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2. Meeting Outcomes 
 
Below we summarise the meeting outcomes, first relating to the bigger questions (part A); then we 
list some specific practical suggestions (part B) which were gathered during the workshop 
discussions, regarding organisational aspects of PP in Europe that could be flagged up for 
discussion in a wider forum. 
 
A) On the bigger questions: 
 
There was consensus that a future collider for particle physics is desirable from many theoretical 
motivations. A clear consensus was not reached on a preferred solution among the workshop 
participants. The science cases for the various future colliders were brought out well by the 
speakers in each of their sessions.  Here we list some talking points which we suggest could be 
useful as a starting point for future discussions. The main talking points were: 
 
1) It was a clear outcome from the talks that the extensions to current sensitivities provided by the 
High Luminosity LHC (HL-LHC) provide important constraints to many SM parameters and search 
capability for BSM physics. The commissioning and exploitation of the HL-LHC should therefore be 
one of the highest priorities for European Particle Physics in the 2020s. 
 
2) What is the possible scale of new physics? To what extent could insights be delivered by flavour 
physics anomalies on the timescale of the ES update? While some hints will be available it is not 
clear if an energy scale could be identified, such that it could inform a choice of future collider. 
 
3) Related to (2) Is there a consensus among theorists on a collider CoM energy at which null 
observations would definitively tell us something about the way in which the SM is broken? 
 
4) The physics cases for FCC and CLIC are clearly both strong but there are resource implications 
in pushing both R&D programs forward during the 2020s. The last UK ES submission said that  
“a timely decision should be taken on optimal next-generation collider facilities for exploitation of 

LHC discoveries”. The final 2013 ES update document said "to stay at the forefront of particle 

physics, Europe needs to be in a position to propose an ambitious post-LHC accelerator project at 

CERN by the time of the next Strategy update, when physics results from the LHC running at 14 

TeV will be available".  It is the recommendation of the organisers of this workshop that it should be 
considered, in a UK community meeting, whether a decision can now be made on a definitive UK 
recommendation. If a consensus cannot be reached, then it could be debated in the community 
meeting whether to put forward to the ES process that its committee makes a definitive 
recommendation by 2020. 
 
5) Which program(s) can best engage a generation of physicists over the next decades such that 
expertise is retained in operating experiments/accelerators and analysing data, rather than 
witnessing a brain drain while waiting for the next large project? 
 
6) In relation to (5) the importance of smaller, non-collider experiments was agreed both for their 
own strong science objectives and as training grounds for the field in general. 
 
Some topics were raised in addition to the program of the meeting, and these could be addressed 
at the UK community meetings: 

European Strategy Workshop, IPPP 16-18th April 2018: Meeting Summary 
 
Overview (J. Evans, S. Farrington, E. Goudzovski, M. Patel, M. Spannowsky) 
 
 
1.Introduction 
 
A workshop was held at, and sponsored by, IPPP, titled “UK Input to the European Strategy” on 
16-18th April 2018.  The European Strategy on Particle Physics is due to be updated in 2020. 
Submissions to the European Strategy (ES) process are invited by 18th December 2018. The 
intention of the workshop was to set out the scientific status and the scientific reach of particle 
physics experiments and technologies and to help to identify relevant questions in the ES process 
for further discussion, seeking convergence at future national PPAP and town meetings. In 
particular, our brief for this IPPP workshop was to engage a cross-section of mid-career UK 

Particle Physicists in the ES process and so a number of them nominated by their institutes were 
invited.  In addition, an open registration phase invited anyone from the community who wanted to 
join.  
 
Talks on a wide range of current and future Particle Physics (PP) topics were given. Speakers 
were given a brief to focus on the science cases and technological capabilities; key measurements 
and sensitivities of current and future experiments. The sessions are summarised in this document; 
discussions were energetic and thought-provoking. The sessions were: Theory/Motivation; 
Technical topics (Accelerator, Detector and Computing); Neutrino and Lepton Flavour; Dark Matter; 
Quark flavour; Resonance Searches; Higgs Physics; Gravity/Astroparticle physics and Standard 
Model and Top Quark physics. The talks can be viewed here: 
https://conference.ippp.dur.ac.uk/event/661 
 
This report is intended to summarise the IPPP workshop and to serve as a briefing document for 
the UK ES submission. It is not intended as a draft document for ES submission. Here we suggest 
some points that may be useful input to discussions at the upcoming PPAP and town meetings. 
 
The organisation of this report is as follows.  In section 2 we attempt to summarise the outcomes of 
the workshop as they relate to possible input to the European Strategy update (ES) and we 
highlight where further discussion could start, based on those topics which did not find an easy 
convergence at this meeting, as well as those topics which were omitted in the workshop. In 
section 3 we provide summaries, put together by meeting participants, on the sessions.  These are 
intended as scientific briefing documents that may give a helpful snapshot to non-experts in a given 
area. 
 
 
 
 
 
 
 
 
 
 

Will present information that will be relevant to  considering
this recommendation
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theory：1964

design：1984

construction：1998

discovery of Higgs boson
2012.7.4

The Higgs enables
atoms to exist

Murayama



EWSB

q Does the Higgs boson exist?

Neutrinos:

q ν masses and and their origin
q what is the role of H(125) ?  

q Majorana or Dirac ?

q CP violation 

q additional species à sterile ν ?

Dark matter:

q composition: WIMP, sterile neutrinos, 
axions, other hidden sector particles, ..

q one type or more ? 

q only gravitational or other interactions ?

The two epochs of Universe’s accelerated expansion:

q primordial: is inflation correct ? 
which (scalar) fields? role of quantum gravity?  

q today: dark energy (why is Λ so small?) or

gravity modification ?

Quarks and leptons:

q why 3 families ?
q masses and mixing

q CP violation in the lepton sector

q matter and antimatter asymmetry

q baryon and charged lepton 

number violation 

Physics at the highest E-scales:

q how is gravity connected with the other forces ?

q do forces unify at high energy ?

Outstanding  Questions in Particle Physics circa 2011
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Higgs boson and EWSB
q mH natural or fine-tuned ?
à if natural: what new physics/symmetry?
q does it regularize the divergent VLVL cross-section

at high M(VLVL) ? Or is there a new dynamics ?
q elementary or composite Higgs ?
q is it alone or are there other Higgs bosons ?
q origin of couplings to fermions  
q coupling to dark matter ? 
q does it violate CP ?
q cosmological EW phase transition 

Neutrinos:
q ν masses and and their origin
q what is the role of H(125) ?  
q Majorana or Dirac ?
q CP violation 
q additional species à sterile ν ?

Dark matter:
q composition: WIMP, sterile neutrinos, 

axions, other hidden sector particles, ..
q one type or more ? 
q only gravitational or other interactions ?

The two epochs of Universe’s accelerated expansion:
q primordial: is inflation correct ? 

which (scalar) fields? role of quantum gravity?  
q today: dark energy (why is Λ so small?) or

gravity modification ?

Quarks and leptons:
q why 3 families ?
q masses and mixing
q CP violation in the lepton sector
q matter and antimatter asymmetry
q baryon and charged lepton 

number violation 

Physics at the highest E-scales:
q how is gravity connected with the other forces ?
q do forces unify at high energy ?

Outstanding  Questions in Particle Physics circa 2018
… there has never been a better time to be a particle physicist!
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These questions are compelling, difficult and intertwined à require multiple approaches 
high-E colliders, neutrino experiments (solar, short/long baseline, reactors
0νββ decays), cosmic surveys (CMB, optical/IR spectroscopic and photometric ), dark matter 
direct, indirect and astrophysical detection, precision measurements of quark and lepton 
rare decays and phenomena, dedicated searches  (axions, dark-sector particles), … 

High-E     High-precision   Neutrino       Dedicated   Cosmic 
colliders     experiments     experiments   searches    surveys

Higgs , EWSB        x         
Neutrinos                                                           x                   x              x
Dark Matter          x                                                                 x              x
Flavour,                 x                     x                     x                   x
CP-violation                                    
New particles        x                     x                     x                   x
and forces 
Universe    x
acceleration  

Main questions and main approaches to address them

These complementary approaches are ALL needed: their combination is crucial to explore
the largest range of E scales, properly interpret signs of new physics, and build a 
coherent picture of the underlying theory. ICFA School 2017 Cuba -- I. Shipsey
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Standard Model Langrangian



1.  (un)naturalness

7
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Studying Dark Energy may bring the greatest prize  in  
Physics within reach: reconciliation of the two great edificies 

General Relativity Quantum Mechanics 8 

Our work has the potential to lead to a reconciliation of the 
two great edifices of physics   
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No-lose completion of the Standard Model

Guaranteed 
discoveries

W & Z         CERN SppS (1983)
Top quark  Tevatron (1995)
Higgs           LHC  (2012)
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No-lose comple;on of the Standard Model

No guaranteed 
discoveries

Now that the Standard Model is complete,
there are no further no-lose theorems
In principle, the Standard Model could be  
valid to the Planck scale
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There are no guaranteed discoveries

Direct
High E 
pp  (later)

Precision
Lower E
ee (sooner)

Higgs is central to SM & BSM
& a  guaranteed deliverable
@ any future collider 

Focus on Higgs @ ee
& in parMcular the couplings 



The low mass of the Higgs makes e+e- Higgs factories both linear 
and circular tractable & has consequently modified & simplified the 
landscape of accelerator options at the energy frontier since 2012
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IMPACT of 125 GeV on Energy Frontier

ILC 250
CLIC 380
CEPC
FCC-ee

LHeC

Higgs
Factories
(also Z, 
W, t)

Energy
Frontier

ILC 
CLIC 
SPPC
FCC-pp
FCC-eh
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Higgs @ a pp colldier
LHC –
• large Higgs 

cross section
• 150M Higgs per 

exp.
• dominated by 

QCD events
• S(H)/B(All) 10-10

• Pile-up and jet 
overlap

• Not knowing 

H H initial(P ,E )

Precisions on H
couplings

~(5-10)% 
expected
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Figure 3: Cross sections for the three major Higgs production processes as a function of
center of mass energy, from [2].

13

Figure 4: (left) recoil mass spectrum against Z ! µ+µ� for signal e+e� ! Zh and SM
background at 250 GeV [26]; (right) missing mass spectrum for the signal e+e� ! ⌫⌫h, h !
bb and the SM background at 250 GeV [27,28].

All the other couplings (A) or partial decay widths (�AA), e.g. A = b, c, g, ⌧, µ, �,
are then determined as



2
A / �AA = �h · BRAA. (10)

As seen above, BRZZ is only measured to 6.7%, so if only the first half of (8) is used,
all Higgs boson couplings (except Z) would have an uncertainty greater than 3%.
BRWW is 10 times larger than BRZZ and so can be measured much more precisely.
For this reason, it is well recognized that in the  formalism the measurement of the
WW fusion cross section �⌫⌫h along with BRWW (using the second half of (8)) is
crucial for measurement of �h and of all A with A 6= Z. The expected precisions
for Higgs boson couplings in the  formalism are given in Table 1. We see that,
at

p
s = 250 GeV, Z is determined very precisely, with accuracy of 0.38%, but

most other A are determined to no better than ⇠ 2% (limited by �⌫⌫h and BRZZ

measurements). An exception is �, which is helped significantly by the fact that the
fit makes use of the expected measurement of BRZZ/BR�� at the HL-LHC.

