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 a very exciting  (and challenging)  
time for particle physics !  

 quite a few great options available ! 

 beautiful reviews on first LFC19 day 

 here a few (personal) remarks 
       (benefitting also from Granada material…) 
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WHERE ARE WE ?

!3
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 SM  works !

 THEORY + EXP’S 

nevertheless…

!4
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 two kinds of issues with the SM : 
 existence of “external” phenomena : 
 
 
 

 “internal” poor consistency :

great (although hazy) expectations  
for new BSM phenomena at colliders !

(quantum ?) 
Gravity

Dark Matter

Barion asymmetry
+ empirical evidences :

 neutrino masses

mainly connected to the 
EWSB/Higgs sector

. . . 

!5!5
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what’s so tricky about the Higgs 

the only “fundamental” scalar particle (microscopic interpretation ?) 

not protected by symmetries (the less constrained SM sector):  
 naturalness problem : mH ~ g × Λcutoff 

many different couplings all fixed by masses (?) 
proliferation of parameters historically leads to breakdown 
in TH models 

fermion masses/Yukawa’s hierarchy (?) 
have neutrinos a special role ?!!! 

λ determines shape and evolution of Higgs potential     cosmology ! 

Figure 40: The measured production cross section for e
+
e
� ! W

+
W

� compared to the SM and to
fictitious theories not including trilinear gauge couplings, as indicated

In order to obtain these result for the vertex the reader must duly take into account the

factor of -1/4 in front of F 2

µ⌫ in the lagrangian and the statistical factors which are equal

to 2 for each pair of identical particles (like W+W+ or ��, for example). The quartic

coupling, being quadratic in g, hence small, could not be directly tested so far.

3.5 The Higgs Sector

We now turn to the Higgs sector of the EW lagrangian [10]. Until recently this sim-

plest realization of the EW symmetry breaking was a pure conjecture. But on July ’12

the ATLAS and CMS Collaborations at the CERN LHC have announced [229, 230] the

discovery of a particle with mass mH ⇠ 126 GeV that very much looks like the long sought

Higgs particle. More precise measurements of its couplings and the proof that its spin is

zero are necessary before the identification with the SM Higgs boson can be completely

established. But the following description of the Higgs sector of the SM can now be read

with this striking development in mind.

The Higgs lagrangian is specified by the gauge principle and the requirement of renor-

malizability to be

LHiggs = (Dµ�)
†(Dµ�)� V (�†�)�  ̄L� R��  ̄R�

† L�
† , (264)
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where � is a column vector including all Higgs fields; in general it transforms as a reducible

representation of the gauge group SU(2)L ⌦U(1). In the Minimal SM it is just a complex

doublet. The quantities � (which include all coupling constants) are matrices that make the

Yukawa couplings invariant under the Lorentz and gauge groups. The potential V (�†�),

symmetric under SU(2)L ⌦ U(1), contains, at most, quartic terms in � so that the theory

is renormalizable:

V (�†�) = �µ2�†�+
1

2
�(�†�)2 (265)

As discussed in Chapter 1, spontaneous symmetry breaking is induced if the minimum

of V, which is the classical analogue of the quantum mechanical vacuum state, is not a

single point but a whole orbit obtained for non-vanishing � values. Precisely, we denote

the vacuum expectation value (VEV) of �, i.e. the position of the minimum, by v (which

is a doublet):

h0|�(x)|0i = v =

✓
0

v

◆
6= 0 . (266)

The reader should be careful that, for economy of notation, the same symbol is used for

the doublet and for the only non zero component of the same doublet. The fermion mass

matrix is obtained from the Yukawa couplings by replacing �(x) by v:

M =  ̄L M R +  ̄RM† L , (267)

with

M = � · v . (268)

In the MSM, where all left fermions  L are doublets and all right fermions  R are singlets,

only Higgs doublets can contribute to fermion masses. There are enough free couplings in

� so that one single complex Higgs doublet is indeed su�cient to generate the most general

fermion mass matrix. It is important to observe that by a suitable change of basis we can

always make the matrix M Hermitian (so that the mass matrix is �5-free) and diagonal.

In fact, we can make separate unitary transformations on  L and  R according to

 0
L = U L,  0

R = W R (269)

and consequently

M ! M0 = U †MW . (270)

This transformation produces di↵erent e↵ects on mass terms and on the structure of the

fermion couplings in Lsymm, because both the kinetic terms and the couplings to gauge

bosons do not mix L and R spinors. The combined e↵ect of these unitary rotations leads to

the phenomenon of mixing and, generically, to flavour changing neutral currents (FCNC),

as we shall see in Sect. 3.6. If only one Higgs doublet is present, the change of basis that

makes M diagonal will at the same time diagonalize the fermion–Higgs Yukawa couplings.

Thus, in this case, no flavour-changing neutral Higgs vertices are present. This is not

true, in general, when there are several Higgs doublets. But one Higgs doublet for each
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Note that the trilinear couplings are nominally of order g2, but the adimensional coupling

constant is actually of order g if we express the couplings in terms of the masses according

to Eqs.(278):

L[H,W,Z] = gmWW+

µ W�µH +
g2

4
W+

µ W�µH2 +

+
gmZ

2 cos2 ✓W
ZµZ

µH +
g2

8 cos2 ✓W
ZµZ

µH2 . (285)

Thus the trilinear couplings of the Higgs to the gauge bosons are also proportional to the

masses (at fixed g: if instead GF is kept fixed then, by Eq. 244, g is proportional to mW ,

and the Higgs couplings are quadratic in mW ). The quadrilinear couplings are of order g2.

Recall that to go from the lagrangian to the Feynman rules for the vertices the statistical

factors must be taken into account: for example, the Feynman rule for the ZZHH vertex

is igµ⌫g2/2 cos2 ✓W .

The generic coupling of H to a fermion of type f is given by (after diagonalization):

L[H,  ̄, ] =
gfp
2
 ̄ H, (286)

with
gfp
2
=

mfp
2v

= 21/4G1/2
F mf . (287)

The Higgs self couplings are obtained from the potential in Eq.(265) by the replacement

in Eq.(283). Given that, from the minimum condition:

v =

r
µ2

�
(288)

one obtains:

V = �µ2(v +
Hp
2
)2 +

µ2

2v2
(v +

Hp
2
)4 = �µ2v2

2
+ µ2H2 +

µ2

p
2v

H3 +
µ2

8v2
H4 (289)

The constant term can be omitted in our context. We see that the Higgs mass is positive

(compare with Eq.(265)) and is given by:

m2

H = 2µ2 = 2�v2 (290)

By recalling the value of v in Eq.(279), we see that formH ⇠ 126 GeV � is small, �/2 ⇠ 0.13

(note that �/2 is the coe�cient of �4 in Eq.(265), and the Higgs self interaction is in the

perturbative domain.

