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Text:

At  the  Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  is  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)  a

W3-­S-­Chair  of  "Theoretical  Particle  ─  development  of  theories  beyond  the

Standard  Model"

to  be  filled  as  soon  as  possible.

DESY  is  one  of  the  leading  centers  for  Astroparticle  and  Particle  Physics.  The  research

program  of  particle  physics  includes  a  strong  involvement  in  the  LHC  experiments  and

basic  research  in  the  field  of  theoretical  particle  in  the  Standard  Model  and  possible

extensions.  The  Institute  of  Physics,  Humboldt  University  is  also  involved  with  two

professorships  at  the  LHC  experiment  ATLAS.  The  research  interests  of  the  working  groups

in  the  field  of  theoretical  particle  physics  ranging  from  mathematical  physics  on  the

phenomenology  of  particle  physics  to  lattice  gauge  theory.

Candidates  /  students  should  be  expelled  through  excellence  with  international  recognition

in  the  field  of  theoretical  particle  physics  with  a  focus  on  the  development  of  models

beyond  the  Standard  Model.  Is  expected  to  close  cooperation  with  the  resident  at  the

Humboldt  University  workgroups.  In  addition  to  the  development  of  possible  standard

model  extensions  and  phenomenological  studies  of  experimental  verification  to  be  carried

out.  Place  special  emphasis  send  the  Higgs  physics.  It  is  expected  that  he  /  she  maintains

the  scientific  contacts  between  DESY  and  the  HU  and  active  in  the  DFG  Research  Training

Group  GK1504  "Mass,  Spectrum,  Symmetry:  Particle  Physics  in  the  Era  of  the  Large

Hadron  Collider"  cooperates.  He  /  she  should  be  at  all  levels  of  teaching  in  physics  at  the

HU  participate  (2  LVS)  and  will  have  the  opportunity  to  acquire  outside  of  a  creative

research  program.

Applicants  /  inside  must  meet  the  requirements  for  appointment  as  a  professor  /  to

professor  in  accordance  with  §  100  of  the  Berlin  Higher  Education  Act.

DESY  and  HU  aim  to  increase  the  proportion  of  women  in  research  and  teaching  and  calling

for  qualified  scientists  urgently  to  apply.  Severely  disabled  applicants  /  will  be  given

DESY

Markus Diehl

Deutsches Elektronen-Synchroton DESY

Collider physics

in Hamburg

Theory Jamboree

Hamburg, 12 June 2015
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Physics Intro
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The equations of the [SM] have been tested with far greater 
accuracy, and under far more extreme conditions, than are 
required for applications in chemistry, biology, engineering, 
or astrophysics. While there certainly are many things we don’t 
understand, we do understand the Matter we’re made from, 
and that we encounter in normal life – even if we’re chemists, 
engineers, or astrophysicists (sic: DM!)

A unique moment in the history of physics
The Higgs discovery is the triumph of XXth century physics

combination of Quantum Mechanism + Special Relativity

For the first time in the history of physics,
we have a *consistent* description of the fundamental constituents of matter and their 
interactions and this description can be extrapolated to very high energy (up MPlanck?)
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[and we, HEP practitioners, are all entitled for some royalties!]

The SM and... the LHC data so far

rules the world!
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is not enough
[and we all have to return our royalties!]

+...

Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.

3

 Neutrino masses
 Dark Matter
 Dark Energy
 Quantum gravity

{

!5

Where and how does the SM break down?
Which machine(s) will reveal (best)  this breakdown?

The SM and... the rest of the Universe

we do not understand the Matter the Universe is made from
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Which Machine(s)?

!6

Leptons
 S/B ~ 1 ➾ measurement?

 polarized beams 
        (handle to chose the dominant process)

 limited (direct) mass reach

 identifiable final states 

 ➾ EW couplings  

 higher luminosity 
 several interaction points
 precise E-beam measurement

  ( O(0.1MeV) via resonant depolarization) 

 √s limited by synchroton radiation

Circular Linear
 easier to upgrade in energy 

 easier to polarize beams

“greener”: less power consumption*

 large beamsthralung 

 one IP only
*energy	consump.on	per	integrated	luminosity	is	lower	at	circular	colliders	but	the	energy	consump.on	per	GeV	is	lower	at	linear	colliders	

 large mass reach ➾ exploration?
 S/B ~ 10-10 (w/o trigger)
 S/B ~ 0.1 (w/ trigger)
 requires multiple detectors 

                (w/ optimized design) 

 only pdf access to √s
 ➾ couplings to quarks and gluons

Hadrons

^

 larger √s 
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                (w/ optimized design) 

 only pdf access to √s
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^
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The challenges of big colliders:
- energy: 1013 larger than everyday life batteries 

- magnetic field: 104 larger than everyday life magnets
Cannot use permanent magnets:

currents needed in 16T magnets ~ intramolecular fields (100 MV/m).
Going higher will imply a reorganisation of matter!

→ Plasma wakefield acceleration

Exercise: with 2 magnets of 1T, can you build a magnet of 2T?
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Choice between different options: delicate balance between
physics return, technological challenges and feasibility, 

time scales for completion and exploitation, financial and political realities

Exploration machines are at the heart of HEP
Current consensus towards European Strategy Update:

the best way to go to energy frontier is to start with a e+e- Higgs 
factory

 Higher luminosity
 Z-pole run

 Can be extended in energy
 Polarised beams

Linear or Circular?

Three relevant questions to address to help taking a decision: 
1) Impact of Z pole measurements?

2) Benefit of beam polarisation?
3) Is low energy a limitation?
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Fundamental Property of SM: Chirality
Wu ‘56

One needs a new phenomena 
to generate mass:

Higgs mechanism

Weak interaction 
(force responsible for neutron decay)

is chiral!

[eL and eR are fundamentally two different particles
Only an accident of the history of physics that 

they are both called electron]

me=0

SR+QM

The Higgs boson is 
a special element of the SM

It needs to be studied further
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Fundamental Property of SM: Chirality
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One needs a new phenomena 
to generate mass:

Higgs mechanism

Weak interaction 
(force responsible for neutron decay)

is chiral!

[eL and eR are fundamentally two different particles
Only an accident of the history of physics that 

they are both called electron]

me=0

SR+QM

The Higgs boson is 
a special element of the SM

It needs to be studied further

Dextrorotation and Levorotation are essential for life to develop. 
To the best of our knowledge, 

in molecular biology, chirality seems an emergent property.
At least, there is no clear evidence that it follows from chirality of the weak interactions.

Are the chiral nature of the weak interactions emergent too?
Some models of grand unification predict it. But we still don’t know for sure.
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 Disagreements between theory predictions and experimental data
↪ e.g. Newton/Galileo mechanics and constant speed of light

 Apparent fine-tunings
↪ charm quark to screen the Kaon mass difference

 Theoretical inconsistencies
↪ W boson to regularise Fermi theory,  Higgs boson to unitarize WW scattering

 Serendipity
↪ CMB discovery

 Surprises
↪ muon

Discovering New Physics: the ways forward
new discoveries could follow from 

Post-Higgs discovery: SM has no (major) theoretical inconsistencies 
apart maybe black hole information paradox which might require soft hairs i.e. massless particles 

with zero momentum located at the infinite future boundary of the horizon 
(Hawking, Perry, Strominger ’16)

Need powerful machines to explore the unknown 
through the intensity and energy frontiers

http://arxiv.org/abs/1601.00921


Christophe Grojean Future Colliders WHEPS, Aug. 26-28, 2019!9

The LHC Legacy (so far)

 SM confirmed to high accuracy up to energies of several TeV

 Higgs boson discovered

 Absence of new physics
Traditional models are under siege

New approaches: relaxion, Nnaturalness, clockwork…
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Particle Physics Frontiers

!10

the 3 frontiers are dynamical  
and might be more intertwined  

than originally thought

Theory Frontiers

 BSM  
 model building

 SM precision

no BSM major discovery   
without a thorough understanding  

of SM background

Particle Physics Frontiers

Intensity Energy

Cosmic synergy fuels progress⬄⬄
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The SM challenges

!11

Statistical uncertainty will become less and less important ↔ Systematics wall will be faced
— So progress requires —

• Better control of parametric uncertainties, e.g. PDFs, αs, mt, mH

• Higher order theoretical computations, e.g. N…NLO
• Access to phase-space limited regions
• Understand correlations among different bins in diff. distributions

Status of NNLO

14

NNLO scale uncertainty bands of 1-2%. 

Is the theory uncertainty indeed 1-2%? 

theoretical uncertainties

S. Farry | University of Liverpool 24/22

Don’t think future HEP 
is only EXP-business.

Theorists have 
to work harder too!
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The QCD frontiers

!12
32

Technical challenges for the HL/HE-program:  

•  NNLO 2 → 3 processes, e.g. 

‣Production of 3 vector bosons (VVV) [quartic couplings]

‣Higgs plus di-jet production [background to VBF Higgs production]

‣VBF W/Z production

‣Productions of 3 jets [strong coupling, PDFs, …]


• Internal masses

‣Higgs at large transverse momentum, currently described only at LO 

accuracy

‣Mixed QCD+EW corrections (short term: assess ambiguity in how they are 

combined; long term: compute genuine mixed corrections)  


• NNLO production and decay, e.g. 

‣NNLO top production and decay 


• Off-shell effects/interferences 

•Merging of NNLO to parton showers for complicated processes

• Improve logarithmic accuracy of parton showers 
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https://indico.cern.ch/event/647676/contributions/2759732/attachments/1549694/2434146/HighLumi2017.pdf
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What is the scale of New Physics?

Where is everybody?

 compressed spectra 

 displaced vertices

 no MET, soft decay products, long decay chains

 uncoloured new physics

even new physics at few hundreds of GeV might be difficult to see and could escape LHC detection

    

  

  

 R-susy

 Neutral naturalness 
     (twin Higgs, folded susy)

 Relaxion

small FCNC:

tiny neutrino masses:

slow proton decay:

High Scale Wishes

gFµ⌫ ̄H�
µ⌫
 

M
2
NP

(LH)2

MNP

UUDE

M2
NP

Low Scale Wishes

light susy?

small EDMs:

tiny vacuum energy:

light Higgs boson:

argdetY  10�10

m2
H

⇡ M2
NP � (125GeV)2

⇤ ⇡ M4
NP �

�
10�3eV

�4
axion?

?

↪

↪

↪

103TeV?

1014GeV?

1016GeV?



Christophe Grojean Future Colliders WHEPS, Aug. 26-28, 2019!14

What is the scale of New Physics?
going beyond theoretical prejudices

matter distribution in galaxies and clusters

self-interacting DM

m� ⇠ 1� 100MeV

light mediators

�/m� ⇠ 1 cm2/g

➾ ➾

≫

WIMP self-interactions

neutrino mass

m⌫ ⇡ y2v2

MR

y ⇠ O(1)

MR ⇠ 1014 GeV MR ⇠ 10GeV

y ⇠ O(10�7)
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Figure 8: Regions of sensitivity for sterile neutrinos as a
function of mass and mixing to light neutrinos (normal
hierarchy): for 1012

Z decays occurring between 10 cm
and 1 m from the interaction point (a), same for 1013

Z

decays (b), for 1013
Z decays occurring between 100 µm

and 1 m from the interaction point (c).
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Figure 9: Regions of sensitivity for sterile neutrinos as a
function of mass and mixing to light neutrinos (inverted
hierarchy): for 1012

Z decays occurring between 10 cm
and 1 m from the interaction point (a), same for 1013

Z

decays (b), for 1013
Z decays occurring between 100 µm

and 1 m from the interaction point (c).
6

sensitivity to light sterile neutrinos 
from 1012 Z decays at FCC-ee

(Blondel et al ’14)

light sterile neutrinos could provide DM 
and generate matter-antimatter asymmetry

= worth experimental exploration !

Pending question: is CP violated in neutrino sector?

1014
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Figure 9: Regions of sensitivity for sterile neutrinos as a
function of mass and mixing to light neutrinos (inverted
hierarchy): for 1012

Z decays occurring between 10 cm
and 1 m from the interaction point (a), same for 1013

Z

decays (b), for 1013
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6

sensitivity to light sterile neutrinos 
from 1012 Z decays at FCC-ee

(Blondel et al ’14)

light sterile neutrinos could provide DM 
and generate matter-antimatter asymmetry

= worth experimental exploration !

Pending question: is CP violated in neutrino sector?

need for a versatile machine 
capable to adjust to very different new physics scenario

(FCC-ee + FCC-eh + FCC-hh) offer a complete programme
(CepC+SppC) too
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Future colliders as BSM probes
in order to address the physics questions outside the SM boundaries

the physics program of the future colliders is built around four key goals

1

2

3

Measurement of the properties of the newly-discovered Higgs boson with very high precision. 
➾ Is it elementary? Does it have siblings/relatives? What keeps it light? Why does it freeze in?

Measurement of the properties of the top quark with very high precision to indirectly constrain new 
physics

Precision measurements of the EW observable: the Z boson will be the atomic clock of HEP

Direct searches for and studies of (uncoloured) new particles expected in models of physics at the 
TeV energy scale. Complementary to LHC searches.4
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Guaranteed deliverables

 machine than can achieve 

landmark textbook measurements 

Exploration potential

HEP remains a fro
ntier science
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The way forward

• increased energy • increased statistics

• increased precision • increased sensitivity

• High rates allow the exploration of rare phenomena and extreme phase space configurations

• High rates also shift the balance between systematic and statistical uncertainties. It can be 
exploited to define different signal regions, with better S/B, better systematics, pushing the 
potential for better measurements beyond the “systematic wall” of low statistic measurements
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The Future Collider Projects

A lot of documents available online
only a brief (and personal/biased) review 
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Future of HEP

T0

2032

2030

2035

2037

2040

2045

2030

Subject to large uncertainty
1) need a scientific consensus

2) political approval 

ECFA Higgs study group ‘19

Hi!s-mantics

Divination "r#gh Hi!s
Friday, January 27, 2012

+ muon-collider + gamma-gamma collider + …
Figure 1. Time line of various collider projects starting at time T0. Given are the luminosity values and energies, also shown
in Table 1. For the clarification of the meaning of a year of running, see the caption to Table 1. Figure 13 in the appendix
reworks this figure using the earliest possible start date (i.e. the calendar date of T0) given by the proponents.