4.3 Expected precisions for Higgs boson couplings in the EFT formalism

In the EFT formalism, Higgs-Z interaction consists of two distinct Lorentz struc-
tures, shown in (4). As explained in the previous section, (9) is violated by the ⇣Z

terms. Thus, the  formalism is not model-independent, and it is not as general as
the EFT formalism.

However, the EFT formalism allows Higgs boson couplings to be extracted via
a much larger global fit. This fit includes not only the basic observables above but
also additional observables of the reaction e

+
e

� ! Zh, as well as observables of
electroweak precision physics and e

+
e

� ! W

+
W

�. These latter measurements can

15

e+e- Higgs production @ 250 GeV 

The tagging of e+e− → ZH events through the recoil mass 
method is independent of the Higgs boson decay. 

64 HIGGS PHYSICS AT THE CEPC

e�

e+

Z⇤

Z

H

e�

⌫̄ee+

W ⇤

W ⇤

⌫e

H

e�

e+e+

Z⇤

Z⇤

e�

H

Figure 3.6 Feynman diagrams of the e+e� ! ZH , e+e� ! ⌫⌫̄H and e+e� ! e+e�H processes.

H [GeV]f f→
-e+e

200 250 300 350 400

(f
b

)
σ

0

50

100

150

200

250
CEPC Preliminary

 H→WW

)νν→HZ(

Total

HZ

(a) (b)

Figure 3.7 (a) Production cross sections of e+e� ! ZH and e+e� ! ⌫⌫̄H, e+e�H as functions of
p

s
for a 125 GeV Higgs boson. (b) Higgs boson decay branching ratios as functions of mH , taken from [29].

Table 3.2 summarise the cross sections for the signal and background processes at
p

s =

250 GeV and the corresponding numbers of events expected for an integrated luminosity
of 5 ab�1. Along with the 10

6 Higgs events, 5 ⇥ 10

6 ZZ, 8 ⇥ 10

7 WW and 2.5 ⇥ 10

8

qq̄(�) events will be produced. These events are the main backgrounds for Higgs analyses.
On the other hand, they are important for SM measurements and studies of systematic
uncertainty of the Higgs measurements.

3.3.2 �(ZH) and mH Measurements

Unlike hadron colliders, the center-of-mass energy at an e+e� collider is precisely mea-
surable and adjustable. In a ZH event, where the Z boson decays to a pair of visible
fermions (Z ! f ¯f ), the Higgs boson mass can be reconstructed with the recoil mass
method:

m2

recoil

= (

p
s � Ef ¯f )

2 � p2

f ¯f = s � 2Ef ¯f

p
s + m2

f ¯f (3.2)

where Ef ¯f , pf ¯f and mf ¯f are, respectively, the total energy, momentum and invariant mass
of the fermion pair. The m

recoil

distribution should exhibit a peak at mH for the signal
process of e+e� ! ZH (with a small contribution from ZZ fusion), and is expected
to be smooth for background processes. The reconstructed width of the peak will be
dominated by the detector resolution and the beam energy spread, while the effect of the

ILC
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e+e- Higgs production @ 250 GeV 
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ILC/CLIC and CEPC/FCC(ee)
Linear accelerator can reach high energies ~multi-TeV 
with high luminosity
• Can avoid synchrotron radiation
• High accelerating field to achieve high energy

ü Normal conducting accelerating structures (CLIC)
• High beam current and quality to achieve the luminosity

ü High quality of components
ü Nano beams 

Circular accelerator can reach high luminosity 
at lower energies

• Can store and re-collide the beams
• Experience
• Synchrotron radiation limits the energy and beam quality

N

S

N

S

accelerating cavities



future lepton collider luminosities

total
luminosity
[1034 cm-2s-1]

c.m. energy [GeV]

→ earliest possible physics starting dates
• ILC250: 2032
• CLIC350: 2035
• FCC-ee: 2039
• CEPC: 2030 PPAP 16/7/18 -- I. Shipsey

ILC250

105 x LEP!

Z          W       H       t
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!mh ~300 MeV



PPAP 16/7/18 -- I. Shipsey

With both σZh and σZh · BR measured, the absolute branching ratios 
can be determined independently  

Most precise: BRbband BRττ, ILC  (CEPC) 0.89% (0.57%) and 1.4% (1.3%)  respectively.
If there are O(1%) or larger exotic decay modes, a first hint would be provided by 
observing the resulting deviations in BRbb and BRττ. 

78 HIGGS PHYSICS AT THE CEPC

e+e� ! ⌫⌫̄H ! ⌫⌫̄bb cross section. The precisions obtained with Eq. 3.5 and Eq. 3.8
are 4.4% and 3.3% respectively.

A combined result, after taking the correlations into account, yields a precision of 2.7%
with 5 ab

�1 integrated luminosity. Precise knowledge of the Higgs boson total width will
lead to much better understandings of Higgs boson properties in a model-independent
way, as discussed in Sec. 3.4.

3.3.6 Summary of the Higgs Measurements

Table 3.9 summarises the estimated precisions of Higgs measurements presented above.
Percentage level precisions can be achieved for the branching ratio measurements of H !
b¯b, cc̄, gg, WW ⇤, ZZ⇤.

Table 3.9 Estimated precisions of Higgs boson measurements at the CEPC. All numbers refer to relative
precisions except for mH and BR(H ! inv), for which �mH and 95% CL upper limit are quoted
respectively.

�MH �H �(ZH) �(⌫⌫̄H) ⇥ BR(H ! b¯b)

5.9 MeV 2.8% 0.51% 2.8%

Decay mode �(ZH) ⇥ BR BR

H ! b¯b 0.28% 0.57%
H ! cc̄ 2.2% 2.3%
H ! gg 1.6% 1.7%
H ! ⌧⌧ 1.2% 1.3%
H ! WW 1.5% 1.6%
H ! ZZ 4.3% 4.3%
H ! �� 9.0% 9.0%
H ! µµ 17% 17%
H ! inv � 0.28%

All the �⇥BR measurements are based on a simple counting method. The best achiev-
able precision at the CEPC is 0.28% for �(e+e� ! ZH) ⇥ BR(H ! b¯b). In this mea-
surement, the precision is limited by the statistical uncertainties. Systematic uncertainties
from the efficiency/acceptance of the detector, the luminosity and the beam energy de-
termination are expected to be small. The integrated luminosity can be measured with
a precision of 0.1% level, as achieved at LEP [43]. The center-of-mass energy will be
known to better than 1 MeV, resulting in negligible uncertainties on the recoil mass mea-
surements.

The CEPC results are statistically consistent with the ILC and the FCC-ee studies [28,
36]. Limited by computing resources, manpower and time, the Higgs measurements are
not completely based on full simulation, but will be pursued in future studies. Empha-
sis shall be given to �(ZH) ⇥ Br(H ! b¯b, cc̄, gg) measurements, as they give critical
requirements for the flavour tagging algorithms and vertex/inner tracking system design,

Higgs Branching Fraction Measurements 

Relative error (%) CEPC Pre-CDR
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Figure 2: Run plan for the staged ILC starting with a 250-GeV machine under two di↵erent
assumptions on the achievable instantaneous luminosity at 250GeV. Both cases reach the
same final integrated luminosities as in Fig. 1.

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

+
e

� colliders

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

It is easy to see how this can be achieved for some combinations of Higgs couplings.
In the reaction e

+
e

� ! Zh, the Higgs boson is produced in association with a Z boson
at a fixed lab-frame energy (110 GeV for

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

background from e

+
e

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

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

BR(h ! AA) = �(h ! AA)/�h , (1)

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

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

8

Γ(H125) SM =  4.1 MeV, too small to be measured directly determine indirectly; 

requires a formalism. 
Traditionally width is determined using the κ parametrization. 
Assumes Higgs coupling to A is modified from SM value by a mutiplicative factor κA

each species A is modified from the SM value by a mutiplicative factor A. Then, for
example,

�(h ! ZZ

⇤)

SM

= 

2
Z ,

�(e+e� ! Zh)

SM

= 

2
Z . (2)

where SM denotes the SM prediction. The e

+
e

� environment o↵ers a su�cient
number of measurements to determine all of the relevant parameters A. In particular,
the ratio

�(e+e� ! Zh)/BR(h ! ZZ

⇤) (3)

is independent of Z and directly yields the Higgs width. However, at the 250 GeV
ILC even with 2 ab�1 of data, the statistics to measure BR(h ! ZZ

⇤) is limited, and
so the precision of the width determination is compromised. In the earlier literature,
including [3, 7], this problem was solved by using data from higher energies, making
use of the W fusion reaction and the larger and more precisely measurable branching
ratio BR(h ! WW

⇤).

There is a more serious problem with the  formalism: It is not actually model-
independent. In principle, the Higgs boson can have couplings to ZZ with two dif-
ferent structures,

�L =
m

2
Z

v

(1 + ⌘Z)hZµZ
µ + ⇣Z

1

v

hZµ⌫Z
µ⌫

. (4)

Here the coe�cients ⌘Z , ⇣Z represent independent corrections due to new physics
e↵ects.⇤ The Higgs boson coupling to WW has a similar structure, with parameters
⌘W , ⇣W . In the  formalism, the couplings ⇣Z , ⇣W are assumed to be zero. The
operator multiplying ⇣Z is momentum-dependent, so the e↵ect of this term depends
on the momentum configuration of the vector bosons. Indeed, for a 125 GeV Higgs
boson and

p
s = 250 GeV,

�(h ! ZZ

⇤)/SM = (1 + 2⌘Z � 0.50⇣Z)

�(e+e� ! Zh)/SM = (1 + 2⌘Z + 5.7⇣Z) . (5)

Then the Z coupling information does not cancel out of (3) and so this ratio does not
determine the Higgs width unambiguously.

There is an attractive solution to this problem. The fact that the LHC experiments
have not yet observed new particles due to physics beyond the SM suggests that these
particles are heavy, with masses above 500 GeV for electroweakly coupled states and
above 1 TeV for strongly interacting states. If indeed new particles are su�cient
heavy, we can describe the physics of the 125 GeV Higgs boson by integrating these
particles out of the Lagrangian and replacing their e↵ects by an expansion in operators

⇤In principle, additional structures can be formed by making ⌘Z and ⇣Z functions of momen-
tum. However, (4) is the most general structure that appears in the SM perturbed by dimension-6
operators only, a restriction that we will make below.

9
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and G(✓) is a set of Gaussian constraints on the nuisance parameters within their estimated
uncertainties.

The number of expected events is the sum of signal and background events. The num-
ber of signal events is calculated from the integrated luminosity, the e+e� ! ZH cross
section �(ZH) measured from the recoil method, Higgs boson branching ratio BR and
event selection efficiency ✏. The number of expected background events, N b, is estimated
from Monte Carlo samples. Thus:

N exp

(BR, ✓) = Lumi(✓lumi

) ⇥ �ZH(✓�
) ⇥ BR ⇥ ✏(✓✏

) + N b
(✓b

) (3.4)

where ✓X
(X = lumi, � and ✏) are the nuisance parameters of their corresponding pa-

rameters or measurements. For the current study, ✓lumi and ✓✏ are fixed to their nominal
values, as the uncertainties in luminosity and selection efficiency are negligible.

The estimated precisions of BR for the different Higgs boson decay modes are shown
in Table 3.9. The uncertainty used in inclusive ZH production cross section is 0.5%, from
Table 3.3.