The di�culty of the Higgs search is due to the fact that it is heavy and coupled in

proportion to mass: it is a heavy particle that must be radiated by another heavy particle.

So a lot of phase space and of luminosity are needed. At LEP2 the main process for

Higgs production was the Higgs-strahlung process e+e� ! ZH shown in Fig. 3.5 [231].

101
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today four paths to advance in HEP at colliders:
by exploring the characteristics of the Higgs sector 
and confirming/spoiling the SM picture  
(primary relevance since the Higgs sector is so critical !) 
by searching for new heavy states coupled to the SM, 
[acting as a cut-off for the SM  
possibly solving the naturalness issues and/or  
non-SM phenomena (dark matter, …)] 

by exploring  Λ >> o(1TeV)  indirect effects through 
high-accuracy studies of  SM x-sections/distributions 
and searches for rare processes (EFT parametrization) 
by looking for new “DARK” states (i.e.,uncoupled to SM 
at tree level) either in production or/and heavy-state  
(H,t…) decays (elusive signatures, may be long-lived p.les)

!7!7!7!7
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every single method is of fundamental 
importance to make progress ! 
e+e- colliders great opportunities in all sectors 
(cleanness [➜ model independence], accuracy…)

Higgs new particles

“Dark” signals

indirect effects

!8!8

today four paths to advance in HEP at colliders:
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our boundary condition : HL-LHC 
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2016     2017     2018     2019     2020     2021     2022     2023     2024     2025     2026     2027     2028     2029     2030     2031     2032     2033    2034    2035

LS2

LS3

LS4present 
day

1

2

3

Run 2 
150 fb-1 

1.5·1034 cm2s-1

Run 3 
~400 fb-1 

1.5·1034 cm2s-1

Run 4 
1500 fb-1 

5…7·1034cm2s-1

Run 5 
3000 fb-1 

7·1034 cm2s-1

14 TeV13 TeV

Top Factory 
(also B, W, Z)

Integrated 
luminosity 

[ab-1]

time 
[years]

Higgs Factory 
150 million Higgs

The Past, the Present and the Future

HL-LHCLHC

APPROVED

A. Meyer, LFC19
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WHAT  NEXT ???
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EPPSU process ongoing…
to conclude with approval of strategy update  
by CERN Council in May 2020 
Open Symposium took place in Granada  
in May 2019 
Physics Prepatory Group (PPG) currently drafting  
the “Briefing Book” (~100 pages)  
to be submitted to the  
European Strategy Group (ESG) 
later this month 
on this basis, should define an overall long-term 
scenario in the global landscape…

!11               LFC19 at ECT*,   13  September 2019
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May.2020
Council to approve 

Strategy Update 

organisation &
input preparation 
by community

consultation & 
consensus building

Sept 27,2018
Council launches the 

Strategy Update process 
and establishes the PPG 

and ESG

June 14,2018
Council decision on 

venues and dates 

March.2018
Call for nominations of 
PPG & ESG members March.2020

Strategy Update to 
be submitted to 

Council

Jan 20-24,2020
Strategy Update 
Drafting Session
Bad Honnef, GE

Sept.2019
Physics Briefing 

Book available

May 13-16,2019
Open Symposium

Granada, ES

Jan.2018
Call for proposals 

for venues for Open 
Symposium and 

Strategy Drafting 
Session

2017 2018 2019 2020

Dec 18.2018
Closing submission 
of community input

Physics results appearing 
after May 2019 will be taken 
into account in the process

EPPSU 2020 timeline

Febr.2018
Call for scientific input

ü
ü

ü

ü

ü

7/27/19 DPF Boston 8

ECFA/EPS-HEPP
session during
EPS2019 in Ghent
13/07 afternoon

ü

ü
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7/27/19 DPF Boston 12

EPPSU 2020

Participants in Granada 

12% from 
outside Europe

Very well attended
Expected – 500

Registration closed 
after 600

from Vedrana Zorica

High quality 
presentations

Outstanding 
organisation

To Spain

To PPG

[ ~600  ]
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The Granada 
physics themes

32

Electroweak & Higgs

Beyond the SM

Dar
k S

ec
tor

Neutrino

and astroparticle
Strong Interactions

Flav
ou

r

J. D’Hondt, LFC19 

➜	plus many many other aspects covered in Granada…
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how to assess  a large-scale  project

Physics potential (direct, indirect) 
feasibility ➜ maturity ➜ technical risk 
innovation 
construction/operation costs (vs constrains from fund. agencies) 

power consumption 
start-up time 
total operation time (staging, expandibility) 
location vs infrastructures vs politics (global context !) 
HEP (both regional and global) community support 
fraction of present HEP community involved

!15               LFC19 at ECT*,   13  September 2019

[project ==> beam species, energy, lumi, technology]
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Possible	future	colliders

FCC-hh	Experiment;	LFC2019

Linear	(e+e-)	colliders Circular	(e+e-/hh)	colliders

L.Gouskos, LFC19
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Loukas Gouskos 9

Possible	future	colliders

FCC-hh	Experiment;	LFC2019

Linear	(e+e-)	colliders Circular	(e+e-/hh)	colliders

CLIC	(CERN)
- Normal-conducting	acceleration
- Up	to	3	TeV collisions

ILC	(Japan)
- Super-conducting	acceleration
- 250	– 500	[1000?]	GeV	collisions

FCC-ee/-hh (CERN)
- 100	Km	tunnel
- First:	FCC-ee;	up	to	2*mtop GeV	collisions	

“standard”	technology
- Then:	FCC-hh;	100	TeV collisions

challenge:	16T	magnets

CEPC/SppC (China)
- 100	Km	tunnel
- Essentially	an	FCC-ee/	FCC-hh
- More	conservative	luminosity	scenarios

L.Gouskos, LFC19
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Comparisons

Project Type Energy
[TeV]

Int. Lumi. 
[a-1]

Oper. Time 
[y]

Power
[MW]

Cost

ILC ee 0.25 2 11 129 (upgr. 

150-200)

4.8-5.3 GILCU + 

upgrade

0.5 4 10 163 (204) 7.8 GILCU

1.0 300 ?