At the heart of the Higgs physics programme is the question of how the Higgs boson couples to Standard Model elementary
particles. Within the SM itself, all these couplings are uniquely determined. But new physics beyond the SM (BSM) can modify
these couplings in many different ways. The structure of these deformations is in general model-dependent. One important
goal of the Higgs programme at the future colliders is to identify, or least constrain, these deformations primarily from the
measurements the Higgs production cross section, s , times decay branching ratio, BR)2. Ultimately, these studies will be used
to asses the fundamental parameters of the new physics models. For the time being, in the absence of knowledge of new physics,
we need to rely on a parametrisation of our ignorance in terms of continuous deformations of the Higgs boson couplings.
Different assumptions allow to capture different classes of new physics dynamics. First, in the so-called k-framework [13, 14],
often used to interpret the LHC measurements, the Higgs couplings to the SM particles are assumed to keep the same helicity
structures as in the SM. While it offers a convenient exploration tool that does not require other computations than the SM
ones and still captures the dominant effects of well motivated new physics scenarios on a set of on-shell Higgs observables,
the k-framework suffers from some limitations that will be discussed later and it includes some biases that will prevent to
put the Higgs programme in perspective with other measurements, see e.g. the discussion in Ref. [15] and at the beginning
of Section 3. An alternative approach, based on Effective Field Theory (EFT), considers new Higgs couplings with different
helicity structures, with different energy dependence or with different number of particles. They are not present in the SM but
they can potentially generated by new heavy degrees of freedom.

Furthermore, the sensitivity of the data to the Higgs self-coupling is analysed based on single-Higgs and di-Higgs production
measurements by future colliders. Due to lack of access to the simulated data of the collaborations, in particular differential
kinematical distributions, it is not possible in this case to perform a study with similar rigor as the analysis of the single-Higgs-
coupling presented above.

The Higgs width determination is also discussed as is the possible decay of the Higgs bosons into new particles that are
either "invisible" (observed through missing energy - or missing transverse energy) or "untagged", to which none of the Higgs
analyses considered in the study are sensitive. Rare decays and CP aspects are also discussed.

All colliders have provided extensive documentation on their Higgs physics programme. However, sometimes different
choices are made e.g. on which parameters to fit for and which to fix, what theoretical uncertainties to assume, which operators
to consider in e.g. the EFT approach. This would lead to an unfair comparison of prospects from different future colliders,
with consequent confusing scientific information. In this report, we aim to have a clear, reasonable and unique approach to the
assumptions made when comparing the projections for the future.

In general, one should not over-interpret 20% differences between projected sensitivities for partial widths of different
future projects. In many cases, these are likely not significant. For instance, CEPC and FCC-ee at

p
s = 240 GeV expect

2The Higgs couplings could be constrained less directly from processes with no Higgs in the final state or without even a non-resonant Higgs. But the main
focus of the study presented in this report will be on the information obtained from the measured s ⇥BR. Still, note that, at lepton colliders, the ZH associated
production can be measured without the decay of the decay of the Higgs.

4/58
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Possible	scenarios	of	future	colliders

2020 2070

HL-LHC:	13	TeV	3-4	ab-1		

20402030

FCC	hh:	100	TeV	20-30	ab-1

HE-LHC:	27	TeV	10	ab-1		

2050 2060

CLIC:	380	GeV	
1.5	ab-1

Ja
pa
n

	C
ER

N

ILC:	250	GeV		
2	ab-1

CepC:	90/160/240	GeV	
16/2.6/5.6	ab-1	

500	GeV	
4	ab-1

FCC-ee:		
90/160/250	GeV		
150/10/5	ab-1	

FCC	hh:	100	TeV	20-30	ab-1		

Ch
in
a SppC	aim	similar	to	FCC-hh	

LHeC:	1.2TeV	
0.25-1	ab-1© FCC-eh:	3.5	TeV	2	ab-1

Proton	collider
Electron		collider
Electron-Proton		collider

2080

Construction/Transformation

7	years

10	years

11	years

8	years

2090
13/05/2019

350-365	GeV		
1.7	ab-1	

1.5	TeV	
2.5		ab-1

3	TeV	
5		ab-1

9	years

20km	tunnel	

100km	tunnel	

100km	tunnel	

11	km	tunnel	
29	km	tunnel	 50	km	tunnel	

FCC	hh:	150	TeV	≈20-30	ab-1		
11	years

15	years

1	TeV	
≈	4-5.4	ab-1

31km	tunnel	 40	km	tunnel	

100km	tunnel	

4	years

8	years

8	years

8	years

6	years2	years

Preparation

5	years

Ursula Baesler, Granada 13.05.2019

 Stay healthy and live long! 
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HL-LHC (2023-2035)
14 TeV   -   3/ab

14

Summary by A.Apyan at 
ECFA HL-LHC workshop

Coupling fit, assuming no BSM decays

• ATLAS: [ no theory uncert.,   full theory uncert.]
• CMS: [ δTH scaled by 1⁄2, δexp scaled by 1/ √L  ,  Syst as run 1]

Main issue: how to cope with pile-up?

A Higgs factory
on its own
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Higgs @ HL-LHC
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Fig. 30: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the coupling modifier parameters for ATLAS (blue) and CMS (red). The filled coloured
box corresponds to the statistical and experimental systematic uncertainties, while the hatched grey area
represent the additional contribution to the total uncertainty due to theoretical systematic uncertainties.
(right) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic uncer-
tainties) on the coupling modifier parameters for the combination of ATLAS and CMS extrapolations.
For each measurement, the total uncertainty is indicated by a grey box while the statistical, experimental
and theory uncertainties are indicated by a blue, green and red line respectively.

Higgs couplings close to the percent level.1600

In this section we study the projected precision that would be possible at such high luminosity1601

and high energy extensions of the LHC from a global fit to modifications of the different single-Higgs1602

couplings. Other important goals of the Higgs physics program at the HL/HE-LHC, such as extend-1603

ing/complementing the studies of the total rates with the information from differential distributions, or1604

getting access to the Higgs trilinear coupling, will be covered in other parts of this document.1605

In order to study single-Higgs couplings, we introduce a parametrisation, the non-linear EFT, that1606

transparently connects with the -formalism, but is based on the language of effective field theories.1607

We then present a fit to the projected HL/HE-LHC uncertainties both in the -formalism and in the1608

more general nonlinear EFT, discussing the expected sensitivities to deviations on the Higgs couplings1609

at the HL/HE-LHC, and compare with the recent results obtained using current data from [186]. We1610

also translate the results into the EFT formalism relevant for composite Higgs scenarios, discussed in1611

section 9.6.1612

The -formalism was introduced in [40,41] as an interim framework to report on the measurements1613

of the Higgs-boson couplings and characterize the nature of the Higgs boson. The i are defined as ratios1614

of measured cross sections and decay widths with respect to their SM expectation, i.e.1615

2
X =

�(Xi ! h + Xf )

�(Xi ! h + Xf )SM
, 2

Y =
�(h ! Y )

�(h ! Y )SM
, (7)

so that the SM is recovered for i = 1. This framework, defined at the level of signal strengths, was
appropriate for the observables under study at Run I, which tested deviations in event rates. For Run

65
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Zγ and µµ are statistically limited but otherwise O(2-3%) precision

2018-2019 projections2013 projections

14

Summary by A.Apyan at 
ECFA HL-LHC workshop

Coupling fit, assuming no BSM decays

• ATLAS: [ no theory uncert.,   full theory uncert.]
• CMS: [ δTH scaled by 1⁄2, δexp scaled by 1/ √L  ,  Syst as run 1]

HL-LHC  WS, Aix-les-Bains ‘13

1.2 Coupling Measurements 15

Table 1-14 summarizes the expected precision on the Higgs couplings for the two aforementioned assumptions
of systematic uncertainties from the fit to a generic 7-parameter model. These 7 parameters are � , g, W ,
Z , u, d and `. In this parameter set, � and g parametrize potential new physics in the loops of
the H�� and Hgg couplings. u ⌘ t = c, d ⌘ b = s and ` ⌘ ⌧ = µ parametrize deviations to
up-and down-type quarks and charged leptons respectively assuming fermion family universality. Only SM
production modes and decays are considered in the fit. The derived precisions on the Higgs total width are
also included. The expected precision ranges from 5 � 15% for 300 fb�1 and 2 � 10% for 3000 fb�1. They
are limited by systematic uncertainties, particularly theoretical uncertainties on production and decay rates.
Statistical uncertainties are below one percent in most cases. Note that the sensitivity to u is derived from
the tt̄H production process and only H ! �� and H ! bb̄ decays have been included in the projection.

The fit is extended to allow for BSM decays while restricting the Higgs coupling to vector bosons not to
exceed their SM values (W ,Z  1). The resulting upper limit on the branching ratio of BSM decay is
included in the table. Note that the BRBSM limit is derived from the visible decays of Table 1-13 and is
independent of the limit on BRinv from the search of ZH with H ! invisible.

Also listed in the Table 1-14 are the expected precisions on Z� and µ, coupling scale factors for H ! Z�

and H ! µµ decay vertices. Given the small branching ratios of the two decays in the SM, they have
negligible impact on the 7-parameter fit. With the noted di↵erences above, ATLAS estimates are similar.

Table 1-14. Expected per-experiment precision of Higgs boson couplings to fermions and vector bosons

with 300 fb
�1

and 3000 fb
�1

integrated luminosity at the LHC. The 7-parameter fit assumes the SM

productions and decays as well as the generation universality of the couplings (u ⌘ t = c, d ⌘ b = s

and ` ⌘ ⌧ = µ). The precision on the total width �H is derived from the precisions on the couplings.

The range represents spread from two assumptions of systematic uncertainties, see text.

Luminosity 300 fb�1 3000 fb�1

Coupling parameter 7-parameter fit

� 5� 7% 2� 5%

g 6� 8% 3� 5%

W 4� 6% 2� 5%

Z 4� 6% 2� 4%

u 14� 15% 7� 10%

d 10� 13% 4� 7%

` 6� 8% 2� 5%

�H 12� 15% 5� 8%

additional parameters (see text)

Z� 41� 41% 10� 12%

µ 23� 23% 8� 8%

BRBSM < 14� 18% < 7� 11%

Apart from contributions from ATLAS and CMS collaborations, several independent studies [58–60] have
been performed. In Ref. [58], authors investigate top-quark Yukawa coupling through the tt̄H production
and H ! WW

⇤ decay. It is estimated that the t can be measured with a precision of 14� 16% and 6� 9%

Community Planning Study: Snowmass 2013

Snowmass ’13 Higgs report 

W.Murray STFC/Warwick 24

Coupling fit results

κ
γ

κ
W

κ
Z

κ
g

κ
b

κ
t

κ
τ

κ
Zγ

κ
μ

300fb-1 ATLAS [8,13] [6,8] [7,8] [8,11] N/a [20,22] [13,18] [78,79] [21,23]

CMS [5,7] [4,6] [4,6] [6,8] [10,13] [14,15] [6,8] [41,41] [23,23]

3000fb-1 ATLAS [5,9] [4,6] [4,6] [5,7] N/a [8,10] [10,15] [29,30] [8,11]

CMS [2,5] [2,5] [2,4] [3,5] [4,7] [7,10] [2,5] [10,12] [8,8]

Fits assumes no new undetectable modes
The upper ranges are directly comparable
Sensitivity is a factor 2 apart 

ATLAS fit lacks bb mode; uses ττ to fix fermions

Next: look at ratios of couplings for more stability    

Individual
Combined

https://cds.cern.ch/record/2650162/
https://indico.cern.ch/event/252045/
http://arxiv.org/abs/arXiv:1310.8361
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Fig. 30: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the coupling modifier parameters for ATLAS (blue) and CMS (red). The filled coloured
box corresponds to the statistical and experimental systematic uncertainties, while the hatched grey area
represent the additional contribution to the total uncertainty due to theoretical systematic uncertainties.
(right) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic uncer-
tainties) on the coupling modifier parameters for the combination of ATLAS and CMS extrapolations.
For each measurement, the total uncertainty is indicated by a grey box while the statistical, experimental
and theory uncertainties are indicated by a blue, green and red line respectively.

Higgs couplings close to the percent level.1600

In this section we study the projected precision that would be possible at such high luminosity1601

and high energy extensions of the LHC from a global fit to modifications of the different single-Higgs1602

couplings. Other important goals of the Higgs physics program at the HL/HE-LHC, such as extend-1603

ing/complementing the studies of the total rates with the information from differential distributions, or1604

getting access to the Higgs trilinear coupling, will be covered in other parts of this document.1605

In order to study single-Higgs couplings, we introduce a parametrisation, the non-linear EFT, that1606

transparently connects with the -formalism, but is based on the language of effective field theories.1607

We then present a fit to the projected HL/HE-LHC uncertainties both in the -formalism and in the1608

more general nonlinear EFT, discussing the expected sensitivities to deviations on the Higgs couplings1609

at the HL/HE-LHC, and compare with the recent results obtained using current data from [186]. We1610

also translate the results into the EFT formalism relevant for composite Higgs scenarios, discussed in1611

section 9.6.1612

The -formalism was introduced in [40,41] as an interim framework to report on the measurements1613

of the Higgs-boson couplings and characterize the nature of the Higgs boson. The i are defined as ratios1614

of measured cross sections and decay widths with respect to their SM expectation, i.e.1615

2
X =

�(Xi ! h + Xf )

�(Xi ! h + Xf )SM
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Y =
�(h ! Y )
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, (7)

so that the SM is recovered for i = 1. This framework, defined at the level of signal strengths, was
appropriate for the observables under study at Run I, which tested deviations in event rates. For Run
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Table 1-14 summarizes the expected precision on the Higgs couplings for the two aforementioned assumptions
of systematic uncertainties from the fit to a generic 7-parameter model. These 7 parameters are � , g, W ,
Z , u, d and `. In this parameter set, � and g parametrize potential new physics in the loops of
the H�� and Hgg couplings. u ⌘ t = c, d ⌘ b = s and ` ⌘ ⌧ = µ parametrize deviations to
up-and down-type quarks and charged leptons respectively assuming fermion family universality. Only SM
production modes and decays are considered in the fit. The derived precisions on the Higgs total width are
also included. The expected precision ranges from 5 � 15% for 300 fb�1 and 2 � 10% for 3000 fb�1. They
are limited by systematic uncertainties, particularly theoretical uncertainties on production and decay rates.
Statistical uncertainties are below one percent in most cases. Note that the sensitivity to u is derived from
the tt̄H production process and only H ! �� and H ! bb̄ decays have been included in the projection.