3.3.5 Measurement of Higgs Boson Width

The Higgs boson width (�H) is of special interest, as it is sensitive to physics beyond
SM. Because of the limited detector resolution, the 4 MeV width predicted by the SM is
too small to be measured directly. However, the width can be indirectly derived from the
measured Higgs boson production cross sections and its decay branching ratios at e+e�

colliders:

�H =

�(H ! ZZ⇤
)

BR(H ! ZZ⇤
)

/ �(ZH)

BR(H ! ZZ⇤
)

. (3.5)

Here �(H ! ZZ⇤
) is the partial width of the H ! ZZ⇤ decay. Because of the small

BR(H ! ZZ⇤
) for a 125 GeV Higgs boson (2.3% in the SM), the precision of �H is

limited by the statistics of H ! ZZ⇤ events.
Alternatively, the Higgs width can be also determined using four measured quantities:

�(ZH), �(ZH)⇥Br(H ! bb), �(ZH)⇥Br(H ! WW ⇤
) and �(vvH)⇥Br(H ! bb).

�H =

�(H ! bb)

BR(H ! bb)
, (3.6)

where �(H ! bb) can be extracted from the cross section of the WW fusion process
e+e� ! ⌫⌫̄H ! ⌫⌫̄bb:

�(⌫⌫̄H ! ⌫⌫̄bb) / �(H ! WW ⇤
) · BR(H ! bb) = �(H ! bb) · BR(H ! WW ⇤

).
(3.7)

Thus, the Higgs boson total width can be determined with

�H / �(H ! bb)

BR(H ! bb)
/ �(⌫⌫̄H ! ⌫⌫̄bb)

BR(H ! bb) · BR(H ! WW ⇤
)

. (3.8)

Here BR(H ! bb) and BR(H ! WW ⇤
) are measured from the e+e� ! ZH process.

At the CEPC, the precision that can be achieved with this method is limited by the small

Measuring the Higgs width

(CEPC)
( LHC limits ~ x3 SM ATLAS 

14.4 MeV new ICHEP 18)
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Higgs Coupling Measurements comparison ILC & CEPCHiggs Couplings Measurement
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𝜅 Framework
• Model independent implication

• Detector’s benchmark; Constrain to new physics models;

• In CEPC

• We have 𝜎 𝑍𝐻 = 0.5% constrain 𝜎(𝜅𝑧) < 0.25%.

• For Production, ZH & WW fusion process, all contribute to 𝜅𝑍2; 𝜅𝑤2 ;

• For Partial decay, no top quark 𝜅𝑡 like: 𝜅𝑍2, 𝜅𝑊2 , 𝜅𝑏2, 𝜅𝑐2, 𝜅𝑔2, 𝜅𝜏2, 𝜅𝛾2, 𝜅𝜇2, ……

• For Total width Γ𝐻. Γ𝐻 = Γ𝑆𝑀 + Γ𝐵𝑆𝑀.

• If we assume no exotic decay, Γ𝑆𝑀 can be resolved as: all 𝜅 correlated this way;

Γ𝑆𝑀 = 0.2137𝜅𝑊2 +0.02619𝜅𝑍2+0.5824𝜅𝑏2+0.08187𝜅𝑔2+0.002270𝜅𝛾2+0.06294𝜅𝜏2+0.02891𝜅𝑐2

• Z → μμ, H → ττ channel, the signal will be 𝜅𝑍2𝜅𝜏2/Γ𝐻; For 𝜈𝜈𝐻 → 𝑏𝑏, it’s 𝜅𝑊2 𝜅𝑏2/Γ𝐻

18/5/25 Kaili Zhang 16

𝜅 defined as the ratio of the Higgs coupling to SM expects.
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Precision of Higgs couplings measurement compared to ILC

ILC
CEPC

~1% uncertainty

KZ ~ 0.2 %

Compared to ILC(1710.07621)

18/5/25 Kaili Zhang 19

ILC used more aggressive 𝜅𝛾 , by ratio ൗ𝐵𝑟𝑍𝑍
𝐵𝑟𝛾𝛾 = 2%
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ILC and CepC achieve similar precision

each species A is modified from the SM value by a mutiplicative factor A. Then, for
example,

�(h ! ZZ

⇤)

SM

= 

2
Z ,

�(e+e� ! Zh)

SM

= 

2
Z . (2)

where SM denotes the SM prediction. The e

+
e

� environment o↵ers a su�cient
number of measurements to determine all of the relevant parameters A. In particular,
the ratio

�(e+e� ! Zh)/BR(h ! ZZ

⇤) (3)

is independent of Z and directly yields the Higgs width. However, at the 250 GeV
ILC even with 2 ab�1 of data, the statistics to measure BR(h ! ZZ

⇤) is limited, and
so the precision of the width determination is compromised. In the earlier literature,
including [3, 7], this problem was solved by using data from higher energies, making
use of the W fusion reaction and the larger and more precisely measurable branching
ratio BR(h ! WW

⇤).

There is a more serious problem with the  formalism: It is not actually model-
independent. In principle, the Higgs boson can have couplings to ZZ with two dif-
ferent structures,

�L =
m

2
Z

v

(1 + ⌘Z)hZµZ
µ + ⇣Z

1

v

hZµ⌫Z
µ⌫

. (4)

Here the coe�cients ⌘Z , ⇣Z represent independent corrections due to new physics
e↵ects.⇤ The Higgs boson coupling to WW has a similar structure, with parameters
⌘W , ⇣W . In the  formalism, the couplings ⇣Z , ⇣W are assumed to be zero. The
operator multiplying ⇣Z is momentum-dependent, so the e↵ect of this term depends
on the momentum configuration of the vector bosons. Indeed, for a 125 GeV Higgs
boson and

p
s = 250 GeV,

�(h ! ZZ

⇤)/SM = (1 + 2⌘Z � 0.50⇣Z)

�(e+e� ! Zh)/SM = (1 + 2⌘Z + 5.7⇣Z) . (5)

Then the Z coupling information does not cancel out of (3) and so this ratio does not
determine the Higgs width unambiguously.

There is an attractive solution to this problem. The fact that the LHC experiments
have not yet observed new particles due to physics beyond the SM suggests that these
particles are heavy, with masses above 500 GeV for electroweakly coupled states and
above 1 TeV for strongly interacting states. If indeed new particles are su�cient
heavy, we can describe the physics of the 125 GeV Higgs boson by integrating these
particles out of the Lagrangian and replacing their e↵ects by an expansion in operators

⇤In principle, additional structures can be formed by making ⌘Z and ⇣Z functions of momen-
tum. However, (4) is the most general structure that appears in the SM perturbed by dimension-6
operators only, a restriction that we will make below.

9

! Γ ~ 3%  (12 KeV) c.f.  Current  LHC limit ~x3 Γ(SM) 
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(Standard Model Effective Field Theory (EFT) formalism.) 
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Figure 5: Illustration of the Higgs boson coupling uncertainties from fits in the EFT formal-
ism, as presented in Table 1, and comparison of these projections to the results of model-
dependent estimates for HL-LHC uncertainties presented by the ATLAS collaboration [24].
Earlier projections for HL-LHC are summarized in [29].
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Physics Baseline

!9

direct vs indirect precision?
energy coverage?

Higgs properties are central to 
BSM and a clear deliverable of 

any future collider

Effective Field Theory

[Buchmüller, Wyler `87]  
[Hagiwara, Peccei, Zeppenfeld, Hikasa `87] 
[Giudice, Grojean, Pomarol, Rattazzi `07] 
[Grzadkowski, Iskrzynski, Misiak, Rosiek `10]

L = LSM +
�

i

ci

�2
Oi

59 B-conserving operators ⊗ flavor ⊗ h.c., d=6
2499 parameters (reduces to 76 with Nf=1)

☛ Conclusions for HEP ? No guaranteed discoveries. Best case(s)?
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Many BSM models impact Higgs couplings at percent level

For the models shown above LHC not likely sensiHve with full HL-LHC dataset

ILC250 Physics Case arXiv 1710.07621
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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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Many BSM models impact Higgs couplings at percent level

For the models shown above LHC not likely sensitive with full HL-LHC dataset
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BSM Physics through Exotic Higgs Decays

�10

Chinese Physics C Vol. 41, No. 6 (2017) 063102

(bb̄)(⌧+⌧�), (⌧+⌧�)(⌧+⌧�), (jj)(��), and (��)(��) de-
cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/E

T

, (jj)+/E
T

,
(⌧+⌧�)+/E

T

. For a decay topology of h! 2! (1+3), we
choose the lightest stable particle mass to be 10 GeV and
the mass splitting to be 40 GeV, which applies to bb̄+/E

T

,

jj+ /E
T

, ⌧+⌧� + /E
T

. For the Higgs invisible decays, we
take the best limits in the running scenario ECFA16-S2
amongst the Zh associated production and VBF search
channels [12–14].

For the Higgs invisible decays at lepton colliders, we
quote the limits from current studies [16–18]. These lim-
its do not depend on the invisible particle mass using the
recoil mass technique at lepton colliders.

Fig. 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC, CEPC, ILC and
FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical lines in this figure
to divide di↵erent types of Higgs exotic decays.

From this summary in Table 3 and the correspond-
ing Fig. 12, we can clearly see the improvement in exotic
decays from the lepton collider Higgs factories. These
exotic Higgs decay channels are selected such that they
are hard to be constrained at the LHC but important for
probing BSM decays of the Higgs boson. The improve-
ments on the limits of the Higgs exotic decay branch-
ing fractions vary from one to four orders of magni-
tude for these channels. The lepton colliders can im-
prove the limits on the Higgs invisible decays beyond the
HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12%
from h ! ZZ⇤ ! ⌫⌫̄⌫⌫̄ [56]. For the Higgs exotic de-
cays into hadronic particle plus missing energy, (bb̄)+/

E
T

, (jj)+/E
T

and (⌧+⌧�)+/E
T

, the future lepton colliders
improve on the HL-LHC sensitivity for these channels by
roughly four orders of magnitude. This great advantage
benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton col-
liders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three or-
ders of magnitude, except for the one order of magnitude
improvement for the (��)(��) channel. Being able to re-
construct the Higgs mass from the final state particles
at the LHC does provide additional signal-background
discrimination power and hence the future lepton collid-
ers improvement on Higgs exotic decays without miss-

ing energy is less impressive than for those with missing
energy. Furthermore, as discussed earlier, leptons and
photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very
good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `+`� and h !exotics up to four-body final state,
but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics

063102-12

Z. Liu, H. Zhang, LT Wang, 1612.09284

Chinese Physics C Vol. 41, No. 6 (2017) 063102

sions of the Higgs exotic decays at di↵erent future lep-
ton colliders. In Section 3, we describe our simulation
framework and present our phenomenological analysis
for various Higgs exotic decay modes. We summarize
the physics potential from the Higgs exotic decays at
the (HL-)LHC and the future lepton collider programs
in Section 4. In our summary table, we include compre-
hensive projections and show the complementarity be-
tween future lepton collider programs and the HL-LHC.
We also discuss many important future directions for the
Higgs exotic decay programs.