CLIC ee 0.38 1 8 168 5.9 GCHF

1.5 2.5 7 (370) +5.1 GCHF

3 5 8 (590) +7.3 GCHF

CEPC ee 0.091+0.16 16+2.6 149 5 G$

0.24 5.6 7 266

FCC-ee ee 0.091+0.16 150+10 4+1 259 10.5 GCHF

0.24 5 3 282

0.365 (+0.35) 1.5 (+0.2) 4 (+1) 340 +1.1 GCHF

LHeC ep 60 / 7000 1 12 (+100) 1.75 GCHF

FCC-hh pp 100 30 25 580 (550) 17 GCHF (+7 GCHF)

HE-LHC pp 27 20 20 7.2 GCHF

D. Schulte 24Higgs Factories, Granada 2019

LHC ➜ 150 MW, 4 GCHF
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C. Biscari – Ghent - 13 July 2019 Technology path towards future colliders ECFA-EPS Joint session 44

C
om

pa
ri
so
ns

D. Schulte

44

Project Type Energy
[TeV]

Int. Lumi. [a-1] Oper. Time 
[y]

Power
[MW]

Cost

ILC ee 0.25 2 11 129 (upgr. 150-200) 4.8-5.3 GILCU + upgrade
0.5 4 10 163 (204) 7.98 GILCU
1.0 300 ?

CLIC ee 0.38 1 8 168 5.9 GCHF
1.5 2.5 7 (370) +5.1 GCHF
3 5 8 (590) +7.3 GCHF

CEPC ee 0.091+0.16 16+2.6 149 5 G$
0.24 5.6 7 266

FCC-ee ee 0.091+0.16 15+10 4+1 259 10.5 GCHF
0.24 5 3 282
0.365 (+0.35) 1.5 (+0.2) 4 (+1) 340 +1.1 GCHF

LHeC ep 60 / 7000 1 12 (+100) 1.75 GCHF
FCC-hh pp 100 30 25 580 (550) 17 GCHF (+7 GCHF)
FCC-NbTi pp 37.5 10 20 240 14 GCHF (including tunnel)

HE-LHC pp 27 20 20 7.2 GCHF

new

‘Traditional-technologies’ colliders
 post-Granada addition ➜	FCC-NbTi…
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general  consensus by now on next machine
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250GeV e+e- Higgs Factory 

10th August, 2019 Geoffrey Taylor, LP2019, Toronto, CA 17 

Next Big Machine should be an 
e+e- collider “Higgs Factory” 
But … 
Which Higgs Factory? 
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Possible scenarios of future colliders

2020 207020402030

FCC hh: 100 TeV 20-30 ab-1

2050 2060

Ja
pa

n
CE

RN

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: ≈ FCC-hh

Proton collider
Electron  collider
Electron-Proton  collider

2080

Construction/Transformation: heights of box construction cost/year

20907/27/19 DPF 
Boston

350-365 GeV 
1.7 ab-1

20km tunnel 

100km tunnel 

100km tunnel 

50 km tunnel 

FCC hh: 150 TeV ≈20-30 ab-1 

1 TeV
≈ 4-5.4 ab-1

31km tunnel 40 km tunnel 

100km tunnel 

4 years

8 years

8 years

5,6 B/9 years

10,5 B/10year
1,1B

17 B/11 years

17 B/11 years

24B/15 years

6 B/8 years

Preparation

≈2.5 B/7years

CLIC: 380 GeV 
1.5 ab-1

1.5 TeV
2.5  ab-1

3 TeV
5  ab-1

11 km tunnel 

29 km tunnel 

5,9 B/7 years

5,1 B/5 y 7,3 B/5 y

5 years

HL-LHC: 13 TeV 3-4 ab-1 HE-LHC: 27 TeV 10 ab-1 

7 B/8 years

2 years 1.7 B/ 6 years
LHeC: 1.2TeV 
0.25-1 ab-1©

FCC-eh: 3.5 TeV 2 ab-1

21

From Ursula Bassler
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e+e
- “
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zed
” s

che
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Proposed Schedules 

D. Schulte 22Higgs Factories, Granada 2019

Project Start construction Start Physics (higgs)

CEPC 2022 2030

ILC 2024 2033

CLIC 2026 2035

FCC-ee 2029 2039 (2044)

LHeC

Proposed dates from projects

Would expect that technically required 
time to start construction is O(5-10 
years) for prototyping etc.09/09/2018 Philipp Roloff Physics at future linear colliders 7

Comparison to other e+e− collider options

Linear colliders:
• Can reach the highest energies
• Luminosity rises with energy
• Beam polarisation at all energies

Circular colliders:
• Large luminosity at 
lower energies
• Luminosity decreases 
with energy

NB: Peak luminosity at 
LEP2 (209 GeV) was ≈ 1032 cm−2s−1

 1

 10

 100

 1000

 100  1000

L
 [

1
0

3
4
c
m

-2
s

-1
]

Ecm [GeV]

FCC-ee
CEPC

ILC
ILC-up.

CLIC
CLIC-up

Daniel Schulte, Granada Symposium

NB: “CLIC-up” is a recent suggestion to double repetition frequency at 380 GeV



Barbara Mele !23               LFC19 at ECT*,   13  September 20197/27/19 DPF Boston 24

Report from Open Symposium in Granada

Various collider options relative to HL-LHC

potential on Higgs couplings
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but a political decision on the ILC is really slowly converging…
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ILC Status & Recent Activities 
Project under serious consideration by the Japanese 
Government 
 Statement/Decision expected by the end of 2019 or early 2020 
 Japan is aware of the urgency and milestones (e.g., upcoming European 
Strategy Update)  

Encouraging interactions of Japanese Officials with agencies/
governments in the US and in Europe have taken place 
An International Working Group has been formed; the group is 
developing a report on ILC governance  
Strong ongoing efforts in Japan with outreach to public, media, 
science community and industry 

10th August, 2019 Geoffrey Taylor, LP2019, Toronto, CA 25 
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CLIC: multi-TeV e+e- linear collider

1 ab-1 2.5 ab-1 5 ab-1

Technically: 
construction could
start in ~2026 
(TDR in 2025) 
Æ start operation at 
√s=380 GeV in ~2035

Since last ESPP: development of key technologies, progress towards demonstration of design parameters:
� 100 MV/m accelerating structures with low breakdown rate 
� two-beam acceleration scheme demonstrated (CTF3) up to 145 MV/m
� R&D on alignment and vibration stabilization systems
� reduction of energy consumption (optimisation ongoing for 1.5 and 3 TeV) and cost

Gianotti
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HE-LHC

Also studied: HE-LHC: √s=27 TeV using FCC-hh 
16 T magnets in LHC tunnel; L~1.6x1035Æ 15 ab-1 

for 20 years operation

FCC: Future Circular Collider

Preliminary, purely technical schedule for 
integrated programme (FCC-ee followed by
FCC-hh), assuming green light to 
preparation work in 2020.