The fit is extended to allow for BSM decays while restricting the Higgs coupling to vector bosons not to
exceed their SM values (W ,Z  1). The resulting upper limit on the branching ratio of BSM decay is
included in the table. Note that the BRBSM limit is derived from the visible decays of Table 1-13 and is
independent of the limit on BRinv from the search of ZH with H ! invisible.

Also listed in the Table 1-14 are the expected precisions on Z� and µ, coupling scale factors for H ! Z�

and H ! µµ decay vertices. Given the small branching ratios of the two decays in the SM, they have
negligible impact on the 7-parameter fit. With the noted di↵erences above, ATLAS estimates are similar.

Table 1-14. Expected per-experiment precision of Higgs boson couplings to fermions and vector bosons
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integrated luminosity at the LHC. The 7-parameter fit assumes the SM

productions and decays as well as the generation universality of the couplings (u ⌘ t = c, d ⌘ b = s
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been performed. In Ref. [58], authors investigate top-quark Yukawa coupling through the tt̄H production
and H ! WW

⇤ decay. It is estimated that the t can be measured with a precision of 14� 16% and 6� 9%
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Coupling fit results
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300fb-1 ATLAS [8,13] [6,8] [7,8] [8,11] N/a [20,22] [13,18] [78,79] [21,23]

CMS [5,7] [4,6] [4,6] [6,8] [10,13] [14,15] [6,8] [41,41] [23,23]

3000fb-1 ATLAS [5,9] [4,6] [4,6] [5,7] N/a [8,10] [10,15] [29,30] [8,11]

CMS [2,5] [2,5] [2,4] [3,5] [4,7] [7,10] [2,5] [10,12] [8,8]

Fits assumes no new undetectable modes
The upper ranges are directly comparable
Sensitivity is a factor 2 apart 

ATLAS fit lacks bb mode; uses ττ to fix fermions

Next: look at ratios of couplings for more stability    

Individual
Combined

Potential HL-LHC performance in Higgs couplings
anno 2013 versus anno 2019

1307.7135 

pessimistic

optimistic

Taking into account innovative thoughts and 
research experience, what was optimistic in 
2013 seems realistic in 2019. 
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https://cds.cern.ch/record/2650162/
https://indico.cern.ch/event/252045/
http://arxiv.org/abs/arXiv:1310.8361
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27 TeV   -   O(20)/ab

Main technical issue: 16T magnets (same magnets as in FCC-hh)
But also: SPS upgrade, detectors upgrade…

Kick-off meeting Nov. 2017: indico.cern.ch/e/647676/

One theoretical issue: EW large Sudakov logs

HE-LHC (TBD)

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCWorkshop

https://indico.cern.ch/event/647676/
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCWorkshop


Christophe Grojean Future Colliders WHEPS, Aug. 26-28, 2019!22

HE-LHC (TBD)

45

Evolution, with beam energy, of scenarios with the discovery of a new 
particle at the LHC

46

Possible questions/options

• If mX ~ 6 TeV in the gg channel, rate grows x 200 @28 TeV:
• Do we wait 40 yrs to go to pp@100TeV, or fast-track 28 

TeV in the LHC tunnel?
• Do we need 100 TeV, or 50 is enough (σ100/σ14~4·104 , 
σ50/σ14~4·103 ) ?

• .... and the answers may depend on whether we expect 
partners of X at masses ≳ 2mX  (⇒ 28 TeV would be 

insufficient ....)

• If mX ~ 0.5 TeV in the qqbar channel, rate grows x10 @100 
TeV:
• Do we go to 100 TeV, or push by x10 ∫L at LHC?
• Do we build CLIC?

• etc.etc.

Mangano @ HK‘18

200 4000
40’000

3 10

http://ias.ust.hk/program/shared_doc/2018/201801hep/conf/talks/HEP_20180124_0900_Michelangelo_Mangano.pdf
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SHiP(TBC: installation during LS3 and data taking starts 2026)
beam dump experiment: 400 GeV SPS protons on fixed target

L = 1039 cm�2 s�1

!"!#$%&'($)'))*%(+$,-./$01('+$,234$ ,5$

The SHiP experiment 
( as implemented in Geant4 ) intensity frontier

Where is new physics?

– p. 3

!23

8x1017 D mesons
1014 B mesons

3x1015 !  leptons

√s~28 GeV   1020 protons over 10 years, i.e.   

Search for rare events triggered 
by light and weakly coupled new particles, 

e.g. in decays of B and D mesons

Physics case
• Searches for hidden photons
• Searches for heavy neutral leptons (!R)

• s-PDF sensitivity (via charm hadron production 
in neutrino scattering)
• Search for low mass (~GeV) DM with small 
recoil

arXiv:1504.04855



Christophe Grojean Future Colliders WHEPS, Aug. 26-28, 2019

SHiP(TBC: installation during LS3 and data taking starts 2026)
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Scalar portal: phenomenology

Typical Lagrangian:

(α1S + αS2)H†H + LSM + Lhidden

Production

Direct production p + target → S + ...

Production via intermediate (hadronic) state

p + target → mesons + ..., and then hadron → S + ....
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Higgs portal

Decays

Subsequent decay of S to SM particles
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O(106) Higgs bosons
produced and reconstructed
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ILC (construction starts in 2023*, operation: 2030-2050)

Christophe Grojean FCC-ee phenomenology CERN, June 20, 2o1422

Higgs coupling measurements

412/11/2013 Philipp Roloff Higgs physics at CLIC 2

Reminder: Higgs production at CLIC

Higgs- 
strahlung

WW
fusion

σ ~ 1/s

ZZ
fusion

σ ~ log(s)

250/350/500/1000 GeV   -   5/ab
*ready for construction once approved

central
region

~20.5 km

 ~7.5 km ~7.4 km

FIG. 3. Schematic layout of the ILC in the 250GeV staged configuration.

Linear Collider (SLC).

Two concepts for positron production are considered.
The baseline solution employs superconducting helical
undulators at the end of the electron main linac, produc-
ing polarised photons that are converted to positrons in
a rotating target, with a 30% longitudinal polarisation.
This positron-production scheme requires an operational
electron linac delivering a beam close to its nominal en-
ergy of 125GeV, which is a complication for commission-
ing and operation. An alternative design, the electron-
driven source, utilises a dedicated S-band electron accel-
erator to provide a 3GeV beam that is used to produce
positrons by pair production. This source might not pro-
vide positron polarisation, but would have advantages
for operation at lower electron beam energies and during
commissioning. Both concepts are likely to prove viable
when the requisite engineering e↵ort can be devoted to
their design. The current accelerator design is compatible
with either option. A decision between the alternatives
will be made before commencement of the detailed engi-
neering design, based on their relative physics potential,
costs, and technical maturity.

Electrons and positrons are injected at 5GeV into
the centrally placed 3.2 km-long damping-ring complex,
where their normalised emittance is reduced to 20 nm
(4µm) in the vertical (horizontal) plane within 100msec.
These emittance numbers are well in line with the perfor-
mance of today’s storage rings for advanced light sources.
To achieve the necessary damping time constant, the
damping ring is equipped with 54 superconducting wig-
glers.

The damped beams are transported to the beginning
of the main accelerator by two low-emittance beam-
transport lines. A two-stage bunch compressor from 5
and 15GeV reduces the longitudinal bunch length to
300µm before the beams are accelerated to 125GeV in
the two main linacs.

The main linacs accelerate the beams in superconduct-
ing cavities made of niobium, operating at 1.3GHz fre-
quency and a temperature of 2.0K. Each cavity has 9
cells and is 1.25m long. The mean accelerating gradi-
ent will be 31.5 to 35MV/m. Cavities are mounted in
12m-long cryomodules that house 9 cavities or 8 cavities
plus a quadrupole unit for beam focusing. The cryomod-
ules provide cooling and thermal shielding and contain
all necessary pipes for fluid and gaseous helium at vari-
ous temperatures. No separate helium transport line is
necessary.

Cryomodules of this type have been in continuous op-
eration since 2000 in the TESLA Test Facility (TTF,
now FLASH), since 2016 at the FAST facility at Fer-
milab where the ILC specification of the 31.5 MeV/m
beam acceleration gradient was demonstrated [16], and,
since 2017, 97 of these cryomodules have been in opera-
tion at the European XFEL. This proves their long-term
stability. Cost and performance estimates for the ILC
cryomodules are based on the experience from these fa-
cilities, and thus can be regarded with high confidence.

The RF power for the cavities is generated by com-
mercially available 10MW klystrons with an e�ciency of
65%. The pulse modulators will use a new, modular and
cost-e↵ective semiconductor design developed at SLAC,
the MARX modulator.

The cryogenic design for the superconducting cavities
is planned with six cryo plants for the main linacs, each
with a size similar to those operating at CERN (8 plants
for the LHC), DESY (for HERA/ XFEL) and Fermilab
(for the Tevatron). Two smaller plants would supply
the central region, including the preaccelerators of the
sources and the damping rings.

Finally, the beam-delivery system focuses the beams
to the required size of 516 nm⇥ 7.7 nm. A feedback sys-
tem, which profits from the relatively long inter-bunch
separation of 554 ns, ensures the necessary beam stabil-

5

First stage
250 GeV
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ILC (construction starts in 2023*, operation: 2030-2050)
250/350/500/1000 GeV   -   5/ab

*ready for construction once approved

central
region
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 ~7.5 km ~7.4 km

FIG. 3. Schematic layout of the ILC in the 250GeV staged configuration.

Linear Collider (SLC).

Two concepts for positron production are considered.
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undulators at the end of the electron main linac, produc-
ing polarised photons that are converted to positrons in
a rotating target, with a 30% longitudinal polarisation.
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with either option. A decision between the alternatives
will be made before commencement of the detailed engi-
neering design, based on their relative physics potential,
costs, and technical maturity.

Electrons and positrons are injected at 5GeV into
the centrally placed 3.2 km-long damping-ring complex,
where their normalised emittance is reduced to 20 nm
(4µm) in the vertical (horizontal) plane within 100msec.
These emittance numbers are well in line with the perfor-
mance of today’s storage rings for advanced light sources.
To achieve the necessary damping time constant, the
damping ring is equipped with 54 superconducting wig-
glers.

The damped beams are transported to the beginning
of the main accelerator by two low-emittance beam-
transport lines. A two-stage bunch compressor from 5
and 15GeV reduces the longitudinal bunch length to
300µm before the beams are accelerated to 125GeV in
the two main linacs.

The main linacs accelerate the beams in superconduct-
ing cavities made of niobium, operating at 1.3GHz fre-
quency and a temperature of 2.0K. Each cavity has 9
cells and is 1.25m long. The mean accelerating gradi-
ent will be 31.5 to 35MV/m. Cavities are mounted in
12m-long cryomodules that house 9 cavities or 8 cavities
plus a quadrupole unit for beam focusing. The cryomod-
ules provide cooling and thermal shielding and contain
all necessary pipes for fluid and gaseous helium at vari-
ous temperatures. No separate helium transport line is
necessary.

Cryomodules of this type have been in continuous op-
eration since 2000 in the TESLA Test Facility (TTF,
now FLASH), since 2016 at the FAST facility at Fer-
milab where the ILC specification of the 31.5 MeV/m
beam acceleration gradient was demonstrated [16], and,
since 2017, 97 of these cryomodules have been in opera-
tion at the European XFEL. This proves their long-term
stability. Cost and performance estimates for the ILC
cryomodules are based on the experience from these fa-
cilities, and thus can be regarded with high confidence.

The RF power for the cavities is generated by com-
mercially available 10MW klystrons with an e�ciency of
65%. The pulse modulators will use a new, modular and
cost-e↵ective semiconductor design developed at SLAC,
the MARX modulator.

The cryogenic design for the superconducting cavities
is planned with six cryo plants for the main linacs, each
with a size similar to those operating at CERN (8 plants
for the LHC), DESY (for HERA/ XFEL) and Fermilab
(for the Tevatron). Two smaller plants would supply
the central region, including the preaccelerators of the
sources and the damping rings.

Finally, the beam-delivery system focuses the beams
to the required size of 516 nm⇥ 7.7 nm. A feedback sys-
tem, which profits from the relatively long inter-bunch
separation of 554 ns, ensures the necessary beam stabil-
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Precision at 𝑒ା𝑒ି colliders 

Double Higgs-strahlung (DHS) 

VBF HH production  

Zh 𝑡𝑡̅ Zhh(DHS) 

∼250 GeV ∼350 GeV ∼ 500 GeV Center of Mass Energy ∼ 1 TeV 

𝑍ℎℎ (DHS) 
𝜈𝜈̅ℎℎ(VBF) 

Top Yukawa via 𝑡𝑡̅h 

VBF at 1 TeV  
improves HHH coupling  
by combining with Zhh 

HHH opens up! 

Three important thresholds 

Tian, Fujii 1311.6528, ILC TDR 
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higgs couplings
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top Yuk.
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ILC Run Plan in brief
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the Higgs precision measurements, resulting in a stan-
dard running scenario for ILC physics projections. The
time evolution of this running scenario has been adapted
to the staged construction of the ILC as first presented
in [4]. In this section, the current understanding of ILC
operating scenarios will be summarized based on these
references.

A. Center-of-mass energies and integrated lu-
minosities

The three center-of-mass energies best motivated by
current knowledge have been included in detailed run
plans for the ILC spanning about 20 years in real-time:

•
p
s = 250GeV for collecting data near the thresh-

old of the Higgsstrahlungs process,

•
p
s = 350GeV for scanning the onset of top-quark

pair production, and

•
p
s = 500GeV or somewhat above for studying tt

production in the continuum and enabling ttH and
ZHH production.

Table II compares the total integrated luminosities fore-
seen at these energies for three alternative running sce-
narios to the integrated luminosities assumed in the
Snowmass community study. Since 2015, the scenario
H-20 is the standard assumption for ILC physics projec-
tions.

R
Ldt [fb�1]p

s G-20 H-20 I-20 Snow

250GeV 500 2000 500 1150
350GeV 200 200 1700 200
500GeV 5000 4000 4000 1600

TABLE II: Proposed total target integrated luminosities forp
s = 250, 350, 500GeV based on 20 “real-time” years of

ILC operation under scenarios G-20, H-20 and I-20. The
total integrated luminosities assumed for Snowmass are
listed for comparison based on 13.7 “real-time” years.