2 Theoretical framework

2.1 Higgs exotic decay modes considered in this
work

The Higgs boson BSM decays have a rich variety of
possibilities. To organize this study on Higgs boson BSM

decays, we selectively choose a set of phenomenologically
driven processes. We focus on two-body Higgs decays
into BSM particles, which are allowed to subsequently
decay further, up to four-body final states. We only
consider the Higgs boson as an CP-even particle. CP-
violation e↵ects would a↵ect various di↵erential distri-
butions, and this demands future study. These processes
are well-motivated by SM+singlet extensions, two-Higgs-
doublet-models, SUSY models, Higgs portals, gauge ex-
tensions of the SM, etc. These assumptions have also
been emphasized in the recent overview of Higgs exotic
decays [25] and the CERN yellow report [26].

We consider in general the exotic Higgs decays into
BSM particles dubbed as Xi, h ! X

1

X
2

. The cascade
decay modes are classified into four cases, schematically
shown in Fig. 1. We discuss their major physics motiva-
tion and features at lepton colliders in order.

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

Fig. 1. The topologies of the SM-like Higgs exotic decays.

h! 2: The Xis in this case are detector-stable and
charge-neutral. ⇤ They could be dark matter candi-
dates. The Higgs portal [27] to dark matter models, in-
cluding various SUSY light dark matter models [28–38],
motivates this BSM search channel. The lepton collider
background for this channel are mainly from the process
e+e� ! ZZ ! Z + ⌫⌫̄ and e+e� ! W+W� ! `+`�⌫⌫̄.
This channel, due to its simplicity and importance, has
been studied by most of the future lepton collider pro-
grams [16–18] and we will quote these results in our sum-
mary table. We include this channel here for complete-
ness. In addition, many of the models that motivate this
channel also induce other Higgs exotic decays we consider
in this study.

h! 2! 3! 4: This is the topology in which X
1

is
detector-stable and X

2

decays to two particles, with
one of these decay products further decaying into two

particles. A typical BSM model for such decay modes
is the Higgs decaying into the lightest supersymmetric
particle (LSP) plus a heavier neutralino, which subse-
quently decays into the LSP plus a resonant BSM par-
ticle. This resonant BSM particle could be a singlet-
like scalar in the Next-to-Minimal-Supersymmetric-
Standard-Model (NMSSM). Many SUSY models which
motivate Higgs invisible decays also induce this decay
channel, e.g. [38, 39]. It also commonly exists in the
so-called “stealth SUSY” models [40]. This singlet-like
scalar decays into SM fermion pairs, giving rise to the fi-
nal state of a pair of resonant SM particles plus missing
energy, dubbed h ! (ff)+ /E

T

.† In this study, we only
consider the channels which are very challenging at the
LHC, h ! (jj)+/E

T

, h ! (bb̄)+/E
T

and h ! (⌧+⌧�)+/
E

T

. For the hadronic channels, the major background is
from the SM Higgs decay modes h!ZZ⇤ ! jj+⌫⌫̄ and

⇤The possibility of a detector-stable electrical charged particle Xi is usually more contrived and excluded from direct Drell-Yan
production by both LEP and the LHC. Hence, we ignore this possibility here.

†At lepton colliders we could use the quantity missing momentum instead of Missing Transverse Energy (MET) /E
T

. The former
carries more information while the latter is more widely used in the hadron collider analyses. For the decay channel considered in our
analyses, the reach can be improved only marginally by the inclusion of the z-direction missing momentum information because of the
already great limit achieved and additional uncertainties from the beamstrahlung e↵ect [41] and the initial state radiation (ISR) e↵ect [42].
Consequently, we use only the more widely adopted missing transverse energy throughout this study.

063102-2

e+e- collider better than HL-LHC for 
MET+hadronic activity final states

General search for BSM

BSM physics through exotic Higgs decays

Uses ILC250 Physics Case arXiv 1710.07621

BSM Physics through Exotic Higgs Decays

�10

Chinese Physics C Vol. 41, No. 6 (2017) 063102

(bb̄)(⌧+⌧�), (⌧+⌧�)(⌧+⌧�), (jj)(��), and (��)(��) de-
cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/E

T

, (jj)+/E
T

,
(⌧+⌧�)+/E

T

. For a decay topology of h! 2! (1+3), we
choose the lightest stable particle mass to be 10 GeV and
the mass splitting to be 40 GeV, which applies to bb̄+/E

T

,

jj+ /E
T

, ⌧+⌧� + /E
T

. For the Higgs invisible decays, we
take the best limits in the running scenario ECFA16-S2
amongst the Zh associated production and VBF search
channels [12–14].

For the Higgs invisible decays at lepton colliders, we
quote the limits from current studies [16–18]. These lim-
its do not depend on the invisible particle mass using the
recoil mass technique at lepton colliders.

Fig. 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC, CEPC, ILC and
FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical lines in this figure
to divide di↵erent types of Higgs exotic decays.

From this summary in Table 3 and the correspond-
ing Fig. 12, we can clearly see the improvement in exotic
decays from the lepton collider Higgs factories. These
exotic Higgs decay channels are selected such that they
are hard to be constrained at the LHC but important for
probing BSM decays of the Higgs boson. The improve-
ments on the limits of the Higgs exotic decay branch-
ing fractions vary from one to four orders of magni-
tude for these channels. The lepton colliders can im-
prove the limits on the Higgs invisible decays beyond the
HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12%
from h ! ZZ⇤ ! ⌫⌫̄⌫⌫̄ [56]. For the Higgs exotic de-
cays into hadronic particle plus missing energy, (bb̄)+/

E
T

, (jj)+/E
T

and (⌧+⌧�)+/E
T

, the future lepton colliders
improve on the HL-LHC sensitivity for these channels by
roughly four orders of magnitude. This great advantage
benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton col-
liders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three or-
ders of magnitude, except for the one order of magnitude
improvement for the (��)(��) channel. Being able to re-
construct the Higgs mass from the final state particles
at the LHC does provide additional signal-background
discrimination power and hence the future lepton collid-
ers improvement on Higgs exotic decays without miss-

ing energy is less impressive than for those with missing
energy. Furthermore, as discussed earlier, leptons and
photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very
good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `+`� and h !exotics up to four-body final state,
but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics
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sions of the Higgs exotic decays at di↵erent future lep-
ton colliders. In Section 3, we describe our simulation
framework and present our phenomenological analysis
for various Higgs exotic decay modes. We summarize
the physics potential from the Higgs exotic decays at
the (HL-)LHC and the future lepton collider programs
in Section 4. In our summary table, we include compre-
hensive projections and show the complementarity be-
tween future lepton collider programs and the HL-LHC.
We also discuss many important future directions for the
Higgs exotic decay programs.

2 Theoretical framework

2.1 Higgs exotic decay modes considered in this
work

The Higgs boson BSM decays have a rich variety of
possibilities. To organize this study on Higgs boson BSM

decays, we selectively choose a set of phenomenologically
driven processes. We focus on two-body Higgs decays
into BSM particles, which are allowed to subsequently
decay further, up to four-body final states. We only
consider the Higgs boson as an CP-even particle. CP-
violation e↵ects would a↵ect various di↵erential distri-
butions, and this demands future study. These processes
are well-motivated by SM+singlet extensions, two-Higgs-
doublet-models, SUSY models, Higgs portals, gauge ex-
tensions of the SM, etc. These assumptions have also
been emphasized in the recent overview of Higgs exotic
decays [25] and the CERN yellow report [26].

We consider in general the exotic Higgs decays into
BSM particles dubbed as Xi, h ! X

1

X
2

. The cascade
decay modes are classified into four cases, schematically
shown in Fig. 1. We discuss their major physics motiva-
tion and features at lepton colliders in order.

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

Fig. 1. The topologies of the SM-like Higgs exotic decays.

h! 2: The Xis in this case are detector-stable and
charge-neutral. ⇤ They could be dark matter candi-
dates. The Higgs portal [27] to dark matter models, in-
cluding various SUSY light dark matter models [28–38],
motivates this BSM search channel. The lepton collider
background for this channel are mainly from the process
e+e� ! ZZ ! Z + ⌫⌫̄ and e+e� ! W+W� ! `+`�⌫⌫̄.
This channel, due to its simplicity and importance, has
been studied by most of the future lepton collider pro-
grams [16–18] and we will quote these results in our sum-
mary table. We include this channel here for complete-
ness. In addition, many of the models that motivate this
channel also induce other Higgs exotic decays we consider
in this study.

h! 2! 3! 4: This is the topology in which X
1

is
detector-stable and X

2

decays to two particles, with
one of these decay products further decaying into two

particles. A typical BSM model for such decay modes
is the Higgs decaying into the lightest supersymmetric
particle (LSP) plus a heavier neutralino, which subse-
quently decays into the LSP plus a resonant BSM par-
ticle. This resonant BSM particle could be a singlet-
like scalar in the Next-to-Minimal-Supersymmetric-
Standard-Model (NMSSM). Many SUSY models which
motivate Higgs invisible decays also induce this decay
channel, e.g. [38, 39]. It also commonly exists in the
so-called “stealth SUSY” models [40]. This singlet-like
scalar decays into SM fermion pairs, giving rise to the fi-
nal state of a pair of resonant SM particles plus missing
energy, dubbed h ! (ff)+ /E

T

.† In this study, we only
consider the channels which are very challenging at the
LHC, h ! (jj)+/E

T

, h ! (bb̄)+/E
T

and h ! (⌧+⌧�)+/
E

T

. For the hadronic channels, the major background is
from the SM Higgs decay modes h!ZZ⇤ ! jj+⌫⌫̄ and

⇤The possibility of a detector-stable electrical charged particle Xi is usually more contrived and excluded from direct Drell-Yan
production by both LEP and the LHC. Hence, we ignore this possibility here.

†At lepton colliders we could use the quantity missing momentum instead of Missing Transverse Energy (MET) /E
T

. The former
carries more information while the latter is more widely used in the hadron collider analyses. For the decay channel considered in our
analyses, the reach can be improved only marginally by the inclusion of the z-direction missing momentum information because of the
already great limit achieved and additional uncertainties from the beamstrahlung e↵ect [41] and the initial state radiation (ISR) e↵ect [42].
Consequently, we use only the more widely adopted missing transverse energy throughout this study.
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Electroweak observables at CEPC

�15

Status of W/Z physics study in CEPC
• The prospect of W/Z physics study in CEPC are under study

– New full simulation with latest detector geometry and magnetic field (3T)

3

Expect to have ~1011 Z boson for electroweak precision physics 

Electroweak programme (W, Z)  FCC-ee & CEPC
(revisiting LEP with 100,000 times the Luminosity) 

FCC-ee @ Z-pole   3 x 1012  Z bosons in 2 years
CEPC @ Z-pole 1012 Z bosons  in 2 years  
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The W mass measurement

�14Hengne Li, 24-26 May 2018, CEPC Workshop, Rome, Italy
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Fig. 5 Profiles of !χ2 versus MH (top), MW (middle) and sin2θℓ
eff

(bottom). In blue the present result and in light blue, green and orange
the present, LHC and ILC/GigaZ scenarios, respectively, all using the
future fit setup (reproducing MH ≃ 125 GeV) with corresponding
uncertainties. The impact of the theoretical uncertainties is illustrated
by the width of the coloured curves. See Table 3 for the numerical results
of these fits

almost a factor of 3 at the ILC/GigaZ. Again the current and
expected future direct measurements are also indicated on
the figure, keeping the central value unchanged. No improve-
ment in the precision of the direct measurement is expected
from the LHC, leaving the direct measurement a factor 5
less precise than the indirect determination. Only within the
ILC/GigaZ scenario a similar precision between the predic-
tion and direct measurement can be achieved.
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Fig. 6 Fit constraints for the present and extrapolated future scenarios
compared to the direct measurements for the observable pairs MW ver-
sus mt (top) and MW versus sin2θℓ

eff (bottom). The direct measurements
are not included as input measurements in the fits. For the future sce-
narios the central values of the other input measurements are adjusted
to reproduce the SM with MH ≃ 125 GeV. The horizontal and verti-
cal bands indicate in blue today’s precision of the direct measurements
and in light green and orange the extrapolated precisions for the LHC
and ILC/GigaZ, respectively. The ellipses receive significant contribu-
tions from the theoretical uncertainties parametrised by δtheo MW and
δtheo sin2θ

f
eff . For better visibility the measurement ellipses correspond-

ing to two degrees of freedom are not drawn

Figure 6 shows the allowed areas obtained for fits with
fixed variable pairs MW versus mt (top) and MW versus
sin2θℓ

eff (bottom) in the three scenarios. The horizontal and
vertical bands display the 1σ ranges of the current direct mea-
surements (blue), as well as the LHC (green) and ILC/GigaZ
(orange) expectations in precision. A modest improvement in
precision is achieved for the LHC, represented by the green
ellipses, when confronting the direct measurements with the
SM predictions. A much stronger increase in precision and
sensitivity is obtained with the ILC/GigaZ (orange ellipses).