Gianotti
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• F2 “Energy Efficiency”

Green :  100-200 MW
Yellow :  200-400 MW
Red :  > 400 MW

Finding Common Denominators * – Three Factors

5/13/2019 Shiltsev | EPPSU 2019 Future Colliders23

• F1 “Technology 
Readiness” : 

Green - TDR
Yellow - CDR
Red - R&D

• F3 “Cost” : 
Green :    < LHC
Yellow :  1-2 x LHC
Red :  > 2x LHC

* to be further discussed in the Symposium’s accelerator sessions

Shiltsev
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Higgs Factories Readiness Power-Eff. Cost

ee Linear    250 GeV

ee Rings  240GeV/tt

μμ Collider 125 GeV *

Highest Energy

ee Linear 1-3TeV

pp Rings     HE-LHC

FCC-hh/SppC

μμ Coll. 3-14 TeV *

Shiltsev
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A  MULTI-TEV     
MUON  COLLIDER (???)
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“equivalent” reach in pp after rescaling for pdf's

arXiv:1901.06150

 µµ @ 14 TeV         pp @ 100  (200)EW TeV !  

 µµ @ 30 TeV       pp @ 350  (600)EW TeV !!

5 10 15 20 25 30
20

50

100

200

500

sμ [TeV]

s p
[T
eV

]

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.

3

for colored NP objects

(even better for EW NP)

[MNP ~ √Sµ/2]
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yet  unexplored  pheno !!!
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Brief	history
• The	muon	collider	idea	was	first	introduced	in	early	1980’s	

[A.	N.	Skrinsky and	V.	V.	Parkhomchuk,	D.	Neuffer ]	

• the	idea	was	further	developed	by	a	series	of	world-wide	collaborations
• US	Muon Accelerator Program – MAP,	created	in	2011,	was	killed	in	2014

MAP	developed	a proton	driver	scheme	and	addressed	the	feasibility	of	the	
novel	technologies	required	for	Muon	Colliders	and	Neutrino	Factories	

"Muon	Accelerator	for	Particle	Physics,"	JINST,	
https://iopscience.iop.org/journal/1748-0221/page/extraproc46

• LEMMA	(Low EMittanceMuon Accelerator)	concept	was	proposed	in	2013
a	new	end-to-end	design	of	a	positron	driven	scheme	is	presently	under	study	
by	INFN-LNF	et	al.	to	overcome	technical	issues	of	initial	concept	è arXiv soon

• an	input	document	was	submitted	to	the	European	Particle	Physics	Strategy	
Update	on	existing	muon	collider	studies,	to	support	further	R&Ds

“Muon	Colliders,”	arXiv:1901.06150

Ghent	- July	13,	2019 45Nadia	Pastrone
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5/13/2019 Shiltsev | EPPSU 2019 Future Colliders

High Energy μ+μ- Colliders Input #120

JINST Special Issue (MUON)

μμ @ 14 TeV
=

pp @ 100 TeV

Advantages: 
• μ’s do not radiate / no 

beamstrahlung→ acce-
leration in rings → low cost 
& great power efficiency

• ~ x7 energy reach vs pp

• US MAP feasibility studies were very successful → MCs can be built with 
present day SC magnets and RF; there is a well-defined path forward

• ZDRs exist for 1.5 TeV, 3 TeV, 6 TeV and 14 TeV * in the LHC tunnel 
Key to success: 
• Test facility to demonstrate performance implications - muon production 

and 6D cooling, study LEMMA e+-45 GeV + e- at rest→P+-P- , design study 
of acceleration, detector background and neutrino radiation 

Offer “moderately conservative -
moderately innovative” path to 
cost affordable energy frontier 
colliders: 

22

* more like “strawman” parameter table

MNewPhysics = sqrt(s)/2

Shiltsev
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Proposed tentative timeline

D. Schulte

1 3 5 7 9 11 13 15 172 4 6 8 10 12 14 16

Design Construct

Test Facility

Design

Technologies

Baseline design

Exploit

Design optimisation Project preparation

Design / models Prototypes / t. f. comp. 

Approve

Exploit

Prototypes / pre-series 

R&D detectors Prototypes
CDRs

MDI & detector simulations
Large Proto/Slice test

TDRs

Ready to 
construct

Ready to commit 
to collider
Cost know

Ready to decide 
on test facility
Cost scale known

M
AC

HI
NE

DE
TE
CT
O
R

Years?

SchulteMUON COLLIDERS
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Cost	estimate

CSN1	– Roma	9	luglio	2019 32

Vladimir	SHILTSEV,David NEUFFER	(	Fermilab)	

IPAC2018 - MOPMF072 
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# VBF events (green) + σWW➜X /σµµ➜X  (red)

[MadGraph]

# events 3 TeV/5/ab (VBF)/(s-ch)3TeV 14 TeV/20/ab (VBF)/(s-ch)14TeV 30 TeV/100/ab (VBF)/(s-ch)30TeV
H 2,5E+06 1,9E+07 1,2E+08
HZ 4,9E+04 7 9,0E+05 700 7,4E+06 5300
HZZ 6,0E+02 1,5 3,2E+04 180 3,7E+05 1500
HWW 1,5E+03 0,3 6,8E+04 30 7,6E+05 190
HH 4,1E+03 8,8E+04 7,4E+05
HHZ 4,7E+01 0,3 2,8E+03 40 3,3E+04 300
HHZZ 4,6E-01 0,1 7,8E+01 16 1,2E+03 130
HHWW 1,2E+00 0,02 1,8E+02 1 2,9E+03 1
HHH 1,5E+00 1,4E+02 1,9E+03
HHHZ 2,4E-02 0,3 3,8E+00 12 5,1E+01 100

tt 2,6E+04 0,3 4,2E+05 24 3,1E+06 160
ttH 6,5E+01 0,03 3,0E+03 5 3,1E+04 40
ttZ 5,5E+02 0,07 2,6E+04 7 2,8E+05 50
ttHH 1,7E-01 0,006 1,3E+01 1 1,6E+02 10
ttHZ 1,8E+00 0,01 2,0E+02 2 2,7E+03 14
ttZZ 7,0E+00 0,03 1,2E+03 4 1,7E+04 30
ttWW 1,4E+01 0,008 2,2E+03 0,8 3,0E+04 5
tttt 3,4E-01 0,01 2,2E+01 0,4 2,1E+02 2