From [48]

It must be stressed, however, that flexibility in the
running option remains one of the key assets of the ILC,
and that it can be adjusted whenever new insights, e.g.
discoveries at the (HL-)LHC or the ILC itself, require
to do so. Thereby, the center-of-mass energy of the ILC
can always be lowered from the nominal maximum en-
ergy without loss of e�ciency and/or luminosity, as long
as the electron beam energy remains su�ciently high for
positron production. On the contrary, the operation of
the SCRF cavities below the maximum gradient saves sig-
nificant cryogenic and RF power, which can be invested
into higher luminosity!

Future e
+
e
� colliders could also provide important

physics measurements at other center-of-mass energies.
Their priority, however, seems today somewhat lower

than for the abovementioned three energies. Therefore
they are not explicitely included in the run plan of the
ILC or in the current machine design. Nevertheless,
Tab. III lists target integrated luminosities recommended
for physics studies at these additional energies.

p
s 1TeV 90GeV 160GeVR
Ldt [fb�1] 8000 100 500

TABLE III: Proposed total target integrated luminosities for
other

p
s. From [48].

B. Beam polarisation

At center-of-mass energies of up to 500GeV, the ILC
beams are foreseen to be polarised with absolute values
of at least 80% for the electrons and at least 30% for
the positrons. At 1TeV, the positron polarisation will
at least reach 20%. As an upgrade option, the positron
polarisation can be increased to 60%. The accelerator
design comprises sets of spin rotators which in principle
allow to prepare any desired direction of the polarisation
vectors at the IP. However in the detailed running scenar-
ios, only longitudinal polarisation is considered. The sign
of the beam polarisations can be flipped on a train-by-
train basis. This allows to collect data sets with di↵erent
helicity configurations quasi-concurrently w.r.t. changes
in the accelerator or detector configuration, calibration
and alignment. This allows to construct observables in
which large parts of the experimental systematic uncer-
tainties cancel. A famous example is the traditional left-
right asymmetry — more generally the joint interpreta-
tion of the di↵erent data sets allows to treat many sys-
tematic e↵ects as nuissance parameters in global fits.

fraction with sgn(P (e�), P (e+)) =
(-,+) (+,-) (-,-) (+,+)p

s [%] [%] [%] [%]

250GeV (2015) 67.5 22.5 5 5
250GeV (update) 45 45 5 5
350GeV 67.5 22.5 5 5
500GeV 40 40 10 10

TABLE IV: Relative sharing between beam helicity
configurations proposed for the various center-of-mass

energies. The update of the luminosity sharing fro 250GeV
originates from the importance of the left-right asymmetry
of the Higgsstrahlung cross section in the EFT-based Higgs

coupling fit.

C. Time Evolution and Upgrade Options

Time dependence: explain why need longer when start-
ing at 250 GeV
explain new beam parameters, cite machine staging

report
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report
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int. luminosity with sgn(P (e�), P (e+)) =
(-,+) (+,-) (-,-) (+,+)p

s [fb�1] [fb�1] [fb�1] [fb�1]

250GeV (2015) 1350 450 100 100
250GeV (update) 900 900 100 100
350GeV 135 45 10 10
500GeV 1600 1600 400 400

TABLE V: Integrated luminosities per beam helicity
configuration resulting from the fractions in table IV in
scenario H-20. The update of the luminosity sharing fro
250GeV originates from the importance of the left-right
asymmetry of the Higgsstrahlung cross section in the

EFT-based Higgs coupling fit.

fraction with sgn(P (e�), P (e+)) =
(-,+) (+,-) (-,-) (+,+)p

s [%] [%] [%] [%]

1TeV 40 40 10 10
90GeV 40 40 10 10
160GeV 67.5 22.5 5 5

TABLE VI: Relative sharing between beam helicity
configurations proposed for low energy and 1TeV running.

From [48].

IV. PHYSICS CASE (250 GEV)

10 pages Peskin
The core of the physics case for the ILC is to make

high-precision measurements of the properties of the
Higgs boson. The Higgs field is at the core of the SM. It
is responsible for the masses of all known elementary par-
ticles. It is also responsible for those aspects of the SM
that are hardest to understand—-the presence of sponta-
neous gauge symmetry breaking, the hierarchy of quark
and lepton masses, and the appearance of flavor mixing
and CP violation in weak interactions. If we wish to
learn more about these features of the fundamental laws
of nature, an obvous course is to measure the Higgs boson
as well as we are able. We will argue in this section and
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FIG. 14: The nominal 20-year running program for the
500-GeV-ILC [48].

integrated luminosity with sgn(P (e�), P (e+)) =
(-,+) (+,-) (-,-) (+,+)p

s [fb�1] [fb�1] [fb�1] [fb�1]

1 TeV 3200 3200 800 800
90GeV 40 40 10 10
160GeV 340 110 25 25

TABLE VII: Integrated luminosities per beam helicity
configuration resulting from the fractions in table VI.

From [48].
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FIG. 15: The nominal 22-year running program for the
staged ILC, starting operation at 250 GeV [4]. The

integrated luminosities are the same of for the original H20
scenario.

the succeeding ones that ILC will be able to determine
the mass of the Higgs boson to a part in 104 and the
major couplings of the Higgs boson to than 1% accuracy.
This will qualitatively sharpen the picture of the Higgs
boson that we will obtain even from the high-luminosity
stage of the LHC.
This set of measurements, and other measurements

available for the first time at the ILC, will open new
paths in the search for new fundamental interactions be-
yond the SM. Though the SM seems to account for all
elementary particle phenomena observed up to now, it is
manifestly incomplete. It not only does not answer but
actually is incapable of answering the questions posed in
the previous paragraph. It also cannot address basic facts
about the universe in the large, in particular, the excess
of matter over antimatter and the origin of the cosmic
dark matter. To make progress, we need observational
evidence from particle physics of violations of the SM.
These will provide clues that can show the way forward.
Up to now, we have sought evidence for new interac-

tions from direct searches for new particles at LEP, the
Tevatron, and the LHC, from measurements of the W

and Z bosons, and from searches for anomalies in flavor
physics. We are now approaching the limits of these tech-
niques with current particle physics facilities. The ILC
will extend our search capabilities in precision measure-
ments ofW boson couplings and fermion pair production,
and will provide new opportunites for the direct discov-
ery of new particles. But, most of all, it will open a com-

Material from ILC contribution to ESU

http://arxiv.org/abs/arXiv:1903.01629
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Polarised beams @ ILC250
LCC Physics WG ‘18

Various benefits of polarised beams:
• Higher signal rates and lower background rates (equivalent to 40% higher L)  
• Different data sets → helps resolving degeneracies → gain is much more than increased rates (see later)

• Better control of systematics (thanks to exp. redundancy)

G. Moortgat-Pick et al ‘08

no pol. 80%/0% 80%/30%
g(hbb) 1.33 1.13 1.09
g(hcc) 2.09 1.97 1.88
g(hgg) 1.90 1.77 1.68
g(hWW ) 0.978 0.683 0.672
g(hττ) 1.45 1.27 1.22
g(hZZ) 0.971 0.693 0.682
g(hγγ) 1.38 1.23 1.22
g(hµµ) 5.67 5.64 5.59
g(hγZ) 14.0 6.71 6.63
g(hbb)/g(hWW ) 0.911 0.909 0.861
g(hττ)/g(hWW ) 1.08 1.08 1.02
g(hWW )/g(hZZ) 0.070 0.067 0.067
Γh 2.93 2.60 2.49
BR(h → inv) 0.365 0.327 0.315
BR(h → other) 1.68 1.67 1.58

Table 1: Projected relative errors for Higgs boson couplings and other Higgs observ-
ables at 250 GeV, in %, comparing three cases of beam polarization: 2 ab−1 with Pe−=
Pe+= 0%, as well as the Pe+=0 and Pe+=30% scenarios defined in the Introduction.

However it should be noted that these results were obtained by scaling only the
statistical uncertainties and assuming that all the systematic uncertainties stay the
same, independently of the polarization. In particular it was assumed that the uncer-
tainties on the measured cross sections (×BR) due to finite knowledge of the lumi-
nosity and the polarization are 0.1% each, whereas for H → bb-channels an additional
uncertainty of 0.1% on the b-tagging efficiency has been considered. No uncertainties
on e.g. the residual background contributions etc. were taken into account. While it
is clearly better than not including any systematic uncertainties at all, this scheme
does not reflect the increase in systematic uncertainties expected for the Pe+=0 case:

• luminosity uncertainty: As we discussed for the example of SM cross section
and asymmetry measurements in Section 4.1, the precision with which a global
scaling uncertainty can be pinned down by treating it as a nuisance parameter
in a global fit of many observables can depend quite significantly on the presence
or absence of positron polarization.

• polarization uncertainty: Likewise we showed in Section 4.1 that the pre-
cision to which the positron polarization can be determined in-situ depends
significantly on its absolute value. For Pe+=0, it will be given de facto by
the positron polarimeter measurement alone, and any bias in the polarimeter
measurement will propagate into e+e− cross section measurements.

11

Figure 8: Strengthening in global constraints arising from the introduction of P (e≠, e+) =
(û80%, ±30%) and (û80%, 0%) beam polarizations at a centre-of-mass energy of 250 GeV
(in red and green, respectively) quantified as ”g(unpolarized)/”g(polarized)≠1 expressed in
percent. For comparison, the improvement of constraints brought by a factor 1.12 increase
in luminosity in shown in orange. This factor is the purely statistical gain on e+e≠

æ hZ

and e+e≠
æ ‹‹h rate incurred with (û80%, ±30%) beam polarization. The grey band is

representative of a 5.6% gain (
Ô

1.24 ◊ 0.9 ≠ 1). The numerical inputs for P (e≠, e+) =
(û80%, ±30%) and unpolarized beams are taken from table 1.

imate degeneracies. Including higher-energy runs also reduces degeneracies and therefore
limits the relative impact of beam polarization. Imposing perfect EW measurements only
a�ects ”g1,Z and ”Ÿ“ , increasing the improvement brought by polarization to 40–50% level
as for ”gZZ

H
and ”gW W

H
. Considering EW couplings, the gain on ”gl‹

W
coupling precisions is

commensurate with the purely statistical one and small in the case of and ”gee

Z,R
.

From figure 9 we get some insight into the di�erence in the correlation maps between
the case of the polarized beams and the unpolarized ones. Removing positron polarization
does not change the correlation map of for the polarized beams. It can be seen that ”Ÿ“

is always correlated with ”gee

Z,L
and ”gee

Z,R
. The latter are progressively better constrained

with the growth of energy for the case of polarized beams when compared to unpolarized
as is apparent from table 2. The correlation between ”g1,Z and ”ge‹

W
at all energies is also

distinctive for the case of the polarized beams and absent for unpolarized beams.
Beam polarization also helps controlling systematic uncertainties, an aspect we have

– 24 –

J. De Blas, G. Durieux, C. Grojean, J. Gu, A. Paul 1907.04311LCC Physics WG ‘18
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Physics case of ILC250
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Figure 9: 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. From [20], with slight
modifications to account for the beam polarization scheme in Section 2.
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Figure 9: 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. From [20], with slight
modifications to account for the beam polarization scheme in Section 2.

26

BSM separation power
Models that cannot be distinguished from SM at the LHC are resolved with ILC

LCC Physics WG ‘17

http://arxiv.org/abs/arXiv:1710.07621


Christophe Grojean Future Colliders WHEPS, Aug. 26-28, 2019!28

The International Linear Collider 
 

Jim Brau†, Paul Grannis‡, Mike Harrison#, Michael Peskin*, Marc Ross*, Harry Weerts§ 

for the ILC Collaboration 
April 9, 2013 

 
submitted to the Community Summer Study (Snowmass on the Mississippi), July 2013 

 
The motivation for the ILC is driven by important physics goals for the TeV energy 
scale: the need to measure precisely the properties of the newly discovered Higgs-like 
boson, including its couplings to fermions and bosons, the need to bring our knowledge 
of the top quark to a high level of precision, and the need to pursue possible signals of 
new physics through the electroweak production of new particles and through signals of 
these interactions in W, Z, and two-fermion processes.   The ILC experiments will be 
sensitive to phenomena such as supersymmetric partners of known particles, new heavy 
gauge bosons, extra spatial dimensions, and particles connected with strongly-coupled 
theories of electroweak symmetry breaking [1].   In all of these sectors, the ILC will yield 
substantial improvements over LHC measurements.   Knowledge of Higgs boson 
couplings at the few percent level is needed to determine whether this object is that 
expected in the Standard Model, if it arises from new physical mechanisms, or if it 
couples to new particles inaccessible in other ways.  Detailed simulations with realistic 
detector designs show that the ILC can reach this precision.   While we recognize that the 
LHC experiments are now making more precise measurements than were originally 
predicted (as was also the case with the Tevatron, LEP and SLC experiments), we should 
also expect that ILC experiments will bring qualitatively new capabilities and will 
similarly exceed the performance levels based on simulations when data are in hand. 
 
The high level parameters of the ILC were established in 2003 [2] for a machine that can 
be tuned to run between 200 and 500 GeV, and is capable of rapid changes in energy over 
a limited range for threshold scans.   The luminosity required should exceed 1034 cm��s�� 
at 500 GeV, roughly scaling in proportion to the collision energy.  The key characteristics 
of the ILC accelerator are the relatively long interval between collisions of bunches 
(allowing localization of signals to a specific bunch crossing), narrow beam energy 
spread, beam position and energy stability, and the ability to polarize both electrons and 
positrons.  The TDR design [3] meets these specifications.  In a staged approach starting 
with 250 GeV e+e� operation for the Higgs boson study, it should be possible to reach the 
physics goals for Higgs branching ratios and properties with about five years of operation, 
including an initial ramp up to full luminosity.  Raising the energy to 500 GeV will allow 
precision measurements of the top quark mass and its properties well beyond those 
possible at the LHC and Tevatron.  Measurements of the top coupling to the Higgs and 
the Higgs self coupling would begin at 500 GeV.  Should there be accessible new 
particles such as supersymmetric partners of gauge bosons and leptons, the ILC is the 
only place where they can be studied in full detail. If there are multiple Higgs bosons, the 
ILC would be needed to measure their branching fractions and the mixing angle tanE.  
Further details of the Higgs spectrum, such disentangling the nearly-degenerate heavy CP 
even and odd Higgs particles expected in supersymmetric models, could be achieved with 
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The Physics Case for an e+e� Linear Collider
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1 Introduction

The physics motivation for an e+e� linear collider (LC) has been studied in detail for more than 20 years [1]-
[10]. These studies have provided a compelling case for a LC as the next collider at the energy frontier. The
unique strengths of a LC stem from the clean experimental environment arising from e+e� collisions. In
particular, the centre-of-mass energy and initial-state polarisations [11] are precisely known and can be
adjusted, and backgrounds are many orders of magnitude lower than the QCD backgrounds that challenge
hadron collider environments. The low backgrounds permit trigger-free readout, and the measurements and
searches for new phenomena are unbiased and comprehensive. Full event reconstruction is possible. These
favourable experimental conditions will enable the LC to measure the properties of physics at the TeV scale
with unprecedented precision and complementarity to the LHC.