3.3 Impact of the individual uncertainties

Table 4 shows a breakdown of the predicted uncertainties
of various parameters as obtained from the reduced elec-

123

Expectation in the future

!20

Future with CEPC contribution

MW = 80363 MeV ± 2  MeV 

MW = 80385 MeV ± 3 MeVPredicted

Measured + CEPC

❖ Borrow the figure from GFitter for 
LHC+ILC:

❖ Assume ILC gives similar 
improvements as CEPC on the 
“predicted values”

❖ Assume the directly measured 
central value does not change in 
the future

❖ A possible 4 to 5-sigma 
“bug” can be found in SM 
with the CEPC efforts!!! 

Electroweak programme (W, Z)  FCC-ee & CEPC

Current values  !MW :16 MeV Tevatron (comb.) 19 MeV ATLAS, SM Fit 4 MeV 



Future Circular Collider (FCC) – proton collider
Top Yukawa coupling
Measurement to 1% precision

Higgs self-coupling
Measurement to 3-5% precision

Higgs invisible decay Branching Ratio
Sensitivity down to 3-5 x 10-4

Top quark production

Cross section increases x35 

compared to LHC at 14 TeV, and 
might collect up to 1012 top quarks

New physics phenomena

In general direct sensitivity to 

processes with mass scales up to 10-
40 TeV.

Higgs production
Compared to LHC at 14 TeV the cross section increases 

with a factor of about 16 at NNNLO. Together with a 

larger luminosity, one can expect 60-400x more events.

Anastasiou et al, 1602.00695

gg à h
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Compact Linear Collider (CLIC) CERN-2016-004
arXiv:1608.07537

CLIC aims at an acceleration 
gradient of 100 MV/m. A drive 
beam is decelerated in dedicated 
Power Extraction and Transfer 
Structures (PETS), and the 
generated RF power is transferred 
to the main beam. 

PPAP 16/7/18 -- I. Shipsey

https://arxiv.org/abs/1608.07537


CLIC – some physics highlights

H. Abramowicz et al, Eur. 
Phys. J. C77 (2017) 475 

Higgs & top quark characterization 
Precision on top quark Yukawa of ~4%, m(top) to 100 MeV 
(x5 better than HL-LHC) and Higgs self-coupling of ~20%.

Staged approach
First period as a Higgs/top factory, including a  run at top 
quark pair threshold, thereafter operate at higher energies 
(upto 3TeV) which give access to:
- tth and HHH couplings, as well as
- study any accessible new particles discovered  @LHC
- searches for new phenomena

P. Burrows @ ICFA Seminar 2017

PPAP 16/7/18 -- I. Shipsey Total: 3 x106 Higgs

500 fb–1 380 GeV, 1.5 ab–1 1.5 TeV
\and 3 ab–1 at 3 TeV.



CLIC roadmap

CLIC working on an implementation plan & cost reduction as 
input to European Particle Physics Strategy

PPAP 16/7/18 -- I. Shipsey



The 2013 European Particle Physics Strategy
“There is a strong scientific case for an electron-positron collider, … Europe 
looks forward to a proposal from Japan to discuss a possible participation.”

Waiting for a statement from the Japanese Government for their 
willingness to host ILC before end of 2018 

PPAP 16/7/18 -- I. Shipsey



International Linear Collider (ILC)

~1800 cryomodules of ~12m

~16000 superconductive cavities of ~1m

in Liquid He vessel

PPAP 16/7/18 -- I. Shipsey



Technology connection with the European XFEL at DESY

The 3.4 km long European XFEL 
generates extremely intense X-ray flashes 
to be used by researchers from all over 
the world. 

Started Sept 2017

Max. energy electrons = 17.5 GeV

First mass production in industry of SC radio frequency TESLA technology 
(from about 100 accelerator modules at the XFEL to about 2000 at ILC). 

XFEL : 80% of the cavities reach a gradient of 33 MV/m
ILC : 90% of the cavities need a gradient of 35 MV/m

This demonstrates the goal for the ILC is within reach.

Denis Kostin @ LCWS2017, Oct 24

PPAP 16/7/18 -- I. Shipsey



International Linear Collider (ILC) – 500 GeV à 250 GeV
Cost reduction both by scaling from 500 GeV to 250 GeV with a focus on Higgs 
physics, and by technological innovations on the superconducting materials (Nb) and 
cavity construction (surface process). Physics Case for the 250 GeV Stage of the ILC, arXiv:1710.07621 

Higgs factory

ILC would be on a site surveyed for capability to reach 1 TeV – once ILC250 constructed  

extensions to at least 375 GeV would be almost guaranteed since we know that tt physics
is very interesting and the enormous infrastructure/people investment for ILC250 would hardly 
be written off by Japan after 10 years. PPAP 16/7/18 -- I. Shipsey



Linear Collider detector & physics studies: Europe engaged
The LCC physics & detector directorate is responsible for activities 
that advance the physics and detectors of the linear collider. 

Three detector concepts:

• ILD: 71 institutions mostly from the European Region

• SiD: 24 institutions many from the European Region

• CLICdp: 29 institutions mostly from the European Region

CLICdp

ILD

SiD

Three detector R&D groups:

• CALICE: 57 institutions 
mostly from the European 
Region

• LCTPC: 32 institutions many 
from the European Region

• FCAL: 14 institutions mostly 
from the European Region

PPAP 16/7/18 -- I. Shipsey



All UK PP groups 
are represented
in LCUK

~75 faculty have
expressed interest
in physics /
detector / 
accelerator

UK expertise puts us 
in a strong position to 
play leading roles

P. Burrows (LCUK)

UK groups’ interests in ILC/CLIC

Many of these capabilities would also be of relevance to a future circular 
electron-positron collider should plans for either CEPC or FCCee proceedPPAP 16/7/18 -- I. Shipsey

Technical system
Institute

Accelerator Detector Physics

BDS/MDI DR Beam 
dumps

e+ 
source

RF Si tracker Calorimetry DAQ

Birmingham X X X X
Bristol X X X
Cambridge X X
STFC – Daresbury Laboratory X X X
Durham IPPP X
Edinburgh X X
Glasgow X X
Imperial College X X X
Lancaster X X X X
Liverpool X X X
Manchester X X X X
Open University X
Oxford X X X X X X
QMUL X X
STFC – RAL X X X
RHUL X X X
Sheffield X X
Southampton X
Sussex X X
UCL X X X X
Warwick X X



Future Circular Collider (FCC) Study

International FCC 
collaboration (CERN as 
host lab) to study: 
• pp-collider (FCC-hh)                      

à main emphasis, defining 
infrastructure requirements 

•

• ~100 km tunnel 
infrastructure  in Geneva 
area, site specific

• e+e- collider (FCC-ee),                
as potential first step

• HE-LHC with FCC-hh
technology

• p-e (FCC-he) option, IP 
integration, e- from ERL

~16 T Þ 100 TeV pp 100 km

HE-LHC

PPAP 16/7/18 -- I. Shipsey



FCC-ee:
• Explora-on of 10 to 100 TeV energy scale via couplings with precision measurements
• ~20-50 fold improved precision on many EW quan--es (equiv. to factor 5-7 in mass)         

(mZ, mW, mtop , sin2 qweff , Rb , aQED (mz) as (mz mW mt), Higgs and top quark couplings) 
ØMachine design for highest possible luminosi-es at Z, WW, ZH and Obar working points

FCC-hh:
• Highest center of mass energy for direct produc-on up to 20 - 30 TeV
• Huge produc-on rates for single and mul-ple produc-on of SM bosons (H,W,Z) and quarks
ØMachine design for 100 TeV c.m. energy & integrated luminosity ~20ab-1 within 25 years

HE-LHC:
• Doubling LHC collision energy with FCC-hh 16 T magnet technology
• c.m. energy ~ 27 TeV= 14 TeV x 16 T/8.33T, target luminosity ≥ 4 x HL-LHC
ØMachine design within constraints from LHC CE and based on HL-LHC and FCC 

technologies  10 ab−1 over 20 years.  

FCC : physics and performance targets

PPAP 16/7/18 -- I. Shipsey



parameter Z WW H (ZH) ttbar
beam energy [GeV] 45 80 120 182.5
beam current [mA] 1390 147 29 5.4

no. bunches/beam 16640 2000 393 48

bunch intensity  [1011] 1.7 1.5 1.5 2.3
SR energy loss / turn [GeV] 0.036 0.34 1.72 9.21
total RF voltage [GV] 0.1 0.44 2.0 10.9
long. damping time [turns] 1281 235 70 20
horizontal beta* [m] 0.15 0.2 0.3 1
vertical beta* [mm] 0.8 1 1 1.6
horiz. geometric emittance [nm] 0.27 0.28 0.63 1.46
vert. geom. emittance [pm] 1.0 1.7 1.3 2.9
bunch length with SR / BS [mm] 3.5 / 12.1 3.0 / 6.0 3.3 / 5.3 2.0 / 2.5
luminosity per IP [1034 cm-2s-1] >200 >25 >7 >1.4
beam lifetime rad Bhabha / BS [min] 68 / >200 49 / >1000 38 / 18 40 / 18

FCC-ee collider parameters 

PPAP 16/7/18 -- I. Shipsey



FCC-ee operation model
working point luminosity/IP

[1034 cm-2s-1]
total luminosity (2 IPs)/ 
yr

physics goal run time 
[years]

Z first 2 years 100 26 ab-1/year 150 ab-1 4
Z later 200 52 ab-1/year
W 25 7 ab-1/year 10 ab-1 1-2
H 7.0 1.8 ab-1/year 5 ab-1 3
machine modification for RF installation & rearrangement: 1 year
top 1st year (350 GeV) 0.8 0.2 ab-1/year 0.2 ab-1 1
top later (365 GeV) 1.4 0.36 ab-1/year 1.5 ab-1 4

total program duration: 14-15 years - including machine modifications
phase 1 (Z, W, H): 8-9 years,    phase 2 (top): 6 years  