# events 3 TeV/5/ab (VBF)/(s-ch)3TeV 14 TeV/20/ab (VBF)/(s-ch)14TeV 30 TeV/100/ab (VBF)/(s-ch)30TeV
H 2,5E+06 1,9E+07 1,2E+08
HZ 4,9E+04 7 9,0E+05 700 7,4E+06 5300
HZZ 6,0E+02 1,5 3,2E+04 180 3,7E+05 1500
HWW 1,5E+03 0,3 6,8E+04 30 7,6E+05 190
HH 4,1E+03 8,8E+04 7,4E+05
HHZ 4,7E+01 0,3 2,8E+03 40 3,3E+04 300
HHZZ 4,6E-01 0,1 7,8E+01 16 1,2E+03 130
HHWW 1,2E+00 0,02 1,8E+02 1 2,9E+03 1
HHH 1,5E+00 1,4E+02 1,9E+03
HHHZ 2,4E-02 0,3 3,8E+00 12 5,1E+01 100

tt 2,6E+04 0,3 4,2E+05 24 3,1E+06 160
ttH 6,5E+01 0,03 3,0E+03 5 3,1E+04 40
ttZ 5,5E+02 0,07 2,6E+04 7 2,8E+05 50
ttHH 1,7E-01 0,006 1,3E+01 1 1,6E+02 10
ttHZ 1,8E+00 0,01 2,0E+02 2 2,7E+03 14
ttZZ 7,0E+00 0,03 1,2E+03 4 1,7E+04 30
ttWW 1,4E+01 0,008 2,2E+03 0,8 3,0E+04 5
tttt 3,4E-01 0,01 2,2E+01 0,4 2,1E+02 2

!35
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Higgs  self-interaction  couplings

the "tough topic" even at "most-future" colliders 
most interesting to measure from theory side....

The Higgs self-interaction
Measuring the Higgs self-interactions is an essential step to understand the 
structure of the Higgs potential

‣ related to order of EW phase transition  (relevant for cosmology)

‣ distortions expected in many BSM scenarios

‣ limited precision at LHC due to small statistics

L = �1

2
m2

hh
2 � �3

m2
h

2v
h3 � �4

m2
h

8v2
h4 � ⌘ �3

�sm
3

2

�SM
3 = �SM

4 = 1
<latexit sha1_base64="i+bY6h/eS9HH+EGouHEpVCQlp+8=">AAACE3icbVC7TgJREL2LL8TXqqWFNxITK7ILJNqYGG1sTDCKkACS2cuAN9x95N5ZE7Oh9BP8Clut7IytH2Dhv7ggJgqe6sw5M5mZ40VKGnKcDyszMzs3v5BdzC0tr6yu2esbVyaMtcCqCFWo6x4YVDLAKklSWI80gu8prHn9k6Ffu0VtZBhc0l2ELR96gexKAZRKbXu7qdLmDrRL18nF2eDwpyx/l27bzjsFZwQ+TdwxybMxKm37s9kJRexjQEKBMQ3XiaiVgCYpFA5yzdhgBKIPPWykNAAfTSsZPTLgu7EBCnmEmkvFRyL+nkjAN+bO99JOH+jGTHpD8T+vEVP3oJXIIIoJAzFcRFLhaJERWqYJIe9IjUQwvBy5DLgADUSoJQchUjFOI8ulebiT30+Tq2LBLRWK5+X80fE4mSzbYjtsj7lsnx2xU1ZhVSbYPXtkT+zZerBerFfr7bs1Y41nNtkfWO9fxsadoA==</latexit>
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Loukas Gouskos 27

Grand	summary:	HH	coupling

■ HH	coupling	down	to	5%	for	the	full	FCC	program
◆ Improvement	of	a	factor	~10	wrt HL-LHC;	

Almost	a	factor	of	~2	improvement	wrt CLIC
FCC-hh	Experiment;	LFC2019

Ref:	1905.03764

L.Gouskos, LFC19
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FCC-pp : 

pp → h

pp → hh

pp → hhh
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Figure 1. Left: Total production cross section for pp ! h (red), pp ! hh (blue) and pp ! hhh (yellow)
as a function of

p
s. Right: Dependence of the cross section ratio �(pp ! h)/�(pp ! hh) (green) and

�(pp ! hh)/�(pp ! hhh) (purple) on the collider CM energy. The shown predictions are based on the
state-of-the-art SM calculations of single-Higgs [2–4], double-Higgs [5–8] and triple-Higgs [9] production.

obvious way to get access to the cubic and quartic interactions consists in searching for multi-Higgs
production. Unfortunately, all multi-Higgs production rates are quite small in the SM, as can be
seen from Figure 1, making already LHC measurements of double-Higgs production a formidable
task. As a result, at best O(1) determinations of the cubic Higgs self-coupling seem to be possible
at the LHC (cf. for instance [10–15]). Significantly improved prospects in extracting the h3 cou-
pling would be o↵ered by a high-energy upgrade of the LHC (HE-LHC) to 27 TeV [16] or a future
circular collider (FCC-pp) operating at a centre-of-mass (CM) energy of 100 TeV [4, 10, 17–21].
A 100 TeV pp machine, in particular, may ultimately allow one to determine the cubic Higgs self-
coupling with a statistical precision of the order of a few percent. Even a 100 TeV FCC-pp collider
is, however, not powerful enough to determine the SM triple-Higgs production rate to an accuracy
better than just order one [4, 19, 22–26]. The resulting bounds on the quartic Higgs self-coupling
turn out to be weak, in general allowing for O(10) modifications of the h4 vertex with respect to
the SM.

Motivated by the above observations, we apply in this work the general idea of testing the h3

interaction indirectly [14, 27–37] to the case of the h4 vertex. Specifically, we consider the con-
straints on the quartic Higgs self-coupling that future precision measurements of double-Higgs
production in gluon-fusion may provide. In order to determine the dependence of the gg ! hh
distributions on the value of the h4 coupling, we calculate the relevant electroweak (EW) two-loop
amplitudes and combine them with the exactO(↵2

s) matrix elements [5–7]. This allows us to predict
the cross section and various distributions for double-Higgs production at the next-to-leading or-
der (NLO) in QCD, including arbitrary modifications of the cubic and quartic Higgs self-couplings.