Thanks to the extraordinary achievements of the LHC machine and of the ATLAS and CMS experiments,
our field witnessed a deep revolution in the middle of 2012: the discovery of a new boson. The observation
at the LHC of this new particle compatible with a light Higgs boson strengthens the physics case for a LC
even more.

The main goals of the LC physics programme are:

• precise measurements of the properties of the Higgs sector;

• precise measurements of the interactions of top quarks, gauge bosons, and new particles;

• searches for physics beyond the Standard Model (SM), where, in particular, the discovery reach of the
LC can significantly exceed that of the LHC for the pair-production of colour-neutral states; and

• sensitivity to new physics through tree-level or quantum e↵ects in high-precision observables.

The complementarity of the LC and LHC has been established over many years by a dedicated worldwide
collaborative e↵ort [9]. It has been shown in many contexts that for new particles found at the LHC, the LC
will be essential in determining the properties of these new particles and unraveling the underlying structure
of the new physics.

The development of the SM was a triumph for modern science. The experimental confirmation of the
SU(3)C ⇥ SU(2)L ⇥ U(1)Y gauge structure of the SM and the precise measurement of its parameters were
achieved through a combination of analyses of data from e+e� and hadron colliders and from deep-inelastic
lepton-nucleon scattering. These precision measurements are compatible with the minimal Brout-Englert-
Higgs mechanism of Electroweak Symmetry Breaking (EWSB), through which the masses of all the known

†See Addendum for this committee’s origin and charge. The committee also wishes to express thanks to the many reviewers of
earlier drafts of this report whose input has been very helpful.
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Physics Case for the ILC Project:

Perspective from Beyond the Standard Model
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The International Linear Collider (ILC) has recently proven its technical maturity with the publication of
a Technical Design Report, and there is a strong interest in Japan to host such a machine. We summarize
key aspects of the Beyond the Standard Model physics case for the ILC in this contribution to the US High
Energy Physics strategy process. On top of the strong guaranteed physics case in the detailed exploration
of the recently discovered Higgs boson, the top quark and electroweak precision measurements, the ILC
will offer unique opportunities which are complementary to the LHC program of the next decade. Many
of these opportunities have connections to the Cosmic and Intensity Frontiers, which we comment on
in detail. We illustrate the general picture with examples of how our world could turn out to be and
what the ILC would contribute in these cases, with an emphasis on value-added beyond the LHC. These
comprise examples from Supersymmetry including light Higgsinos, a comprehensive bottom-up coverage
of NLSP-LSP combinations for slepton, squark, chargino and neutralino NLSP, a τ̃ -coannihilation dark
matter scenario and bilinear R-parity violation as explanation for neutrino masses and mixing, as well
as generic WIMP searches and Little Higgs models as non-SUSY examples.

1 Introduction

Experiments at the International Linear e+e− Collider (ILC) may be sensitive to new phenomena such as
supersymmetric partners of known particles (SUSY), new heavy gauge bosons, extra spatial dimensions
and particles connected with strongly-coupled theories of electroweak symmetry breaking [1]. For accessible
particles, ILC can yield substantial improvements over LHC measurements. In addition, ILC will have a
qualitative advantage on signatures that have high backgrounds at LHC or are difficult to trigger on.

In planning for future facilities relevant to exploring physics beyond the Standard Model (BSM), the
proposed ILC stands out as a mature and shovel-ready project which would provide unique features, making
it complementary to the impending program of exploration by the LHC during the coming decade. After more
than twenty years of study, the ILC design has now achieved a state of maturity culminating recently with the
publication of the Technical Design Report [2]. Indeed, detailed simulations with realistic detector designs
show that the ILC can achieve impressive precision [3]. The requirements of the ILC [4] include tunability
between center-of-mass energies of

√
s = 200 and 500 GeV, with rapid changes in energy over a limited

range for threshold scans. Ultimately, expansion of the center-of-mass energy to ∼ 1 TeV is envisioned. The
luminosity, which must exceed 1034 cm−2 s−1 at 500 GeV, roughly scales proportionally with center-of-mass
collision energy. Highly polarized electrons (>80%) are specified, with polarized positrons desirable. In this

1
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ABSTRACT

The International Linear Collider is now proposed with a staged ma-
chine design, with the first stage at 250 GeV with a luminosity goal of
2 ab�1. In this paper, we review the physics expectations for this machine.
These include precision measurements of Higgs boson couplings, searches
for exotic Higgs decays, other searches for particles that decay with zero
or small visible energy, and measurements of e+e� annihilation to W+W�

and 2-fermion states with improved sensitivity. A summary table gives
projections for the achievable levels of precision based on the latest full
simulation studies.
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Roman Pöschl10, Jürgen Reuter2, Frank Simon11, Tomohiko Tanabe12,
James D. Wells13, Jaehoon Yu14; Mikael Berggren2,
Moritz Habermehl2, Sunghoon Jung7, Robert Karl2,

Tomohisa Ogawa1, Junping Tian12; James Brau15,
Hitoshi Murayama8,16,17 (ex officio)

ABSTRACT

The International Linear Collider is now proposed with a staged ma-
chine design, with the first stage at 250 GeV with a luminosity goal of
2 ab�1. In this paper, we review the physics expectations for this machine.
These include precision measurements of Higgs boson couplings, searches
for exotic Higgs decays, other searches for particles that decay with zero
or small visible energy, and measurements of e+e� annihilation to W+W�

and 2-fermion states with improved sensitivity. A summary table gives
projections for the achievable levels of precision based on the latest full
simulation studies.

ar
X

iv
:1

71
0.

07
62

1v
3 

 [h
ep

-e
x]

  2
3 

Ja
n 

20
18

DESY-17-155
KEK Preprint 2017-31
LAL 17-059
SLAC–PUB–17161
October 2017

Physics Case for the 250 GeV Stage
of the International Linear Collider

LCC Physics Working Group

Keisuke Fujii1, Christophe Grojean2,3, Michael E. Peskin4

(Conveners); Tim Barklow4, Yuanning Gao5, Shinya Kanemura6,
Hyungdo Kim7, Jenny List2, Mihoko Nojiri1,8, Maxim Perelstein9,
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ABSTRACT

We summarize the physics case for the International Linear Collider
(ILC). We review the key motivations for the ILC presented in the lit-
erature, updating the projected measurement uncertainties for the ILC
experiments in accord with the expected schedule of operation of the ac-
celerator and the results of the most recent simulation studies.
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Abstract

This paper addresses the question of whether the International Linear Collider
has the capability of discovering new particles that have not already been discovered
at the CERN Large Hadron Collider. We summarize the various paths to discovery
o↵ered by the ILC, and discuss them in the context of three di↵erent scenarios:
1. LHC does not discover any new particles, 2. LHC discovers some new low mass
states and 3. LHC discovers new heavy particles. We will show that in each case,
ILC plays a critical role in discovery of new phenomena and in pushing forward the
frontiers of high-energy physics as well as our understanding of the universe in a
manner which is highly complementary to that of LHC.

For the busy reader, a two-page executive summary is provided at the beginning
of the document.
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ABSTRACT

The International Linear Collider is now proposed with a staged ma-
chine design, with the first stage at

√
s = 250GeV and an integrated

luminosity goal of 2 ab−1. One of the questions for the machine design
is the importance of positron polarization. In this report, we review the
impact of positron polarization on the physics goals of the 250GeV stage
of the ILC and demonstrate that positron polarization has distinct advan-
tages.
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(Representing the Linear Collider Collaboration and the global ILC community.)

The International Linear Collider (ILC) is now under consideration as the next global project in
particle physics. In this report, we review of all aspects of the ILC program: the physics motivation,
the accelerator design, the run plan, the proposed detectors, the experimental measurements on the
Higgs boson, the top quark, the couplings of the W and Z bosons, and searches for new particles. We
review the important role that polarized beams play in the ILC program. The first stage of the ILC
is planned to be a Higgs factory at 250 GeV in the centre of mass. Energy upgrades can naturally
be implemented based on the concept of a linear collider. We discuss in detail the ILC program of
Higgs boson measurements and the expected precision in the determination of Higgs couplings. We
compare the ILC capabilities to those of the HL-LHC and to those of other proposed e

+
e
� Higgs

factories. We emphasize throughout that the readiness of the accelerator and the estimates of ILC
performance are based on detailed simulations backed by extensive R&D and, for the accelerator
technology, operational experience.
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CLIC (2035-2060??)

Future facilities 

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

来自中国的建议 
• 2012年9月“第二届中国高能加速器物理战略发展研讨会”提出了

建造周长为50-70km环形加速器的建议： 

– CEPC：质心能量为240GeV的高能正负电子对撞机(Higgs 工厂） 

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

• 2013年6月12-14日香山会议共识：“环形正负电子对撞机Higgs工
厂(CEPC)+ 超级质子对撞机(SppC)是我国高能物理发展的重要选项
和机遇” 

• 2014年2月28日“第三届中国高能加速器物理战略发展研讨会”结
论：“环形正负电子对撞机Higgs工厂(CEPC) + 超级质子对撞机
(SppC)是我国未来高能物理发展的首要选项” 

e�e+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

Thursday, April 23, 15

380/1000/3000 GeV   -   5/ab

1CLIC planning 

CLIC next phase
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1 

The$CLIC$project$

Outline:$
•  Reminders$(strategy,$=mescales,$CDR$

2012,$project$=meline$and$collabora=on)$$
•  Goals$for$2018$across$the$main$ac=vi=es$$
•  Summary$and$main$concerns$

Key features:  
•  High gradient (energy/length) 
•  Small beams (luminosity) 
•  Repetition rates and bunch 

spacing (experimental 
conditions) 

 sub-percent Higgs coupling measurements 
 few percents Higgs width
 top mass, top EW couplings
 direct BSM sensitivity in the multi-TeV region (direct 

and indirectly via precision) 
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CLIC Run Plan

9 ECFA 2018 Aidan Robson 

Updated CLIC Staging 

Baseline polarisation scenario adopted: 
electron beam (–80%, +80%) polarised in ratio 

(50:50) at √s=380GeV ; (80:20) at √s=1.5 and 3TeV 

increased  
from  

0.5+0.1ab–1 
 
1.5ab–1 

 
3ab–1 

New! 

Staging and live-time assumptions following guidelines consistent with other future projects: 
Machine Parameters and Projected Luminosity Performance of Proposed Future Colliders at CERN  
arXiv:1810.13022, Bordry et al. 

Electron polarisation enhances Higgs production at 
high-energy stages and provides additional observables 

γγ collider using laser scattering also possible 
Upgrades using novel accelerator techniques also possible 

Material from A. Robson
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Choice of 380 GeV 

Lausanne 2019 

u Overall, 380GeV allows best precision on gHZZ 

u Precise determination of gHZZ from ZH 
recoil measurement at initial stage crucial 
for Higgs couplings at all energy stages 

Z leptonic decays:  muons ‘obvious’ 

Z hadronic decays:  jet-finding 
blurs separation between H and Z 

Z Z

He–	
e+	 u ZH cross-section peak is at 250GeV  

 

u At 380 GeV, Z hadronic decays 
provide the best sensitivity 

u 380GeV also gives access to top quark 

√s     Lint[ab–1]  σ(ZH)[fb]   Δσ(ZH) 
250       1           136        ±2.6% 
350       1            93         ±1.3% 
420       1            68         ±1.9% 

u At 250GeV the background to Z 
hadronic is more signal-like  
 

u At 420GeV the cross-section is 
lower and jet energy resolution worse 

  √s=250GeV     √s=350GeV      √s=420GeV 

background   background           background 

    signal          signal        signal 

Eur. Phys. J. C 76 (2016) 72 

–> 380GeV is optimal initial energy for e+e–

CLIC: Why 380 GeV?
Material from A. Robson
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CLIC: What Do Higher Energies Buy You?

9 Aidan Robson 

High energy stages, 1.5 and 3 TeV 

Lausanne 2019 

First study of boosted 
top production in e+e– 

√s=3TeV 

u Can probe CP-
odd component of 
ttH coupling to 
0.02<∆sin2�<0.08 
for full range of 
sin2� 

u Precision Higgs physics: 

u Precision top-quark physics: 

u Increases VBF single-Higgs production 
u Adds ttH and HH production 
u Allows precise measurement of gHHH 

u Cross-sections, asymmetries and 
optimal observables at all energies 
(necessary to disentangle effects), 
including boosted regime, study of ttH 

u BSM physics reach via precision measurements: 
e+e– -> tt -> qqqqbb 

Z	

e–	

e+	

e–	

e+	

Z*	
e–	
e+	

At low energy (√s=mZ) 

At high energy (√s=3TeV) 

Effect grows as s 

3000   
91.2 

~1000 
2 

δgZeL 

δgZeL 

Imagine measuring dσ 
σSM 

√s=mZ 

~10–4      => 

      ...equivalent to dσ 
σSM 

√s=3TeV 

~10%    => 

δgZeL ~ 10–4 

δgZeL ~ 10–4 

      same precision! 