PPAP 16/7/18 -- I. Shipsey



parameter FCC-hh HE-LHC HL-LHC LHC
collision energy cms [TeV] 100 27 14 14
dipole field [T] 16 16 8.33 8.33
circumference [km] 97.75 26.7 26.7 26.7
beam current [A] 0.5 1.1 1.1 0.58
bunch intensity  [1011] 1 1 2.2 2.2 1.15
bunch spacing  [ns] 25 25 25 25 25
synchr. rad. power / ring [kW] 2400 101 7.3 3.6
SR power / length [W/m/ap.] 28.4 4.6 0.33 0.17
long. emit. damping time [h] 0.54 1.8 12.9 12.9
beta* [m] 1.1 0.3 0.45 0.15 (min.) 0.55
normalized emittance [µm] 2.2 2.5 2.5 3.75
peak luminosity [1034 cm-2s-1] 5 30 16 5 (lev.) 1
events/bunch crossing 170 1000 460 132 27
stored energy/beam [GJ] 8.4 1.3 0.7 0.36

FCC-pp collider parameters 

PPAP 16/7/18 -- I. Shipsey
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Table 3: Key parameters of FCC-hh, HE-LHC, HL-LHC and LHC, for operation with proton beams. All values, except for
the injection energy, refer to collision energy. HE-LHC entries shown in parentheses refer to a larger crossing angle; LHC
entries in parentheses to the HL-LHC. The bunch spacing is 25 ns for all colliders.

parameter unit FCC-hh HE-LHC (HL-)LHC
centre-of-mass energy TeV 100 27 14
injection energy TeV 3.3 0.45/1.3 0.45
arc dipole field T 16 16 8.33
circumference km 97.8 26.7 26.7
beam current A 0.5 1.12 (1.12) 0.58
bunch population N

b

1011 1.0 2.2 (2.2) 1.15
number of bunches / beam n

b

— 10600 2808 (2760) 2808
longitudinal emittance (⇠ 4⇡�

z

�
E

) eVs 5 4.2 2.5
norm. transv. rms emittance �" µm 2.2 2.5 (2.5) 3.75
IP beta function �⇤

x,y m 1.1 0.3 0.25 (0.15) 0.55
initial rms IP beam size �⇤

x,y µm 6.7 3.5 6.6 (8.2) 16.7
half crossing angle µrad 37 70 (180) 133 (250) 150
peak luminosity per IP 1034 cm�2s�1 5 30 28 (5, leveled) 1
peak no. of events / crossing — 170 1000 800 (135) 27
SR power / beam kW 2400 100 7.3 (3.6)
transv. emittance damping time h 1.1 3.6 25.8
initial proton burn-o� time h 17 3.4 2.5 (15) 40
luminosity per year (160 days) fb�1 � 250 � 1000 730 (350) 55

Figure 6: FCC-hh layout with 8 straights.

collimator stays below 100 kW. A shower simulation for the
first secondary collimator is illustrated in Fig. 7.

The core of the hadron collider is the 16 T magnets and the
underlying superconducting cable. Figure 8 shows the four
di�erent high-field magnets designs for which short model
magnets will be built, and compared, in the 2018-2022 time
period. The US 15 T magnet prototype under construction
at FNAL and a 16 T enhanced racetrack coil being wound at

Figure 7: Shower energy deposition in first secondary colli-
mator for a 12 minute beam lifetime.

CERN are illustrated in Fig. 9. The goal for the worldwide
Nb3Sn conductor e�ort is to raise the critical current density
from 1000 A/mm2 (HL-LHC cable) to 1500 A/mm2, which
would reduce the size of the coil area by almost a factor of
two and allow for greater compactness plus lower cost.

A novel feature of FCC-hh and HE-LHC is the extremely
high level of synchrotron radiation, unprecedented for a
hadron collider. The FCC-hh beams emit about 5 MW of
synchrotron radiation power inside the cold environment
of the arcs. The related heat removal can be accomplished
with a dedicated beam screen. For reasons of overall energy
e�ciency, the FCC beam-screen temperature is chosen as
50 K, much higher than the magnets (1.9 K), and also higher
than the temperature of the LHC beam-screen (5-20 K).
Vacuum stability (cryo-pumping), beam impedance, and

FCC-pp layout 



FCC Target

Worldwide FCC Nb3Sn program

Main development goal is wire performance increase:

• Jc (16T, 4.2K) > 1500 A/mm2 à50% increase wrt HL-LHC 
wire

• Reduction of coil & magnet cross-section 

3150 mm2

~1.7 times 
less SC

~10% margin
HL-LHC

~10% margin
FCC ultimate

5400 mm2

After only one year of development, prototype 
Nb3Sn wires from several new industrial FCC 

partners already achieve HL-LHC 
performance

Conductor activities for FCC  started in 2017:
• Bochvar Institute (production at TVEL), Russia
• KEK (Jastec and Furukawa), Japan
• KAT, Korea 
• Colum bus, Italy
• University of Geneva, Switzerland
• Technical University of Vienna, Austria
• SPIN , Italy
• University of Freiberg, Germ any
In addition, agreements under preparation: 
• Bruker, Germ any
• Luvata Pori, Finland
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16 T dipole design activities and options

Cos-theta

Blocks 

Common coils

Short model magnets (1.5 m lengths) will be built from 2018 – 2022
Russian 16 T magnet program launched by BINP recently.

Swiss 
contribution 

Canted
Cos-theta

H2020 

INFN 

CEA 

CIEMAT

PSI 
LBNL

FNAL
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Technical Schedule for each of the 3 options
20 22 24 26 28 30 32 34 38 40

C iv il E n g in eerin g  F C C -h h rin g

D ip o le  sh o rt m o d e ls

16  T  d ip o le  in d u st. 
p ro to typ es

16  T  d ip o les  p reseries

16  T  series  p ro d u ctio nS
C

 M
ag

ne
ts

C E  F C C -ee rin g  +  in jec to r

FC
C

-h
h

FC
C

-e
e

H
E-

LH
C

S tra teg y  U p d ate  2026  – assu m ed  p ro jec t d ec is io n

In s ta lla tio n  H E -L H C

L H C  M o d ifica tio n

42

T ech n ica l D es ig n  P h ase

3
6

In s ta lla tio n  +  tes t F C C -ee

In s ta lla tio n  +  tes t F C C -h h

C E  T L  to  L H C         

L H C  R em o va l

D ip o le  lo n g  m o d e ls

In jec to r

schedule constrained by 16 T magnets & CE
→ earliest possible beam operation dates
• FCC-ee: 2039
• FCC-hh: 2043
• HE-LHC: 2040 (with HL-LHC stop LS5 / 2034)

16 T magnets

FCC-hh

FCC-ee
HE-LHC
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Global FCC Collaboration

30
Companies

32
Countries

124
Institutes

EC
H2020
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Slides from Max Klein for LHeC UK

W Kandinsky, Circles in a Circle, 
1923, Philadelphia Art Museum

LHeC
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Physics

- Microscope: World’s Cleanest High Resolution

- Maximises the LHC Physics Programme

- Creation of a high precision, novel Higgs facility

- Discovery Beyond the Standard Model

- Revolution of Nuclear Particle Physics 

Three Raisons d’etre of the LHeC

Sustainability and Cost

LHC: 
- see: SM, Higgs and no BSM
- use: Investment of O(5) BSF
- run: HL LHC until ~2040
LHeC [1206.2913, update 2/19]
- 1.2 TeV ep/A for O(1)BSF 

àEstablish novel ep+pp
Twin Collider Facility at CERN:
sustains HL LHC and bridges to
CERN’s long term future 
For installation during LS4 (2030+)
and long term use (HE LHC, FCCeh)

Technology

Accelerator: Novel SRF ERL, green power facility
Detector: Novel high tech (CMOS..) apparatus

à Keep accelerator and detector base uptodate
while preparing for colliders that cost O(10)BSF
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Physics
αs to 0.1%
Vtb to 1%...
sin2θW better than LEP
MW [pp+ep]: 0.007%
…
HIGH precision leads
to Discovery BSM

HL LHC

LHeC

L(gg)
H

High 
Mass
Searches
(exotic
W’shown)

nowß

Search for Heavy Neutrinos1802.04317
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Acc & Det Technology

PERLE/LHeC first 802 MHz cavity
CERN-Jlab. Q0 > 3 1010, 2K.   freedom
to choose opera?on point ~ 20MV/m

Q0

Challenge: demonstrate multi-turn ERL (cbeta, 2019)
Develop 802 MHz, LHeC Technology (PERLE > 2022)

Zoom LHeC detector [15.6 x 10.4m2 HE LHC]AsTEC, BINP, CERN, Jlab ,Liverpool, Orsay, +  

PERLE at Orsay

UK Institutes
Accelerator
AsTEC, Cockcroft (Lancaster, 
Manchester, Liverpool, 
Srathclyde), JAI (Oxford)

Detector+Physics
Birmingham, Liverpool, 
Manchester, Oxford, QMW  

HERA+LHC have also 
Bristol, Glasgow, Imperial, 
Lancaster, RAL, UCL.

Detector: a new task post HL LHC design
Challenge for Acc+Det: 3 beam-IR design

1705.08783
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Most up-to-date Information:       https://indico.cern.ch/event/698368/

New and Updates on
Physics: PDFs, QCD, H, t, BSM, eA +  Relation eh-hh..
Accelerator: IR, Optics, Lattice, Cost-Energy, CE.. 
Detector: the GPD and its fwd and bwd detectors
PERLE: Source, Injector, Cavity, Cryomodule,.. Physics
Project Development towards the ES2020:
LHeC + FCCeh+ PERLE input 12/18. PERLE TDR in 2019. 

Workshop: LHeC/FCCeh and PERLE
Two week ago at Orsay near Paris 

http://lhec.web.cern.ch
PPAP 16/7/18 -- I. Shipsey
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Circular electron positron Collider  (CEPC)

Physics	Goals	of	CEPC-SppC
•Electron-positron collider (90, 160 250 GeV) 
• Higgs Factory 106 Higgs :  
• Precision study of Higgs(mH, JPC, couplings) Similar & complementary to 

ILC 
• Looking for hints of new physics 
• Z & W factory 1010 Z0 :  
• precision test of SM 
• Rare decays ? 
• Flavor factory: b, c, τ and QCD studies 
•Proton-proton collider(~100 TeV) 
• Directly search for new physics beyond SM 
• Precision test of SM 
• e.g., h3 & h4 couplings

Precision	measurement	+	searches:		
Complementary	with	each	other	! J.	Gao	IHEP,	Beijing

http://cepc.ihep.ac.cn 

CEPC CDR  

June 

Lumi. Higgs W Z Z(2T) 

u1034 2.93 11.5 16.6 32.1 

9  double ring baseline design 

9  switchable between H and Z/W w/o  

      hardware change (magnet switch) 

9  use half SRF for Z and W 

9  can be optimized for Z with 2T detector 

     (~3200u LEP luminosity) 
June 2018 

Intl. review - June 28-30 at IHEP 
Release of CDR: July (accelerator), September (detector) 

Seoul, July 6, 2018 

Circular Electron-Positron 
Collider (China)

• CEPC

(and SppC beyond)
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still. Specifically. the FCC-hh foresees 10 cryoplants, each with 50–100 kW at
4.5 K including 12 kW at 1.8 K, and requires a helium inventory of 800 tons,
about 6 times the helium inventory of the present LHC. The electrical power
consumption of the FCC-hh cryoplants is about 200 MW [41].

