plans for Facilities

• ILC: Technical Design Report in 2013

• A staged machine, with an initial energy of 380 GeV 
and ultimate energy of 3 TeV

• CLIC: Conceptual Design Report in 2012

• Now proposed as a 250 GeV machine, 
upgradeable to 500 GeV, with ultimate potential to 
1 - 1.5 TeV
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Schedule: CLIC
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The Road to Physics