–> strongly benefit from high energies

u Precision two-fermion and multi-boson measurements 

Material from A. Robson
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Literature on CLIC
https://clic.cern

2012

2018 The CLIC Potential for New Physics

Editors: J. de Blas 1,2, R. Franceschini 3,4, F. Riva 5, P. Roloff 6, U. Schnoor 6, M. Spannowsky 7,
J. D. Wells 8, A. Wulzer 1,6,9 and J. Zupan 10

1Dipartimento di Fisica e Astronomia “Galileo Galilei”, Università di Padova, Padova, Italy
2INFN, Sezione di Padova, Padova, Italy
3Dipartimento di Matematica e Fisica, Università degli Studi Roma Tre, Rome, Italy
4INFN, Sezione di Roma Tre, Rome, Italy
5Départment de Physique Théorique, Université de Genève, Genève, Switzerland
6CERN, Geneva, Switzerland
7Institute for Particle Physics Phenomenology, Department of Physics, Durham University, UK
8Leinweber Center for Theoretical Physics, Physics Department, University of Michigan, USA
9Theoretical Particle Physics Laboratory (LPTP), EPFL, Lausanne, Switzerland
10Department of Physics, University of Cincinnati, Cincinnati, Ohio, USA

Abstract
The Compact Linear Collider (CLIC) is a mature option for the future of high
energy physics. It combines the benefits of the clean environment of e+e� col-
liders with operation at high centre-of-mass energies, allowing to probe scales
beyond the reach of the Large Hadron Collider (LHC) for many scenarios of
new physics. This places the CLIC project at a privileged spot in between the
precision and energy frontiers, with capabilities that will significantly extend
knowledge on both fronts at the end of the LHC era. In this report we review
and revisit the potential of CLIC to search, directly and indirectly, for physics
beyond the Standard Model.

Keywords
Linear Colliders; Beyond the Standard Model; Higgs physics; Electroweak
physics; Top quark; Flavour.
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Future circular colliders
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pp Collider: FCC-hh

This talk: will focus more on ee,  with some results from pp.
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90/240/350/(500)  -   O(10/ab)
FCC-ee (x=post HL-LHC - x+20)/CEPC (2030??-2040??) 
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Operation plans

8

FCC-hh

β* (m) tturnaround 
(hr) BX pileup L/year

phase 1 1 5 25ns 170 250 fb–1

phase 2 0.3 4 25(5)ns 1000 
(200) 1000 fb–1 ∫L=20-30ab–1

plus possible runs at the Z peak (125 GeV) and around the Z pole 
(extraction of αQED at MZ)

FCC-ee
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 106 H
 1012 Z possible upgrade to 1013 Z  (line-shape, mass & width, probe rare (FCNC) decays)
 108 W (mass)
 3x1010 tau/muon pairs
 2x1011 b/c quarks ⇒ >20’000 Bs→τ+τ-

 TLEP@340/500: 106 top pairs (pole mass, probe FCNC decays, top Yukawa)

@FCC-ee
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FCC-ee Run Plan

23/11/2018 Alain Blondel The FCCs 7

from the CDR

Future Circular Collider (18 Dec. 2018)  The Lepton Collider (FCC-ee) 

Page 4 of 18 

The associated discovery potential is sufficiently strong for the necessary theoretical developments to be recog-
nised as a strategic R&D activity for this project.  

 
Figure 1: FCC-ee baseline luminosities summed over all in-
teraction points as a function of the centre-of-mass energy 
(√s), compared to other e+e- collider proposals (ILC, CLIC, 
and CEPC). 

 

 
Figure 2: FCC-ee operation model showing the integrated 
luminosity in ab-1, accumulated as a function of time in 
years at the Z pole (black), the WW threshold (blue), the 
Higgs factory (red) and the top-pair threshold (green). The 
hatched area indicates the shutdown time to prepare for 
the highest energy runs. 

With 20 to 50-fold improved precision on all EW observables and with up to 10-fold more precise and 
model-independent Higgs couplings and width determination in a complementary way, the FCC-ee 
probes new physics effects at scales as high as 10 to 100 TeV, potentially guiding the physics programme of a 
subsequent energy-frontier hadron collider FCC-hh, and providing a quantum leap in the understanding of the 
Higgs boson. Furthermore, the high-statistics samples generated by the FCC-ee programme (5 ´ 1012 Z – about 
105 times the LEP sample, 108 WW, 106 HZ, and 106 top pairs) offer unique opportunities far beyond precision 
electroweak and Higgs measurements. Other signals of new physics could arise from the observation of mi-
nute flavour-changing neutral currents or lepton-flavour-violating decays, from the observation of dark matter in 
Z and Higgs invisible decays, or by the direct discovery of particles with extremely weak couplings in the 5 to 100 
GeV mass range, such as right-handed neutrinos and other exotic particles. These are well-motivated and, in spite 
of their low mass, consistent with the constraints imposed by precision measurements. 
In 2013, the ESPP also inferred that a lepton collider with “energies of 500 GeV or higher could explore the Higgs properties 
further, for example the coupling to the top quark, the self-coupling, and the total width”. As a consequence, the strategic 
question was raised whether the FCC-ee ought to consider a 500 GeV upgrade in its scientific objectives. The 
ESPP 2013 statement was revisited quantitatively with the following conclusions: 

• The FCC-ee can measure the total width of the Higgs boson with a precision of 1.3% (the best achiev-
able precision on a foreseeable time scale) at 240 and 365 GeV, without the need of an upgrade to 500 GeV. 

• The top Yukawa coupling will already have been determined with a 2.4% precision at the HL-LHC, albeit 
with some model dependence. The FCC-ee breaks the model dependence and improves the precision 
to about 2.3%, without the need of an upgrade to 500 GeV. 

• The FCC-ee offers a model-independent precision of 34% on the Higgs self-coupling kl (reduced to 
12% if only kl is allowed to vary) from the precise measurement of the Higgs boson cross sections at 240 and 
365 GeV, to be compared to the 27% precision obtained from di-Higgs production with 4 ab-1 at 500 
GeV, in the context of the Standard Model.  

Indeed, in a way similar to di-Higgs production, the next-to-leading order graphs of Fig. 3 (left) depend on the 
Higgs self-couplings, and interfere with the tree-level diagrams, impacting the Higgs production cross section by 
up to 2% at 240 GeV and 0.5% at 365 GeV. The centre-of-mass energy dependence allows for a 3σ sensitivity 
to the Higgs self-coupling at the FCC-ee, as illustrated in Fig. 3 (right). Probes of the Higgs self-coupling are 
also accessible by other e+e- colliders that can reach centre-of-mass energies of 500 GeV or higher, but only with 
a much longer time of operation. The 3s evidence could become the first 5s discovery of the Higgs self-coupling 
if the luminosity of the FCC-ee were increased at high energy, e.g. with four detectors instead of two. Such an 
upgrade of the FCC-ee baseline would be significantly more efficient than an upgrade of the centre-of-mass 

FCC-ee

LEPx105!

Z       WW    HZ     tt 

Event statistics :
Z peak Ecm :   91 GeV 5 1012    e+e-Æ Z   
WW threshold Ecm : 161 GeV 108       e+e-Æ WW
ZH threshold Ecm : 240 GeV 106       e+e-Æ ZH
Ctt  threshold Ecm : 350 GeV 106       e+e-ÆCtt

LEP x 105

LEP x 2.103

Never done
Never done

100 keV
300 keV
1 MeV
2 MeV

ECM errors:

Great energy range for the heavy particles of the Standard Model. 

Material from A. Blondel, P. Janot et al.
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CEPC Run Plan
Material from J. Guimarães da Costa, L.T. Wang et al.

No run above 240/250 GeV planned for the moment
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Literature on FCCee/CEPC

Observations and Issues (WG) – Big rings

The FCC and CepC are essentially equivalent proposals with different 
emphasis;  FCC – hadrons via e+e-, CepC – e+e- then hadrons

Not surprisingly the R&D challenges are similar – high field magnets, 
high power SRF.  Also beam power, vacuum,  etc….

Competitive with each other, but compatible with lepton colliders

Feasibility: e+e- probably OK, hadrons TBD

21
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FCC-ee: Your Questions Answered
Contribution to the European Particle Physics Strategy Update 2018-2020

(See next page for the list of authors)

Abstract

This document answers in simple terms many FAQs about FCC-ee, including comparisons

with other colliders. It complements the FCC-ee CDR [1] and the FCC Physics CDR [2] by

addressing many questions from non-experts and clarifying issues raised during the European

Strategy symposium in Granada, with a view to informing discussions in the period between

now and the final endorsement by the CERN Council in 2020 of the European Strategy Group

recommendations. This document will be regularly updated as more questions
1

appear or new

information becomes available.

Figure 1: Baseline FCC tunnel layout with a perimeter of 97.5 km, and optimized placement in the

Geneva basin, showing the main topographical and geological features.

1Send your questions to patrick.janot@cern.ch and alain.blondel@cern.ch

1
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FCC-hh (2055-2075??)/SppC (??-??)
Future circular colliders

CEPC+SppC

• Where(if in China):
– For example, Qin-Huang-Dao

China.
Higgs factory:  CEPC
pp Collider: SppC

CERN
Higgs factory:  FCC-ee
pp Collider: FCC-hh

This talk: will focus more on ee,  with some results from pp.
Thursday, April 23, 15
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80/100 TeV   -   20/ab

Preliminary Conceptual Design Reports from:
http://cepc.ihep.ac.cn/preCDR/volume.html
- Vol 2: Accelerator (ready)
- Vol 1: Physics and detectors (any day soon ....)
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Preliminary Conceptual Design Reports from:
http://cepc.ihep.ac.cn/preCDR/volume.html
- Vol 2: Accelerator (ready)
- Vol 1: Physics and detectors (any day soon ....)

Hadron collider key parameters

Parameter FCC-hh SPPC LHC HL LHC

collision energy cms [TeV] 100 71.2 14
dipole field [T] 16 20 8.3
# IP 2 main & 2 2 2 main & 2

bunch intensity  [1011] 1 1 (0.2) 2 1.1 2.2

bunch spacing  [ns] 25 25 (5) 25 25 25

luminosity/Ip [1034 cm-2s-1] 5 25 12 1 5

events/bx 170 850 (170) 400 27 135

stored energy/beam [GJ] 8.4 6.6 0.36 0.7

synchr. rad. [W/m/apert.] 30 58 0.2 0.35
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3

arXiv:1607.01831

arXiv:1606.09408 

arXiv:1606.00947

arXiv:1605.01389 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/FutureHadroncollider

• FCC-hh events: http://indico.cern.ch/category/5258/

To appear anytime now as a bound volume of CERN Yellow Reports

<— Fig H-xx
<— Fig SM-xx

<— Fig BSM-xx

in the slides, 
these refer to 

entries from the 
relevant volume
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FCC-hh/SppC
80/100 TeV   -   O(20/ab)

 105 jet with pT>10TeV
 1011 Z in DY
 1012 W in DY
 1010 H in gg, 109 H in VBF, vH, ttH
 1012 top pairs (rare/forbidden top decays, inclusive W decays triggerable by the other W)

@FCC-hh

Lesson: Hierarchy of production channels 
changes at large pT(H):

• σ(ttH) > σ(gg→H) above 800 GeV

• σ(VBF) > σ(gg→H) above 1800 GeV

H at large pT

32

Fig H-40

11

Production of EW gauge bosons

Inclusive rates: 6-7 times larger w.r.t. LHC
For Lum100 TeV ~ 20ab–1 => samples ~ 50 x LHC

significant deterioration of PDF uncertainty for the total rate, 
dominated by the systematics at small/large x (large rapidity)

10 Jets42

The production of jets is the process that by far dominates, at all distance scales, the final states emerging
from hard collisions among the proton constituents.

10.1 Inclusive jet and dijet production
Figure 100 shows the integrated rates for the production of events with at least one jet of transverse
momentum pT larger than a given threshold. The distribution refers to jets with pseudorapidity ⌘ in
the range |⌘| < 2.5. Figure 101 shows the probability that events with jets above certain pT threshold
be contained inside certain ⌘ ranges. Notice the huge ⌘ extension, even for jets with pT in the TeV
range. Assuming integrated luminosities in excess of 1 ab�1, the reach in pT extends well above 20 TeV.
Fully containing and accurately measuring these jet energies sets important constraints on the design of
calorimeters, e.g. requiring big depth and therefore large transverse size, with a big impact on the overall
dimensions and weight of the detectors.

Fig. 100: Rates of events with one jet of |⌘| < 2.5 and pT > pmin
T .

Fig. 101: Left: acceptance, for jets above various pT thresholds, to be contained within |⌘j | < ⌘min.
Right: probability to be outside the ⌘min acceptance.

These choices become particularly relevant in the context of searches for high-mass resonances in
dijet final states, where the separation from the continuum background of possibly narrow states requires

42Editors: A. Larkoski, M. Pierini, M. Selvaggi

114
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dijet final states, where the separation from the continuum background of possibly narrow states requires

42Editors: A. Larkoski, M. Pierini, M. Selvaggi
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Event rates higher than what ee colliders can provide are needed 
to reach sub-% measurements of couplings such as Hγγ, Hμμ, HZγ, Ηtt 
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125/1’000/15’000 GeV   -   O(1-100)/ab

Why Muons? 