Figure 10: Tunnel cross sections for HE-LHC, SppC and FCC-hh.

7 Time Lines and Cost

The time line for FCC is determined by the time required for tunnel construction
and by the magnet R&D and production programme, as is illustrated in Figs. 11
and 12. If HL-LHC stops in the Long Shutdown 5, presently scheduled around
the year 2034, the HE-LHC could start physics operation in 2040. FCC-hh
would begin operation three years later, in 2043. Very similarly, the latest time
schedule for SppC foresees first hadron-beam collisions in 2045 [42].

Figure 11: Time line of FCC-16 T magnet R&D.

14

Tunnel cross sections for HE-LHC, SppC and FCC-hh
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Detector Conceptual Designs (CDR)

�26

Baseline detector (3 Tesla)
ILD-like

(similar to pre-CDR)

Final two detectors likely to be a mix and match of different options

D
R

A
FT

-0
8 EXPERIMENTAL CONDITIONS AND DETECTOR REQUIREMENTS

Figure 3.2: Schematic layout of the IDEA detector. Sub-detectors are outlined in different colors :
vertex detector (red), drift chamber (green), pre-shower (orange), magnet (gray), calorimeter (blue),
magnet yoke and muon system (violet).

pixel technology as well as profit from the electronic and mechanical work of the ALICE
ITS.

Outside the vertex detector we find a 4 m long cylindrical drift chamber starting from
a radius of ⇠30 cm and extending until 2 m. The chamber can be made extremely light,
with low mass wires and operation on 90% helium gas; less than 1% X0 is considered
feasible for 90� tracks. Additional features of this chamber, which is described in detail in
section 6.3, are a good spatial resolution, <100 µm, dE/dx resolution at the 2% level and
a maximum drift time of only 150 nsec. Track momentum resolution of about 0.5% for
100 GeV tracks is expected when vertex detector and pre-shower information is included
in the track fit. It is worth noting that the design of this chamber is the evolution of work
done over many years on two existing chambers, that of the KLOE detector [12] and that
of the recent MEG experiment upgrade [13]; major R&D work was done also for the 4th
concept at ILC [14] and then for the Mu2E tracker [15].

A pre-shower is located between the drift chamber and the magnet in the barrel region
and between the drift chamber and the end-cap calorimeter in the forward region. This
detector consists of a ⇠1 X0 = 0.5 cm of lead followed by a layer of silicon micro-strip
detectors. A second layer of MPGD chambers is located between the magnet and the
calorimeter in the barrel region, while in the end-cap region an additional layer of lead
is placed between the silicon and the chambers. This way about 75% of the ⇡0’s can be
tagged by having both �’s from their decay identified by the pre-shower. The silicon layer,
besides increasing the tracking resolution, provides a very precise acceptance determina-
tion for both charged particles and �’s. The optimization of pre-shower thickness and
calorimeter resolution is still in progress.

A solenoidal magnet surrounds the tracking system and the first pre-shower layer.
Presently planned dimensions are 6 m of length and 4.2 m inner diameter. The relatively
low two Tesla field and the small dimensions have important implications on the overall
magnet package thickness, that can be kept at the 30-40 cm level, and on the size of the

Low
magnetic field

concept
(2 Tesla)

FULL-SILICON TRACKER DETECTOR 43
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Figure 5.16: The R-Z view of the full silicon tracker proposed for CEPC (left) and the enlarged version
of SID design (right).
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Figure 5.17: The number of expected hits are shown as function of track pesuro-rapadity.
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CEPC Accelerator CDR Completed

➡ Executive Summary 

1. Introduction 

2. Machine Layout and Performance 

3. Operation Scenarios 

4. CEPC Booster 
5. CEPC Linac 

6. Systems Common to the CEPC Linac, Booster and Collider 
7. Super Proton Proton Collider 
8. Conventional Facilities 

9. Environment, Health and Safety  

10. R&D Program 

11. Project Plan, Cost and Schedule 

Appendix 1: CEPC Parameter List  
Appendix 2: CEPC Technical Component List 
Appendix 3: CEPC Electric Power Requirement  
Appendix 4: Operation for High Intensity γ-ray Source  

Appendix 5: Advanced Partial Double Ring  

Appendix 6: CEPC Injector Based on Plasma Wakefield Accelerator 
Appendix 7: International Review Report �42

March 2015 April 2017 July 2018

            CEPC accelerator CDR completed in June 2018 (to be printed in July 2018)

Physics and Detector CDR 
to follow soon afterwards

(Need to adapt to recent modifications)
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Current CEPC Organization

Institutional Board
YN GAO
J. GAO

Steering Committee
Y.F. WANG (IHEP),….

Project Director
XC LOU
Q. QIN
N. XU

Detector
Joao Costa (IHEP)

S. JIN (NJU)
YN GAO (TH)

Accelerator
J. GAO (IHEP)

CY Long (IHEP)
SN FU (IHEP)

Theory
HJ HE(TH)
JP MA(ITP)

XG HE(SJTU)

International Advisory 
Committee
Young-Kee Kim, U. Chicago (Chair)
Barry Barish, Caltech
Hesheng Chen, IHEP
Michael Davier, LAL
Brian Foster, Oxford
Rohini Godbole, CHEP, Indian Institute of Science
David Gross, UC Santa Barbara                       
George Hou, Taiwan U.
Peter Jenni, CERN
Eugene Levichev, BINP
Lucie Linssen, CERN
Joe Lykken, Fermilab
Luciano Maiani, Sapienza University of Rome                 
Michelangelo Mangano, CERN
Hitoshi Murayama, UC Berkeley/IPMU
Katsunobu Oide, KEK
Robert Palmer, BNL
John Seeman, SLAC
Ian Shipsey, Oxford
Steinar Stapnes, CERN
Geoffrey Taylor, U. Melbourne 
Henry Tye, IAS, HKUST
Yifang Wang, IHEP
Harry Weerts, ANL �45

Since	Sept.		
2013
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CEPC meetings and international impact

�46

Many international
events have been
hosted to discuss

CEPC physics
and carry out

collaboration on 
key-technology 

research  

260 attendees
30% from foreign institutions

55% attendance from abroad

Next workshop
April 2019 in Oxford
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Part 3Future Plan of IHEP

BEPCII/BESIII

Daya Bay
JUNO

LHAASO
YangBaJing

2020 205020402030

JUNO

LHAASO
HXMT

Particle 
Physics

Public 
Platform HEPS

AliCPTAliCPT

HEPS-TF

2018

A
dvanced

Technology

CiADS

CSNSII

Particle
A

strophysics

Future Light SourceHEPS

CSNS

CEPC CEPC
SppC SppC

HERDHERD
eXTPeXTP

Construction
Operation
Planning
Planned construction
Planned operation

eXTP

2025

HERD

CEPC

ADS R&D ADS



Part 1IHEP Large Science Facilities

1. Beijing Electron Positron Collider (BEPCII) / (BESIII) 
2. Beijing Synchrotron Radiation Facility (BSRF)
3. Yangbajing Cosmic Ray Observatory (YBJ)
4. Daya Bay Reactor Neutrino Experiment
5. Hard X-ray Modulation Telescope (HXMT)
6. China Spallation Neutron Source (CSNS) 

1. Jiangmen Underground Neutrino Observatory (JUNO)
2. Large High-Altitude Air Shower Observatory (LHAASO)
3. Ali CMB Polarization Telescope (AliCPT-1)
4. High Energy Photon Source (HEPS/HEPS-TF)

1. China Initiative Accelerator Driven System (CiADS)
2. China Spallation Neutron Source II (CSNSII)
3. Enhanced X-ray Timing and Polarimetry mission (eXTP)
4. High Energy cosmic-Radiation Detection (HERD)
5. Circular Electron Positron Collider-Super proton-proton collider (CEPC-SppC)
6. Other Light Source Projects� Southern Photon Source �SCLS……

In operation (6)

Under construction (4)

Under planning (6)



Accelerator R&D – Advanced Novel Accelerators (ICFA Panel)
ALEGRO (Advanced LinEar collider study GROup, for a multi-TeV Advanced Linear Collider)
Workshop (March 2018 in Oxford): http://www.physics.ox.ac.uk/confs/alegro2018/index.asp

The objective of this first 
ALEGRO workshop was 
to prepare and deliver, by 
the end of 2018, a 
document detailing the 
international roadmap 
and strategy of Advanced 
Novel Accelerators 
(ANAs) with clear 
priorities as input for the 
European Particle 
Physics Strategy Update.

from R.Assman @ ALEGRO workshop
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Current UK advanced accelerator technique work 

DRAFT

UK Roadmap for Plasma Wakefield Accelerator

Research 2018-2050

A community-driven roadmap compiled by the UK Plasma Wakefield Accelerator

Steering Committee (PWASC)

January 2018

UK Plasm a Wakefield Accelerator Roadm ap 2018

DRAFT

UK Roadmap for Plasma Wakefield Accelerator Research 2018 3 STATE-OF-THE-ART

Figure 1: Non-exhaustive overview of laboratories and groups engaging in laser-driven (black) and particle beam-
driven (green) plasma wakefield R&D.
field only recently.

The growth and increasing maturity of plasma accelerators have stimulated many multi-institutional national and
international projects and initiatives. A prominent early example is the collaboration of UK universities and the Central
Laser Facility (CLF), which for example enabled the breakthrough first demonstration of quasi-monoenergetic electrons
from LWFA.3 Further laser centres in the UK such as SCAPA, the Scottish Centre for the Application of Plasma-based
Accelerators, Queen’s Belfast (X-Taranis), Oxford (ASL) and Imperial College London complement the LWFA R&D
landscape in the UK. An important European collaboration in laser-driven plasma R&D is Laserlab Europe,6 which
allows campaign-based access to high-power laser facilities across Europe. The Extreme Light Infrastruture (ELI)7 is
a European ESFRI project for the investigation of light-matter interactions at highest intensities and shortest time
scales, with a strong focus on LWFA. EuPRAXIA8 is a European H2020 design study project across LWFA and
e-PWFA, which could lead to a large scale European plasma accelerator facility on the ESFRI roadmap.

In the field of e-PWFA, multi-national collaborations have allowed UK engagement in programmatic or campaign-
based R&D at, for example, SLAC FACET(-II), BNl ATF(-II), DESY, INFN and elsewhere. In the UK, CLARA o�ers
to engage in linac-driven e-PWFA in the future. CERN AWAKE is an ongoing major collaboration in p-PWFA, with
strong UK participation.

3.2 Laser wakefield acceleration (LWFA)
In many cases the driving laser pulse will need to be guided over the length of the plasma stage. For example, for laser
focal spot sizes in the range 10 ≠ 100 µm, the Rayleigh range — the characteristic distance over which di�raction
would occur in vacuum — is 0.3 - 30 mm. In comparison, a 10 GeV accelerator requires a plasma length of around
1 m.

Fortunately, non-linearities in the laser-plasma interaction lead to self-guiding of the laser pulse. This arises from
the transverse variation of the laser intensity, which causes plasma electrons near the axis to oscillate at higher speeds
than those away from the axis; the consequent transverse variation in the relativistic “-factor of the electrons causes
a transverse variation in the refractive index of the plasma through variation of the electron mass. This relativistic
self-focusing can overcome di�raction for laser powers above a certain critical power, allowing for guided propagation
over distances greatly exceeding the Rayleigh range.