– 2 –

arXiv:1810.04665

λ4 ∈ [∼ −4, ∼ +16] 
 hhh → (b ̄b)(b ̄b)(γγ)        [optimistic scenario !!!]   :

The Higgs self-interaction
Measuring the Higgs self-interactions is an essential step to understand the 
structure of the Higgs potential

‣ related to order of EW phase transition  (relevant for cosmology)

‣ distortions expected in many BSM scenarios

‣ limited precision at LHC due to small statistics

L = �1

2
m2

hh
2 � �3

m2
h

2v
h3 � �4

m2
h

8v2
h4 � ⌘ �3

�sm
3

2at 100 TeV,  30 ab−1 
see also arXiv:1907.02078

�4
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One should note that contribution from gg → h process
is negligible apply VBF cuts as can be seen from Table II.
For 100 TeV collider the ϵa ¼ 1 − a ¼ 0.1 enhances the
SM cross section by 4 orders of magnitude coming from
VBF fusion and not from gg fusion. Even for ϵa ¼ 0.001—
the limit of the 100 TeV FCC-hh we discuss here, the
enhancement is about factor of 100 for the VBF in
comparison to the SM prediction, so gg is still negligible
in comparison to VBF even for that small value of ϵa.
In the following part, we focus solely on triple Higgs

production with applied VBF cuts, and study the impact of
the anomalous Higgs coupling a for different collision
energies and unitarity bounds.

B. Vector boson scattering level and unitarity

In Fig. 1 we present a schematic diagram for triple Higgs
production, which represents the process under study and
the around a hundred actual Feynman diagrams behind it.
Before calculating the cross sections for the full hadronic
process, however, it is worth investigating only the VBF
part of this process, i.e., VV → hhh with V ¼ Z;W". In
this case, the invariant mass of the three Higgs bosonsMhhh
is equal to the VV center-of-mass (CM) energy

ffiffiffiffiffiffiffiffiffi
ŝVBF

p
, so

Mhhh ¼
ffiffiffiffiffiffiffiffiffi
ŝVBF

p
: ð9Þ

This relation is very useful in two ways. First, it can be used
to calculate the unitarity bound at the VBF stage with high
precision. This is achieved by plugging in the cross sections
for VV → hhh, σVV→VVhhh ≡ σ̂ðhhhÞ, in Eq. (1) and
solving for

ffiffiffiffiffiffiffiffiffi
ŝVBF

p
, which now marks the CM energy,

where unitarity is violated. Second, it acts as a link between
the level of VV scattering and qq scattering. So if parts of
this distribution exceed the unitarity bound found in

ffiffiffiffiffiffiffiffiffi
ŝVBF

p
,

this clearly indicates the presence of new physics, in
particular some resonances which should unitarize the
scattering amplitude.
In order to address the first point, we computed the cross

sections for VV → hhh and its dependence on a using
CALCHEP 3.6.23 [35]. Figure 2 shows a series of these cross
sections for different values of a together with the unitarity
bound [Eq. (1)]. The colored curves show the cross sections
as functions of

ffiffiffiffiffiffiffiffiffi
ŝVBF

p
, where dashed lines refer to a < 1

FIG. 1. Schematic diagram for triple Higgs production in VBF.
The grey blob in the centre represents many Feynamn diagrams
and topologies for two vector-bosons V ¼ Z;W" fusion into
three Higgs bosons h.

TABLE II. Cross sections in pb for different processes with variable a,
ffiffiffi
s

p
and VBF cuts. The cross (×) indicates the cross sections

before VBF cuts, while the tick (✓) refers to the cross sections after VBF cuts.

13 TeV 33 TeV 100 TeV

Process VBF cuts a ¼ 1.0 a ¼ 0.9 a ¼ 1.0 a ¼ 0.9 a ¼ 1.0 a ¼ 0.9

pp → jjWþ W− ✗ 9.88 9.88 60.56 60.48 352.14 352.49
✓ 1.29 × 10−2 1.27 × 10−2 0.48 0.47 5.49 5.47

pp → jjWþ W−h ✗ 1.71 × 10−3 1.43 × 10−3 1.63 × 10−2 1.53 × 10−3 0.69 0.60
✓ 1.26 × 10−5 1.35 × 10−5 9.30 × 10−4 1.05 × 10−3 0.15 0.19

pp → jjhh ✗ 5.11 × 10−4 3.64 × 10−4 3.49 × 10−3 2.93 × 10−3 1.70 × 10−2 1.92 × 10−2

✓ 2.13 × 10−5 1.32 × 10−5 7.65 × 10−4 7.69 × 10−4 5.56 × 10−3 9.20 × 10−3

pp → jjhhh ✗ 2.38 × 10−7 2.50 × 10−5 1.97 × 10−6 1.37 × 10−3 1.23 × 10−5 4.60 × 10−2

✓ 6.14 × 10−9 2.06 × 10−6 4.39 × 10−7 7.48 × 10−4 4.70 × 10−6 4.10 × 10−2

FIG. 2. Cross sections σ̂ðhhhÞ in pb for vector boson scattering
into three Higgs, VV → hhh, V ¼ Z;W", for different values of
a. The grey area marks the region where unitarity is violated.

BELYAEV, SCHAEFERS, and THOMAS PHYS. REV. D 99, 015030 (2019)

015030-4

(68%C.L.) !39
arXiv:1606.09408
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    .

Xsect [ab]

p
s [TeV]

3 14 30 14 30 14 30 14 30 3 14 30

MHHH < X, X [TeV] 10 10 5 5 3 3 1 1.1 1
SM 0.31 7.02 18.51 6.99 16.48 5.91 11.30 3.98 6.69 0.12 0.60 0.86
3 = 0, 4 = �0.5 0.42 7.63 19.55 7.60 17.49 6.50 12.21 4.52 7.49 0.20 0.93 1.32
3 = 0, 4 = �0.2 0.34 7.13 18.68 7.10 16.65 6.02 11.45 4.09 6.83 0.14 0.69 0.97
3 = 0, 4 = �0.05 X X X X X X X X X X X X
3 = 0, 4 = 0.05 X X X X X X X X X X X X
3 = 0, 4 = 0.2 0.31 7.09 18.68 7.06 16.64 5.97 11.42 4.02 6.76 0.11 0.58 0.83
3 = 0, 4 = 0.5 0.34 7.53 19.54 7.50 17.48 6.39 12.15 4.37 7.33 0.12 0.67 0.96
4 = 63, 3 = �0.5 1.09 5.92 36.79 15.88 33.91 14.17 25.76 10.71 17.50 0.55 2.63 3.74
4 = 63, 3 = �0.2 0.52 9.43 23.51 9.40 21.24 8.14 15.22 5.78 9.59 0.23 1.12 1.59
4 = 63, 3 = �0.05 X X X X X X X X X X X X
4 = 63, 3 = 0.05 0.29 6.69 17.79 6.66 15.80 5.61 10.75 3.75 6.29 0.11 0.55 0.79
4 = 63, 3 = 0.2 0.30 6.40 16.99 6.38 15.07 5.37 10.25 3.62 6.06 0.13 0.65 0.93
4 = 63, 3 = 0.5 0.79 9.48 22.18 9.45 20.18 8.37 15.01x 6.40 10.29 0.51 2.25 3.21

Table 1: Cross section for HHH production.