Physics 
Frontiers 

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

Colliders 

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

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

Collider 
Synergies 

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

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

September 14, 2015 CERN SPC Working Group on Future Colliders 4 
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Muon Collider Feasibility 

• Muon Colliders 
– Energy efficient route to high energy lepton collisions 
– Luminosities >1034 for TeV-class collisions 
– Superb energy resolution (e.g. offer direct probe of Higgs width) 
– May offer the only practical path to lepton collider capabilities in 

the >3TeV range (if required by the physics) 
• MAP Feasibility Assessment to Date: 

– No showstoppers have been identified 
– Key performance targets have now been met with preliminary designs 
– Engineering of key prototypes could begin if resources available 

September 14, 2015 CERN SPC Working Group on Future Colliders 33 

Input to ESU arXiv:1901.06150

μ-collider aka project X (TBD: ?-?)

http://arxiv.org/abs/arXiv:1901.06150
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μ-collider in brief
No definite plan yet

Two milestones: 1) s-channel Higgs production and 2) highest energy possible

Both MAP and LEMMA

claim they can make it

Muon Colliders Requirements Specification

5

Lepton Colliders Luminosity

J.P.Delahaye ARIES wokshop (July 03, 2018)

comparable+luminosity+wrt+
standard+design+with+lower+
Nµ/bunch(lower+background)++
Thanks+to+very+small+
emiaance++(and+lower+beta*)+++

Of+course,+a+design+
study+is+needed+to+
have+a+reliable+
esSmate+of+

performances++

Dran+Parameters+

Cg=!
0,000088

5!  !  !
re=! 2,83E-15!  !  !

e++ERL/LINAC+ e++STORAGE+RING+
 !  ! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT!
Parameter! Units! Higgs ! Higgs! ZH! Top! ILC-like! ILC-like-1000! MultiTeV! MultiTeV! MultiTeV!
LUMINOSITY/IP! cm-2 s-1! 4,15E+31! 1,69E+31! 7,06E+31! 1,54E+32! 2,94E+32! 1,18E+33! 5,08E+34! 2,03E+35! 9,03E+35!
Beam Energy spread! %! 0,46! 3,17! 1,65! 1,13! 0,79! 0,40! 0,07! 0,03! 0,01!
Beam Energy ! GeV! 62,50! 62,50! 120! 175! 250! 500! 3000! 6000! 15000!
Hourglass reduction factor!  ! 1,00! 1,00! 1,000! 1,000! 1,000! 1,000! 1,000! 1,000! 1,000!
Muon mass! GeV! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566!
Lifetime @ prod! sec! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06!
Lifetime! sec! 0,0013! 0,0013! 0,0025! 0,0036! 0,0052! 0,0104! 0,0625! 0,1249! 0,3123!
c*tau @ prod! m! 658,00! 658,00! 658,00! 658,00! 658,00! 658,00! 658,00! 658,00! 658,00!
c*tau! m! 3,89E+05! 3,89E+05! 7,47E+05! 1,09E+06! 1,56E+06! 3,11E+06! 1,87E+07! 3,74E+07! 9,34E+07!
1/tau! Hz! 7,68E+02! 7,68E+02! 4,00E+02! 2,74E+02! 1,92E+02! 9,61E+01! 1,60E+01! 8,00E+00! 3,20E+00!
Circumference! m! 150,00! 150,00! 300! 450! 600! 1200! 6000! 12000! 27000!
Bending Field! T! 15,00! 15,00! 15! 15! 15! 15! 15! 15! 15!
Bending radius! m! 13,89! 13,89! 27! 39! 56! 111! 667! 1333! 3333!

Magnetic rigidity! T m! 208,33! 208,33! 400! 583! 833! 1667! 10000! 20000! 50000!

Gamma (Lorentz factor)!  ! 591,52! 591,52! 1135,72! 1656,26! 2366,08! 4732,16! 28392,96! 56785,92! 141964,79!
N turns before decay!  ! 2594,80! 2594,80! 2491,01! 2421,81! 2594,80! 2594,80! 3113,76! 3113,76! 3459,73!
βx @ IP! m! 0,00020! 0,00020! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002!
βy @ IP! m! 0,00020! 0,00020! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002!
Beta ratio!  ! 1,00! 1,00! 1,0! 1,0! 1,0! 1,0! 1,0! 1,0! 1,0!
Coupling (full current)! %! 100! 100! 100! 100! 100! 100! 100! 100! 100!
Normalised Emittance x ! m! 5,90E-09! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08!
Emittance x ! m! 9,97E-12! 6,76E-11! 3,52E-11! 2,42E-11! 1,69E-11! 8,45E-12! 1,41E-12! 7,04E-13! 2,82E-13!
Emittance y ! m! 9,97E-12! 6,76E-11! 3,52E-11! 2,42E-11! 1,69E-11! 8,45E-12! 1,41E-12! 7,04E-13! 2,82E-13!
Emittance ratio!  ! 1,00! 1,00! 1,0! 1,0! 1,0! 1,0! 1,0! 1,0! 1,0!
Bunch length (full current)! mm! 0,10! 0,10! 0,1! 0,1! 0,1! 0,1! 0,1! 0,1! 0,1!
Beam current! mA! 0,64! 0,04! 0,040! 0,040! 0,040! 0,040! 0,048! 0,048! 0,043!
Revolution frequency! Hz! 2,00E+06! 2,00E+06! 9,99E+05! 6,66E+05! 5,00E+05! 2,50E+05! 5,00E+04! 2,50E+04! 1,11E+04!
Revolution period! s! 0,00! 0,00! 1,00E-06! 1,50E-06! 2,00E-06! 4,00E-06! 2,00E-05! 4,00E-05! 9,00E-05!
Number of bunches! #! 1,00! 1,00! 1! 1! 1! 1! 1! 1! 1!
N. Particle/bunch! #! 2,00E+09! 1,20E+08! 2,50E+08! 3,75E+08! 5,00E+08! 1,00E+09! 6,00E+09! 1,20E+10! 2,40E+10!
Number of IP! #! 1,00! 1,00! 1! 1! 1! 1! 1! 1! 1!
σx @ IP! micron! 0,04! 0,12! 8,39E-02! 6,95E-02! 5,81E-02! 4,11E-02! 1,68E-02! 1,19E-02! 7,51E-03!
σy @ IP! micron! 0,04! 0,12! 8,39E-02! 6,95E-02! 5,81E-02! 4,11E-02! 1,68E-02! 1,19E-02! 7,51E-03!
σx' @ IP! rad! 0,00! 0,00! 4,20E-04! 3,47E-04! 2,91E-04! 2,06E-04! 8,39E-05! 5,93E-05! 3,75E-05!
σy' @ IP! rad! 0,00! 0,00! 4,20E-04! 3,47E-04! 2,91E-04! 2,06E-04! 8,39E-05! 5,93E-05! 3,75E-05!

++ ++

Low+
Emiaance+
Muon+
Muon++
Accelerator+

Material from A. Wulzer

1)

Backup

Patrick Janot

Higgs boson production (2)
� Muons are heavy, unlike electrons: mP/me ~ 200

� Large direct coupling to the Higgs boson: V(P+P-ÆH) ~ 40,000 × V(e+e-ÆH) 

� Much less synchrotron radiation, hence potentially superb energy definition

z dE/E can be reduced to 3-4 × 10-5 with more longitudinal cooling

Î Albeit with equivalent reduction of luminosity: 2 – 8 × 1031 cm-2s-1

24 Sept 2015
FCC-ee Higgs mini-workshop

10

X

X

(1): with ISR
(2): dE/E = 3×10-5

(3): dE/E = 6×10-5

S. Jadach, R.A. Kycia
arXiV:1509.02406

• V(P+P- → H) ~ 15 pb
(ISR often forgotten...)

• 200 – 800 pb-1 / yr

• 3000 – 12000 Higgs / yr

Reminder: At FCC-ee
400,000 to 800,000 Higgs/yr

√s (GeV) Not quite there, even with factor 10

μ-coll s-channel Higgs: arXiv:hep-ph/9504330

H
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μ-collider in brief
No definite plan yet

Two milestones: 1) s-channel Higgs production and 2) highest energy possible

Both MAP and LEMMA

claim they can make it

Muon Colliders Requirements Specification

5

Lepton Colliders Luminosity

J.P.Delahaye ARIES wokshop (July 03, 2018)

comparable+luminosity+wrt+
standard+design+with+lower+
Nµ/bunch(lower+background)++
Thanks+to+very+small+
emiaance++(and+lower+beta*)+++

Of+course,+a+design+
study+is+needed+to+
have+a+reliable+
esSmate+of+

performances++

Dran+Parameters+

Cg=!
0,000088

5!  !  !
re=! 2,83E-15!  !  !

e++ERL/LINAC+ e++STORAGE+RING+
 !  ! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT!
Parameter! Units! Higgs ! Higgs! ZH! Top! ILC-like! ILC-like-1000! MultiTeV! MultiTeV! MultiTeV!
LUMINOSITY/IP! cm-2 s-1! 4,15E+31! 1,69E+31! 7,06E+31! 1,54E+32! 2,94E+32! 1,18E+33! 5,08E+34! 2,03E+35! 9,03E+35!
Beam Energy spread! %! 0,46! 3,17! 1,65! 1,13! 0,79! 0,40! 0,07! 0,03! 0,01!
Beam Energy ! GeV! 62,50! 62,50! 120! 175! 250! 500! 3000! 6000! 15000!
Hourglass reduction factor!  ! 1,00! 1,00! 1,000! 1,000! 1,000! 1,000! 1,000! 1,000! 1,000!
Muon mass! GeV! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566!
Lifetime @ prod! sec! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06!
Lifetime! sec! 0,0013! 0,0013! 0,0025! 0,0036! 0,0052! 0,0104! 0,0625! 0,1249! 0,3123!
c*tau @ prod! m! 658,00! 658,00! 658,00! 658,00! 658,00! 658,00! 658,00! 658,00! 658,00!
c*tau! m! 3,89E+05! 3,89E+05! 7,47E+05! 1,09E+06! 1,56E+06! 3,11E+06! 1,87E+07! 3,74E+07! 9,34E+07!
1/tau! Hz! 7,68E+02! 7,68E+02! 4,00E+02! 2,74E+02! 1,92E+02! 9,61E+01! 1,60E+01! 8,00E+00! 3,20E+00!
Circumference! m! 150,00! 150,00! 300! 450! 600! 1200! 6000! 12000! 27000!
Bending Field! T! 15,00! 15,00! 15! 15! 15! 15! 15! 15! 15!
Bending radius! m! 13,89! 13,89! 27! 39! 56! 111! 667! 1333! 3333!

Magnetic rigidity! T m! 208,33! 208,33! 400! 583! 833! 1667! 10000! 20000! 50000!

Gamma (Lorentz factor)!  ! 591,52! 591,52! 1135,72! 1656,26! 2366,08! 4732,16! 28392,96! 56785,92! 141964,79!
N turns before decay!  ! 2594,80! 2594,80! 2491,01! 2421,81! 2594,80! 2594,80! 3113,76! 3113,76! 3459,73!
βx @ IP! m! 0,00020! 0,00020! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002!
βy @ IP! m! 0,00020! 0,00020! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002!
Beta ratio!  ! 1,00! 1,00! 1,0! 1,0! 1,0! 1,0! 1,0! 1,0! 1,0!
Coupling (full current)! %! 100! 100! 100! 100! 100! 100! 100! 100! 100!
Normalised Emittance x ! m! 5,90E-09! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08!
Emittance x ! m! 9,97E-12! 6,76E-11! 3,52E-11! 2,42E-11! 1,69E-11! 8,45E-12! 1,41E-12! 7,04E-13! 2,82E-13!
Emittance y ! m! 9,97E-12! 6,76E-11! 3,52E-11! 2,42E-11! 1,69E-11! 8,45E-12! 1,41E-12! 7,04E-13! 2,82E-13!
Emittance ratio!  ! 1,00! 1,00! 1,0! 1,0! 1,0! 1,0! 1,0! 1,0! 1,0!
Bunch length (full current)! mm! 0,10! 0,10! 0,1! 0,1! 0,1! 0,1! 0,1! 0,1! 0,1!
Beam current! mA! 0,64! 0,04! 0,040! 0,040! 0,040! 0,040! 0,048! 0,048! 0,043!
Revolution frequency! Hz! 2,00E+06! 2,00E+06! 9,99E+05! 6,66E+05! 5,00E+05! 2,50E+05! 5,00E+04! 2,50E+04! 1,11E+04!
Revolution period! s! 0,00! 0,00! 1,00E-06! 1,50E-06! 2,00E-06! 4,00E-06! 2,00E-05! 4,00E-05! 9,00E-05!
Number of bunches! #! 1,00! 1,00! 1! 1! 1! 1! 1! 1! 1!
N. Particle/bunch! #! 2,00E+09! 1,20E+08! 2,50E+08! 3,75E+08! 5,00E+08! 1,00E+09! 6,00E+09! 1,20E+10! 2,40E+10!
Number of IP! #! 1,00! 1,00! 1! 1! 1! 1! 1! 1! 1!
σx @ IP! micron! 0,04! 0,12! 8,39E-02! 6,95E-02! 5,81E-02! 4,11E-02! 1,68E-02! 1,19E-02! 7,51E-03!
σy @ IP! micron! 0,04! 0,12! 8,39E-02! 6,95E-02! 5,81E-02! 4,11E-02! 1,68E-02! 1,19E-02! 7,51E-03!
σx' @ IP! rad! 0,00! 0,00! 4,20E-04! 3,47E-04! 2,91E-04! 2,06E-04! 8,39E-05! 5,93E-05! 3,75E-05!
σy' @ IP! rad! 0,00! 0,00! 4,20E-04! 3,47E-04! 2,91E-04! 2,06E-04! 8,39E-05! 5,93E-05! 3,75E-05!

++ ++

Low+
Emiaance+
Muon+
Muon++
Accelerator+

Material from A. Wulzer

Plenty of examples can be made to refine the claim

Figure 1: Left: equivalent hadronic energy as defined in the main text. Right: top partners pair produc-
tion cross-sections at di↵erent colliders

In the hadronic cross-section formula, �̂ denotes the partonic cross-section and
p
ŝ =p

⌧sH is the partonic center of mass energy. Assuming that no s-channel resonances
contribute to the process, ŝ · �̂ is proportional, by dimensional analysis, to the production
couplings times dimensionless factors from the phase-space integral. Therefore it is nearly
constant in ŝ, i.e. in ⌧ , and it can be factored out from the integral. The parton luminosity
dL/d⌧ is taken as the sum of the uu, dd and gg luminosities. In the leptonic formula, �̂ is
just the l+l� production cross-section and ŝ = sL. Working under the rough assumption
that the hadronic and leptonic production couplings and phase-space factors are the same,
i.e. [ŝ�̂]H = [ŝ�̂]L,we obtain the equivalent hadronic energy

p
sH , as function of

p
sL, by

equating �H(sL, sH) with �L(sL). The case [ŝ�̂]H = 10 [ŝ�̂]L, due to the large color factors
and (QCD) couplings one easily encounters in hadron collider production processes, is also
shown in the figure. The result merely illustrates the well-known fact that the collision
energy at a leptonic collider is fully available to produce high-energy reactions, while
steeply falling parton luminosities reduce the energy reach of a hadron machine.

The figure shows that a leptonic collider operating at the LHC energy of 14 TeV would be
capable to produce as many E ⇠ 14 TeV events as a 100 TeV pp machine with the same
integrated luminosity, a fact that however in itself does not tell that the energy reach of
the two machines is comparable. Whether or not this is the case depends on the process;
we consider here for illustration the production of heavy coloured vector-like top partner
fermions [5] (AKA Vector-Like-Quarks [6]), that are important signatures of composite
Higgs models aimed at addressing the Naturalness Problem. We focus in particular on
the partners of the qL = {tL, bL} SM doublet, which are endowed with the same quantum

PRELIMINARY DOCUMENT 7 Not for distribution

Fermionic top partners in Composite Higgs:

Estimated reach 
of the FCC-hh

Analogous results for SUSY Stops/Squarks.