For very high intensities, short laser pulses can expel all the plasma electrons from their vicinity, to form a plasma
“bubble”, and self-channelling occurs owing to the resulting transverse density profile experienced by the laser pulse.

Many groups worldwide have generated electron beams in the GeV range with self-guided laser pulses. For example,
in experiments at the CLF, the Imperial College group generated 0.8 GeV beams from 200 TW pulses self-guided over
1 cm. The same group recently increased the electron energy above 2 GeV by decreasing the plasma density and

UK Plasma Wakefield Accelerator Steering Committee 3

Technique/beam Groups/facilities

Laser driven (LWFA) electrons CI (Lan, Liv, Man, Str) – CLF/SCAPA
JAI (Imp, Oxf) - CLF

Laser driven (LWFA) positrons QUB - CLF
Laser driven (LWFA) protons/ions Imp, Str, QUB, York – CLF/SCAPA

Electron driven (PWFA) electrons CI (Lan, Liv, Man, Str) –
CLARA/FACET

Proton driven (PWFA) electrons Lan, Liv, Man, UCL – AWAKE

LW FA
PW FA

~ 10 GV/m  accel. gradient

10

10 cm  plasm a cell
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"Although, having an electron-positron linear collider as an ultimate aim for plasma 
wakefield acceleration and working towards achieving a number of its parameters is 
very valuable, it is prudent to consider other first applications.

One should however distinguish between the first plasma acceleration application 
to a stand-alone all plasma acceleration collider, and an upgrade of conventional 
collider with plasma acceleration. While it is at this moment inconceivable to suggest 
an all-plasma electron-positron collider, it is reasonable to consider plasma 
acceleration upgrade for either ILC or CLIC colliders, in case if construction of the first 
Higgs-Factory or Top-Factory stage of either of them will be approved. Given the rate 
of the progress of plasma acceleration technology, it is entirely possible to consider 
their upgrades to TeV energy using plasma acceleration."

UK roadmap for plasma acceleration research

http://pwasc.org.uk/uk-roadmap-development

http://pwasc.org.uk/uk-roadmap-development
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2. Meeting Outcomes 
 
Below we summarise the meeting outcomes, first relating to the bigger questions (part A); then we 
list some specific practical suggestions (part B) which were gathered during the workshop 
discussions, regarding organisational aspects of PP in Europe that could be flagged up for 
discussion in a wider forum. 
 
A) On the bigger questions: 
 
There was consensus that a future collider for particle physics is desirable from many theoretical 
motivations. A clear consensus was not reached on a preferred solution among the workshop 
participants. The science cases for the various future colliders were brought out well by the 
speakers in each of their sessions.  Here we list some talking points which we suggest could be 
useful as a starting point for future discussions. The main talking points were: 
 
1) It was a clear outcome from the talks that the extensions to current sensitivities provided by the 
High Luminosity LHC (HL-LHC) provide important constraints to many SM parameters and search 
capability for BSM physics. The commissioning and exploitation of the HL-LHC should therefore be 
one of the highest priorities for European Particle Physics in the 2020s. 
 
2) What is the possible scale of new physics? To what extent could insights be delivered by flavour 
physics anomalies on the timescale of the ES update? While some hints will be available it is not 
clear if an energy scale could be identified, such that it could inform a choice of future collider. 
 
3) Related to (2) Is there a consensus among theorists on a collider CoM energy at which null 
observations would definitively tell us something about the way in which the SM is broken? 
 
4) The physics cases for FCC and CLIC are clearly both strong but there are resource implications 
in pushing both R&D programs forward during the 2020s. The last UK ES submission said that  
“a timely decision should be taken on optimal next-generation collider facilities for exploitation of 

LHC discoveries”. The final 2013 ES update document said "to stay at the forefront of particle 

physics, Europe needs to be in a position to propose an ambitious post-LHC accelerator project at 

CERN by the time of the next Strategy update, when physics results from the LHC running at 14 

TeV will be available".  It is the recommendation of the organisers of this workshop that it should be 
considered, in a UK community meeting, whether a decision can now be made on a definitive UK 
recommendation. If a consensus cannot be reached, then it could be debated in the community 
meeting whether to put forward to the ES process that its committee makes a definitive 
recommendation by 2020. 
 
5) Which program(s) can best engage a generation of physicists over the next decades such that 
expertise is retained in operating experiments/accelerators and analysing data, rather than 
witnessing a brain drain while waiting for the next large project? 
 
6) In relation to (5) the importance of smaller, non-collider experiments was agreed both for their 
own strong science objectives and as training grounds for the field in general. 
 
Some topics were raised in addition to the program of the meeting, and these could be addressed 
at the UK community meetings: 

European Strategy Workshop, IPPP 16-18th April 2018: Meeting Summary 
 
Overview (J. Evans, S. Farrington, E. Goudzovski, M. Patel, M. Spannowsky) 
 
 
1.Introduction 
 
A workshop was held at, and sponsored by, IPPP, titled “UK Input to the European Strategy” on 
16-18th April 2018.  The European Strategy on Particle Physics is due to be updated in 2020. 
Submissions to the European Strategy (ES) process are invited by 18th December 2018. The 
intention of the workshop was to set out the scientific status and the scientific reach of particle 
physics experiments and technologies and to help to identify relevant questions in the ES process 
for further discussion, seeking convergence at future national PPAP and town meetings. In 
particular, our brief for this IPPP workshop was to engage a cross-section of mid-career UK 

Particle Physicists in the ES process and so a number of them nominated by their institutes were 
invited.  In addition, an open registration phase invited anyone from the community who wanted to 
join.  
 
Talks on a wide range of current and future Particle Physics (PP) topics were given. Speakers 
were given a brief to focus on the science cases and technological capabilities; key measurements 
and sensitivities of current and future experiments. The sessions are summarised in this document; 
discussions were energetic and thought-provoking. The sessions were: Theory/Motivation; 
Technical topics (Accelerator, Detector and Computing); Neutrino and Lepton Flavour; Dark Matter; 
Quark flavour; Resonance Searches; Higgs Physics; Gravity/Astroparticle physics and Standard 
Model and Top Quark physics. The talks can be viewed here: 
https://conference.ippp.dur.ac.uk/event/661 
 
This report is intended to summarise the IPPP workshop and to serve as a briefing document for 
the UK ES submission. It is not intended as a draft document for ES submission. Here we suggest 
some points that may be useful input to discussions at the upcoming PPAP and town meetings. 
 
The organisation of this report is as follows.  In section 2 we attempt to summarise the outcomes of 
the workshop as they relate to possible input to the European Strategy update (ES) and we 
highlight where further discussion could start, based on those topics which did not find an easy 
convergence at this meeting, as well as those topics which were omitted in the workshop. In 
section 3 we provide summaries, put together by meeting participants, on the sessions.  These are 
intended as scientific briefing documents that may give a helpful snapshot to non-experts in a given 
area. 
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It is good to have different regions of the world that are interested in fundamental 
physics and consider that the outstanding questions today in particle physics are worth 
building the next generation particle collider.

While competition can be energizing global cooperation across all three regions 
maximizes our resources and should be the aim. This is something the ESU, Asian and 
P5 processes can jointly accomplish.

The science case for e+e-- is mature. The science case for 100 TeV is not mature. 

In Europe there is development work to do. It is not possible  now to proceed with 
either CLIC or FCC. Any decision will wait for the the next ESU ~2026. One possible ESU 
outcome is a decision to proceed with continued development of both CLIC & FCC 
placing great demand on CERN resources at a time when the HL-LHC must be delivered

Europe’s Strategy depends on another  region hence pressure for Japan to decide 
before end of December 2018 on ILC250.  

ILC/CLIC is a mature community that recognizes it is unlikely both will be built. The 
community collaborate and would work on either. Should ILC250 go ahead, CLIC will not 
proceed changing the resource picture at CERN. FCC-ee also becomes less attractive 
even though it offers the highest luminosity of the four e+e- options

Observations and Conclusions
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There is no possibility to know if CEPC goes head before 2020 (source: Yifang Wang).  
It is possible CEPC would go ahead even if ILC250 goes ahead. But clearly the degree 
of international support (financial and participation) for either project would be 
modified if both proceeded.

If ILC250 does not proceed but CEPC does or the ILC250 decision is later than planned 
it would be prudent for the ESU to allow for this possibility and advise on how CERN 
should proceed in that eventuality. For example making continued support of CLIC 
development contingent on  no other e+e- Higgs factory receiving the green light.

By 2026 we will  have the full benefit of Run 3 data from LHC.  We will know all that 
can be known at 14TeV (before the upgrade to the LHC itself).  The high field magnet 
program would also be much further along and we will have a refined idea of the cost 
and time to build HE-LHC or FCC-pp.  A decision at that time could be made to 
proceed with one or the other.  While HE-LHC may be affordable in the CERN budget 
over twenty years, FCC-pp will not be. (300 MCHF/year  for development or 
6BillionCHF/20 years). 

Observations and Conclusions
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There is no possibility to know if CEPC goes head before 2020 (source: Yifang Wang).  
It is possible CEPC would go ahead even if ILC250 goes ahead. But clearly the degree 
of international support (financial and participation) for either project would be 
modified if both proceeded.

The science case for FCC-pp and SppC is not yet mature. But we have to continue to 
develop these machines with high priority. If we do not do all the work we can now 
(and argue together as a community to keep all our options) we will surely not get it.

FCC affordability. I am not aware that there is an "official CERN answer" but it is clear 
that such a project will require real buy-in from politicians as the LHC did originally. 
Only obvious path: allow (eg) EU money to be used on CERN projects – an FCC is 
conceivable over three cycles of H2020 successor programmes. There has been much 
work (by CERN and the EU) in recent years to try to understand how/if funding for 
CERN from the EU might work. I do not know if there are any answers as yet, but it 
certainly will require major support from politicians and support from across the 
sciences and medicine and engineering & the public

It is important to invest  in advanced accelerator techniques in parallel.

The LHeC is a low cost intriguing option that should be fully explored. 

Observations and Conclusions
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Three future higher energy hadron colliders are presently under study 
worldwide, with c.m. energies ranging from 27 to 100 TeV.

R&D on cost-effective high-field magnets is the key to their realization. Each 
of the three proposed colliders could start operation around 2040–2045. 

Proton Summary

Electron Summary

Four future higher energy electron colliders are presently under study worldwide
ILC is shovel ready,  CLIC is far along, FCC-ee has made  impressive progress and  
CEPC is gaining extraordinary momentum – no known show stoppers 

Proton–electron Summary

FCC-he testifies to the versatility and richness of the FCC facility 

Muon Colliders and advanced acceleration techniques

Muon colliders and plasma accelerators both  a gain of about a factor 200 in energy 
reach for the same size as traditional accelerator. Not ready today they might be ready 
in 20 years or significantly before the end of the 21st century if R&D is advanced 
properly. The offers a lower cost to access the highest energies èprudent to invest



“What we know is a droplet, what we 
don’t know is an Ocean”

Sir Isaac Newton (1643-1727)
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“The greater danger for most of us 
lies not in setting our aim too high 
and falling short; but in setting our 
aim too low, and achieving our 
mark”

-- Michelangelo