Process: µ+
µ
� ! HHH⌫⌫, (⌫ = ⌫e, ⌫µ, ⌫⌧ )

Conventions:

• g3H = g
SM

3H , g4H =
⇣
1 + 4

⌘
g
SM

4H

• g3H =
⇣
1 + 3

⌘
g
SM

3H , g4H =
⇣
1 + 63

⌘
g4H

Luminosities:

• L = 5⇥ 20 ab�1 for
p
s = 3 TeV

• L = 20 ab�1 for
p
s = 14 TeV

• L = 100 ab�1 for
p
s = 30 TeV
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FIG. 1: Representative leading-order Feynman diagrams for
triple Higgs production in proton-proton collisions.

sensitivity [14]. However, with the e↵ort of exploiting
previously overlooked advantages of the ditau system and
a boosted configuration, we show in this work that the
bb̄bb̄⌧⌧ channel can be promoted to a leading discovery
channel for triple-Higgs production.

This paper is organized as follows. In Sec. 2, we in-
troduce the adopted simplified model parameterizing in
a model-independent way any new physics e↵ect on the
Higgs self-interactions, and we present technical details
related to our simulation setup. Sec. 3 is dedicated to
our event selection strategy and exhibits details on its
specificity. Our results are given in Sec. 4, together with
prospects for a future 100 TeV proton-proton colliders.

2. THEORETICAL FRAMEWORK AND
TECHNICAL DETAILS

In order to probe for possible new physics e↵ects
in multiple-Higgs interactions, we modify in a model-
independent fashion the SM Higgs potential,

Vh =
m

2

h

2
h
2 + (1 + 3)�

SM

hhhvh
3 +

1

4
(1 + 4)�

SM

hhhhh
4

,

by introducing two i parameters that vanish in the SM.
In our notation, h denotes the physical Higgs-boson field,
mh its mass and v its vacuum expectation value. The SM
self-interaction strengths moreover read

�
SM

hhh = �
SM

hhhh =
m

2

h

2v2
.

We simulate our triple Higgs signal and the associ-
ated backgrounds by implementing the above Lagrangian
in the FeynRules package [18] that we use along
with the NloCT program [19] to generate a UFO li-
brary [20]. The latter allows for event generation for both
tree-level and loop-induced processes within the Mad-

Graph5 aMC@NLO [21, 22] framework, that we use
to convolute hard scattering matrix elements with the
next-to-leading (NLO) set of NNPDF 2.3 parton densi-
ties [23] for a center-of-mass energy of

p
s = 100 TeV.

FIG. 2: Triple-Higgs production cross-section for a center-
of-mass energy of

p
s = 100 TeV presented as a function of

the 3 and 4 parameters depicting the possible deviations
from the SM (indicated by a black star). The results include
a conservative NLO K-factor of 2.

The hard-scattering events are then decayed, showered
and hadronized within the Pythia 6 environment [24]
and reconstructed by using the anti-kT algorithm [25] as
implemented in FastJet [26], with a radius of R = 1
and 0.4 for a fat jet and slim jet definition, respectively.

Hadronic taus are defined as specific slim jets for which
there is no hadronic object of pT > 1 GeV and no photon
with a pT > 1.5 GeV at an angular distance of the jet
axis greater than rin = 0.1 and smaller than rout = 0.4.
The resulting tau-tagging e�ciency is of about 50%, for
a fake rate of mistagging a light-flavor jet as a tau of
roughly 5%. Those performances can be compared to
what could be expected from the high-luminosity phase of
the LHC, for which an e�ciency of 55% can be expected
for a mistagging rate of 0.5% [7].

Our analysis relies on the reconstruction of boosted
Higgs bosons. To this aim, we employ the template over-
lap method [27, 28] as embedded in the TemplateTag-

ger program [29], and we use a new template observable
derived from the ty quantity proposed in Ref. [30], which
we here maximize over the di↵erent three-body Higgs
templates. We make use of various two-body and three-
body (NLO) Higgs templates featuring a sub-cone size
of 0.1 to compute the discriminating overlaps Ov

h
2

and
Ov

h
3
, respectively, that allow for a boosted Higgs boson

identification. The performance of the method yields a
tagging e�ciency of 40% for a mistagging rate of 2%.

As suggested by the representative Feynman diagrams
of Fig. 1, triple-Higgs production depends on both i

parameters as well as on the top Yukawa coupling.
While in either an e↵ective field theory framework or
an ultraviolet-complete model building approach, the i

parameters are not independent, they will be varied in-
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Figure 1: Ratio of the MHHH distributions in the S1 scenario (gHHHH = (1± 0.5)gSM

HHHH
) and in the SM at

�
s = 3 TeV.

where 106 is the conversion factor pb⇤ab. If we assume that there are only SM couplings and measure N events, there is a
deviation with respect to the expected number of events NSM (in unit of standard deviation
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ratio over �00 �10 �20 �30 �40
500 GeV (2.2,�9.0) (1.4, 8.5) (0.3, 34) (0.02, 19)

1 TeV (2.2,�3.7) (1.5, 16) (0.2, 17) (0.01, 6)

1.4 TeV (2.2,�3.4) (1.6, 16) (0.2, 12) (0.01, 3.8)

3 TeV (2.2,�2.1) (1.9, 7.6) (0.2, 3.8) (0.01, 1.0)

ratio over �00 �01 �11 �21 �02
500 GeV (0.1,�4.0) (0.1,�14) (0.01, 16) (0.002, 3.3)

1 TeV (0.1,�1.5) (0.2, 10) (0.02, 7.1) (0.006, 2.3)

1.4 TeV (0.1,�1.0) (0.2, 9.2) (0.02, 5.2) (0.009, 2.0)

3 TeV (0.1,�0.3) (0.3, 4.1) (0.03, 1.6) (0.02, 0.9)

Table 2: �ij/�00 ratios for (ZHHH, WBF HHH). �ij are defined in eq. (3.22).