Muon Colliders

2)

1)

Backup

Patrick Janot

Higgs boson production (2)
� Muons are heavy, unlike electrons: mP/me ~ 200

� Large direct coupling to the Higgs boson: V(P+P-ÆH) ~ 40,000 × V(e+e-ÆH) 

� Much less synchrotron radiation, hence potentially superb energy definition

z dE/E can be reduced to 3-4 × 10-5 with more longitudinal cooling

Î Albeit with equivalent reduction of luminosity: 2 – 8 × 1031 cm-2s-1

24 Sept 2015
FCC-ee Higgs mini-workshop

10

X

X

(1): with ISR
(2): dE/E = 3×10-5

(3): dE/E = 6×10-5

S. Jadach, R.A. Kycia
arXiV:1509.02406

• V(P+P- → H) ~ 15 pb
(ISR often forgotten...)

• 200 – 800 pb-1 / yr

• 3000 – 12000 Higgs / yr

Reminder: At FCC-ee
400,000 to 800,000 Higgs/yr

√s (GeV) Not quite there, even with factor 10

μ-coll s-channel Higgs: arXiv:hep-ph/9504330

H
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μ-collider in brief
Input to ESU arXiv:1901.06150

HZ

VBF → H

VBF → HH
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Fig. 1: Left panel: the energy at which the proton collider cross-section equals that of a muon collider. The dashed
line assumes comparable Feynman amplitudes for the muon and the proton production processes. A factor of ten
enhancement of the proton production amplitude squared, possibly due to QCD production, is considered in the
continuous line. Right panel: Higgs and top-quark production cross-sections at high energy lepton colliders.

for
p
sµ ⌧

p
sp, as shown on the left panel of Figure 1.

Naively, one would expect the lower background level could be another advantage of the muon
collider relative to hadronic machines. However it is unclear to what extent this is the case because of
the large beam background from the decay of the muons, discussed in section 4.

Figure 1 suggests that a 14 TeV muon collider with sufficient luminosity might be very effective
as a direct exploration machine, with a physics motivation and potential similar to that of a 100 TeV
proton-proton collider [4]. Although detailed analyses are not yet available, it is expected that a future
energy frontier muon collider could make decisive progress on several beyond-the-SM questions, and
to be conclusive on some of these questions. By exploiting the very large vector-boson fusion (VBF)
cross-section, a muon collider could search extensively for new particles coupled with the Higgs boson,
possibly related to electroweak baryogenesis [5]. It might also discover Higgsinos or other heavy WIMP
dark matter scenarios [6]. In this context, it is important to remark that motivated “minimal” WIMP dark
matter candidates might have a mass of up to 16 TeV. Generic electroweak-charged particle with easily
identifiable decay products up to a mass of several TeV can be searched for. Relevant benchmarks are
the (coloured) top partners related with naturalness, which should be present at this high mass even in
elusive “neutral naturalness” scenarios.

The ability to perform measurements, which probe New Physics indirectly
2, is another important

goal of future collider projects. The high energy of a muon collider could also be beneficial from this
viewpoint, in two ways. First, indirect New Physics effects are enhanced at high energy, so that they
can show up even in relatively inaccurate measurements. This is the mechanism by which the 3 TeV
CLIC might be able to probe the Higgs compositeness scale above 10 TeV (or a weakly-coupled Z

0 up
to 30 TeV) with di-fermion and di-boson measurements at the 1% level [7], while an exquisite precision
of 10�4

/10
�5 would be needed to achieve the same goal with low-energy (e.g., Z-pole) observables. At

a 30 TeV muon collider, with suitably scaled luminosity, the reach would increase by a factor of 10. The
second important aspect is that some of the key processes for Higgs physics, namely those initiated by
the vector boson fusion (see the right panel of Figure 1), have very large cross-sections. For instance with
an integrated luminosity of 10 ab

�1, a 10 TeV muon collider would produce 8 million Higgs bosons,
with 30’000 of them by the pair production mechanism that is sensitive to the trilinear Higgs coupling.
While further study is required, especially in view of the significant level of machine background that
is expected at a muon collider, these numbers might allow a satisfactory program of Higgs couplings
determination.

A detailed assessment of the muon collider luminosity requirements will result from a compre-
hensive investigation of the physics potential, which is not yet available. However a simple and robust

2Precision would also allow the characterization of newly discovered particles.
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Simple Things First

Typical Muon Collider Cross-Section:
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For Hard EW BSM or SM production: (VBF is Soft, see later)
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10 TeV μ+ μ-
Barbara Mele

FIRST  AND  FOREMOST

!4               CERN,  10  April 2019

what can one do with muon collisions  
  @ √Sµµ  up  to a few tens of TeV ???

plain pair production  
of new heavy states... 

µ+µ� ! FF̄
<latexit sha1_base64="Zr1S/d5NmUZa0jUJPw/nGryKYfg="></latexit>

mF ≲ √Sµµ/2  
    ~ 5, 7,15 TeV !!!

� ⇠
✓
10TeV
p
sµµ

◆2

· 1 fb

up to  mF<√s/2

http://arxiv.org/abs/arXiv:1901.06150
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Input to ESU arXiv:1901.00370

Alegro/Advanced Linear Collider (ALIC)
No definite plan yet

R&D for new accelerating techniques (laser or plasma wakefield)
ee and γγ colliders from 100 GeV to 100 TeV

Fig. 1: Global ANA scientific roadmap displaying phases and milestones towards the design of ALIC.

3 Existing facilities for advanced acceleration R&D

Existing facilities are mainly tools to explore ANA concepts, and proof-of-principle experiments.

Dedicated facilities are needed to make significant progress in ANA R&D towards the milestones

in the next 5-10 years .

LWFA R&D uses PW-class peak power laser facilities. Most of these are multi-purpose, multi-
user facilities with very few dedicated beam lines for accelerator R&D. Therefore, most of these lasers
systems have state-of-the-art components and performance, with repetition rate lower than 1 Hz. These
types of facilities have demonstrated many of the elements important for collider designs, though not
necessarily at the same time: 5 GeV electron acceleration over 9 cm, high-quality injector, staging with
independent laser beams. The stability and reproducibility of laser and electron beams are limited by the
low investment level into these research topics. One of the main applications driving the development
of the field is the generation of compact light sources. The provision of high-power laser facilities with
beamlines dedicated to ANA research is essential to drive the required increased rate of progress in
addressing key challenges in issues such as controlled injection, staging, or improved stability.

There are a limited number of facilities around the world suitable for PWFA experiments, fewer
than ten, due to the small number of accelerator facilities that can deliver suitable particle bunches: GeV
energy, nC charge in sub-ps length and focused to sub-mm transverse size. Similar to the LWFA case,
facilities have demonstrated many of the elements important for collider designs, though not necessarily
at the same time: 43 GeV energy gain in an 85 cm long plasma, beam loaded acceleration with percent
level energy spread and high-efficiency. The majority of R&D focuses on the acceleration of electrons,
since positrons bunches are only available at one facility (FACET-II), but important aspects of positron
acceleration have also been demonstrated: multi-GeV acceleration in meter scale plasmas and two-bunch
acceleration in hollow-channel plasma structures. Acceleration with simultaneous beam loading, narrow
relative energy spread and emittance preservation is currently being addressed. No facility can currently
deliver independently shaped drive and witness bunches necessary to demonstrate maximum efficiency.
Two main applications are under investigation: electron beam-driven PWFA with possible application
to free electron lasers and e�/e+ collider; and proton driven PWFA, with possible application to beam-
dump experiments, dark-matter searches and e�/p+ collisions.

Current SWFA R&D focuses on investigating efficient structures capable of reliable operation at
high gradients. In addition, SWFA requires drive- and main-bunch development. Controlling drive-
bunch distributions provides a path to achieving high-gradient high-efficiency operation while control-
ling the main-bunch parameters optimises luminosity and efficiency. R&D focuses on achieving large-
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transformer-ratio acceleration with appropriately shaped bunches, which can achieve higher energy, with
higher efficiency, than with unshaped bunches.

The DLA scheme greatly benefits from progress in the telecommunication and semi-conductor
industry both with high-repetition-rate fiber laser systems and with micro-fabrication. DLA is currently
being studied on a compact scale compatible with university laboratory experiments. Relativistic-energy
experiments are also being carried out at newly commissioned test facilities. DLA has unique require-
ments for low-emittance electron sources, so facilities with suitable beam parameters are needed in order
to test DLAs with linear-collider-type parameters.

4 Physics case

While the Standard Model (SM) seems to describe all observations from high-energy experiments, this
model is manifestly incomplete in many respects. Experiments at the LHC have emphasized this prob-
lem. They have discovered the Higgs boson, the last particle predicted by the SM, but thus far, they have
not given clues to new physics beyond the SM.

This situation calls for a number of measurements at e-/e+/gamma colliders that have the potential,
first, to break the impasse toward the existence of physics beyond the SM and, second, to learn the nature
of the new interactions. We list the most important of these below. The goals 1 to 6 have been described
in studies for colliders in the hundreds of GeV energy range—CEPC [4], FCC-ee [5], ILC [6], and
CLIC [7]. However, it is also likely that much important information about the nature of physics beyond
the SM will lie beyond the reach of these machines, at tens of TeV in the parton-parton center of mass
frame. The goals 7 to 11 will require the ALIC collider that is the long-term goal of this initiative.

Here is a summary of the most important physics goals yet to be realized at e�/e+ and �� colliders.
A more detailed discussion of each can be found in the Addendum [3]. We emphasize that the last four
goals can only be reached at high center of mass energies, i.e., with ANAs.

1. High-precision study of the Z resonance and high-precision measurement of the W mass, resolv-
ing current tensions among the precision electroweak measurements and testing the SM at the
10�4 level.

2. Model-independent measurement of the Higgs boson couplings to 1% precision. This accesses
deviations from SM model predictions at the level at which effects of beyond-SM interactions
would be visible.

3. Search for invisible or exotic decays of the Higgs boson to the parts-per-mil level of branching
fraction.

4. Measurement of the top quark electroweak form factors to parts per mil precision. This accesses
deviations from SM model predictions at the level at which effects of beyond-SM interactions
would be visible.

5. Search for invisible particles pair-produced in e�/e+ collisions. An important objective is the pure
Higgsino dark matter candidate, which would have a mass of 1 TeV.

6. Search for additional electroweak gauge bosons and signals of lepton and quark compositeness.
A 3 TeV e�/e+ collider would be sensitive to new bosons at 15 TeV and compositeness scales of
60-80 TeV, far beyond the LHC capabilities.

7. Search for pair-production of any new particles with multi-TeV masses that couple to the elec-
troweak interactions.

8. Search for “thermalization” of Higgs boson production, the production of events with hundreds of
W , Z, and Higgs bosons at center of mass energies above 10 TeV.

9. Exploration of the resonances of the new strong interactions associated with composite Higgs
boson models. These resonances are expected to appear above 10 TeV in the center of mass.

10. Determination of the geometry of extra space dimensions from the systematics of observed Kaluza-
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Klein resonances. Given current constraints, e�/e+ or �� experiments above 20 TeV would be
needed to draw firm conclusions.

11. Characterization of leptoquark bosons proposed to explain suggested anomalies in flavor physics,
or other new particles that could be involved in explaining the systematics of flavor interactions.

For all of these goals, and more, we need precision experiments with e�/e+ and �� colliders and
new experiments that can access the TeV and 10 TeV energy scales with electroweak probes. It is thus
important to have a long-term program to realize these capabilities by inventing new technologies for
electron and positron acceleration.

5 Our long-term goal: ALIC, the Advanced Linear International Collider

To reach 30 TeV center-of-mass energies, a lepton collider based on traditional RF microwave
technology would need to be over 100 km in length and would likely cost tens of billions of dollars to
build. Due to the inverse scaling of the interaction cross section with energy, the required luminosity goal
would be of the order of 1036 cm�2s�1. The design of ALIC will attempt to meet these requirements in
a smaller cost/size footprint using advanced acceleration schemes.

ANAs promise an important increase of accelerating gradient compared to existing collider tech-
nologies, but with different relative advantages and development needs. Among these the promise in
gradient is highest for plasma techniques (LWFA, PWFA), while laser driven ANAs (LWFA, DLA) are
expected to have the most compact footprint. LWFA development will rely on innovation in laser tech-
nology to improve wall-plug efficiency, while laser requirements for DLA are largely met by existing
laser technology. The SWFA is conceptually similar to the relatively mature CLIC design but operates
with higher gradient.

The current effort on acceleration technology should be complemented by substantial R& D efforts
on establishing concepts for colliders. To date each advanced technology is outlining a design of

collider based on its technology, as reported in the Addendum [3]. The main role of ALEGRO will

be to identify the technology best suited for each collider component and at least one realistic global

design. ALIC will consist of many successive modules or stages, with designs to reach 0.25, 1 and 30
TeV. Many collider components - e.g. beam damping and cooling, beam-delivery systems, final focus,
etc. - are in the conceptual stage, or have not been considered in detail. The goal of the R&D will be to
explore accelerator physics and collider components to enable a detailed design.

6 ALIC Machine components

6.1 Electron/positron sources, cooling

The development of high-quality electron and positron sources is a high priority for ANAs.

Compact electron sources based on laser-assisted field emission from nanotips, which can pro-
duce electron beams of unprecedented brightness, are under development for the DLA. High-gradient,
high-energy superconducting radio-frequency (SRF) guns operated in continuous wave (CW) mode are
promising candidates for delivering relevant beams for DLA-based linear colliders. Comparable tech-
niques for generating high-brightness positron beams in a compact footprint have not yet been identified.

The SWFA and the PWFA use beams similar to those generated for CLIC or ILC. One can there-
fore take advantage of these developments and adapt them for the specific parameters required by the
SWFA and the PWFA (shorter bunch, repetition rate, etc.).

Plasma electrons can be trapped by wakefields, emerging in short bunches and possibly with very
low emittance, at the nm-rad level. These would not require further cooling in a damping ring and could
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need 
multi-TeV collider

could be done at 
CepC, FCCee, ILC, CLIC 
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