3.3 Triple Higgs production

In triple Higgs production cubic and quartic self-couplings are present already at the tree-

level and therefore both the leading dependences on c̄6 and c̄8 are already present at LO

(see diagrams in Fig. 7). Following the same notation used for double Higgs production,

the cross section used for our phenomenological predictions can be written as

�LO(HHH) = �00 +
X

1i+2j4

�ij c̄
i

6c̄
j

8
, (3.22)

where the �00 term corresponds to the LO SM prediction. Similarly to the case of double

Higgs production at one loop, terms up to the eighth power in the (v/⇤) expansion are

present at the cross section level, although in this case only the fourth power is present at

the amplitude level. The upper bounds on c̄6 and c̄8 mentioned in the previous section and

discussed in Appendix C have to be considered also in this case. It is important to note

that although for large values of c̄6 and c̄8 loop corrections may be sizeable, at variance

with double Higgs production, c̄6 and c̄8 are both entering at LO. Thus, when limits on c̄6
and c̄8 are extracted, loop corrections may slightly a↵ect them, but only for large c̄6 and c̄8
values. In Tab. 2 we give all the �ij/�00 ratios, so that the size of all the relative e↵ects from

the di↵erent NP contributions can be easily inferred.10 In Fig. 8, we show �LO at di↵erent

energies for representative values of c̄6 and c̄8, including the SM case (c̄6 = 0, c̄8 = 0) where

�LO = �00. There, we also explicitly show the value of the �02 component, which factorises

10There are large cancellations among the di↵erent contributions; more digits than those shown here have

to be taken into account in order to obtain a reliable result.
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σHHHZ ~ 1/2 σHHH  @ 3TeV 

         ~ 1/50 σHHH @ 30TeV

HHHZ  negligible !

!40
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VBF→HHH  x-section  vs  √S
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(N-NSM)/√NSM  versus  (𝜿3 ,𝜿4)   

VBF→HHH   

Chiesa et al

[ 𝜿3=0 ]    -0.3<𝜿4 <0.5  (68%CL) !!!
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Loukas Gouskos 26

Grand	summary:	Single-H	couplings

■ Full	FCC	program:
◆ An	order	of	magnitude	improvement	in	precision	with	respect	to	HL-LHC	for	all	

couplings

◆ All	couplings	better	than	1%	level

● Couplings	to	W/Z	and	Inv.	down	to	10-3

◆ Allows	to	probe	small	modifications	to	Higgs	couplings	from	BSM
FCC-hh	Experiment;	LFC2019

Ref:	1905.03764

L. Gouskos, LFC19
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assume you find a deviation in H couplings…

in order to figure out what’s going on you will need  
an energy-frontier facility to explore  
the corresponding M scale in a direct way.  

R&D for future high-energy colliders (new technologies ?) 

hadron collider beyond LHC ?  muon collider ? 
plasma acceleration ?

!44               LFC19 at ECT*,   13  September 2019

Current physics landscape

�Higgs properties SM-like.
¾After HL-LHC precision level of several %
¾Deviation from SM:  d ~ v2/M2 v = 246 GeV

M scale of new physics
M ~ 1 – 10 TeV   Æ d ~ 6 – 0.06%

�

Bedeschi, LFC19, Trento F. Bedeschi, INFN-Pisa2

Granada 2019
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C. Biscari – Ghent - 13 July 2019 Technology path towards future colliders ECFA-EPS Joint session 22

s.c. magnet technology
• Nb3Sn superconducting magnet technology for hadron colliders, still requires 

step-by-step development to reach 14, 15, and 16 T.   

• It would require the following time-line (in my personal view):
– Nb3Sn, 12~14 T:  5~10 years for short-model R&D, and  the following  5~10 years for 

prototype/pre-series with industry. It will result in 10 – 20 yrs for the construction to start, 

– Nb3Sn, 14~16 T: 10-15 years for short-model  R&D, and the following 10 ~ 15 years for 
protype/pre-series with industry.  It will result in 20 – 30 yrs for the construction to start, 
(consistently to the FCC-integral time line). 

– NbTi , 8~9 T: proven by LHC and Nb3Sn, 10 ~ 11 T  being demonstrated. It may be 
feasible  for the construction to begin in > ~ 5 years.

• Continuing R&D effort for high-field magnet, present to future, should be 
critically important, to realize highest energy frontier hadron accelerators in 
future. 

A. Yamamoto

22

Intensify HTS accelerator magnet development
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7-10 YEARS FROM NOW
WITH PROPOSED ACTIONS / R&D DONE / TECHNICALLY LIMITED

5/13/2019Shiltsev | EPPSU 2019 Future Colliders25

• ILC: 
• Some change in cost (~6-10%)
• All agreements by 2024, then
• Construction (2024-2033)

• CLIC: 
• TDR & preconstr. ~2020-26
• Construction (2026-2032)
• 2 yrs of commissioning

• CepC: 
• Some change in cost & power
• TDR and R&D (2018-2022)
• Construction (2022-2030)

• FCC-ee: 
• Some change in cost & power
• Preparations 2020-2029
• Construction 2029-2039 

• HE-LHC: 
• R&D and prepar’ns 2020-2035
• Construction 2036-2042

• FCC-hh (w/o FCC-ee stage): 
• 16T magnet prototype 2027
• Construction 2029-2043

• P+-P- Collider :
• CDR completed 2027, cost known
• Test facility constructed 2024-27
• Tests and TDR 2028-2035

Shiltsev
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2nd generation: the options 
might depend on choices 
made for the 1st generation 
(one major global collider)

1st generation: at least 
include an exploration of 
the Higgs sector
(very few major colliders)

HL-LHC era

2020-2040
HL-LHC era

2040-2060
Z/W/H/top-factory era

2060-2080
energy frontier era

choice for 1st gen choice for 2nd gen

Choices for 1st gen collider(s) beyond the HL-LHC have to be made without knowing the HL-
LHC results &  choices for the 2nd gen without knowing the results of the 1st gen experiments

J. D’Hondt, LFC19 
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next extra step in EPPSU 2020

given the long-term impact of strategic choices,  
ECFA is organising a full-day event in the Main 
Auditorium at CERN on 15 Nov 2019, to enable  
(a few invited) early-career scientists to debate  
the Strategy  
up to 10 PhD or postdoc researchers /each ECFA 
member 
will be mandated to deliver a brief document 
overviewing their thoughts on the Strategy,   
covering  all the topics discussed during the meeting 
(no need to reach a consensus on all aspects).  
ECFA Chair will bring this document to the attention  
of the ESG.  
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finally…

ESG will gather for one week in Jan 2020  
in Bad Hoffen, GE to draft the Strategy 
update, which will be submitted to the CERN 
Council for consideration in its March session,  
and then tabled for approval in May 2020
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finally…

ESG will gather for one week in Jan 2020  
in Bad Hoffen, GE to draft the Strategy 
update, which will be submitted to the CERN 
Council for consideration in its March session,  
and then tabled for approval in May 2020
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STAY  TUNED !!!


