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My talk

- Summary of the status of future collider 
proposals. 


- Brief overview of the physics potential. 
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Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

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

建造周长为50-70km环形加速器的建议： 

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

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

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

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

e�e+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

250 GeV

FCC-ee (CERN),  CEPC(China)

~100 TeV

FCC-hh (CERN),  SppC(China)



muon collider



more exciting
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Dear Colleague, 
 
I am starting a new community study in particle theory.  I hope you will be interested in it, and it would be
great if you would participate. There is a serious purpose, but, for the moment, it is an excuse to have fun
exploring some new theoretical territory.  I am sure that the mailing list I am using is incomplete (especially
in Asia), so please forward this invitation to anyone who might be interested. 
 
In accelerator physics R&D, there is now a lot of activity on very high gradient linear accelerators. Some
years ago, a SLACUCLAUSCMax Planck Munich group achieved an accelerating gradient of  50 GeV/m
over 1 m using plasma wakefield acceleration.  As the experiments have become more sophisticated and
controlled, plasma acceleration still achieves tens of GeV/m in experiments where the plasma accelerator is
shaped by an electron bunch and several GeV/m in experiments where the plasma accelerator is shaped by
a highpower laser, with no external accelerator needed.  Two years ago, positrons were accelerated in
plasma with a gradient of 3 GeV/m.   There is a new initiative at CERN called AWAKE that aims for high
gradients using a proton beam as a driver.  Gradients in the GeV/m range have also been achieved in
accelerators made of small dielectric tubes powered by lasers. Probably there are other setups, still to be
invented, that can achieve these very high gradients. 
 
5 GeV/m is SLAC in 10m.   In a 10 km accelerator, such as one might envision for a new global facility in
the 2040’s, it would give a 50 TeV beam energy. 
 
I think it is important that the development of these technologies should be pushed by theorists.  To motivate
this program, we need to answer the question: What would we learn from an electron accelerator of energy
10  50 TeV?  This question is also relevant for thinking about future muon colliders and hadron colliders.
  We have studied the TeV range of energies for a long time, but future facilities might vault us into the tens
of TeV.  What then? 
 
I am especially interested in physics ideas that break new ground.  The studies for 3 TeV CLIC and 100 TeV
FCC mainly concern questions about the Standard Model and supersymmetry that we have been asking for
decades.   I would like to ask a different question:  Is it possible that typical e+e annihilation events at 30
TeV might look nothing like the Standard Model prediction?   This is actually the expectation in composite
Higgs models, for which 30 TeV is plausibly above the Higgs compositeness scale.  There must be other
possibilities for genuinely new phenomena.  What are they? 
 
The community of accelerator physicists working on highgradient linear accelerators has organized a study
called ALEGRO whose aim is to write a document for the 2019 European Strategy for Particle Physics.
  They asked me to be a convener for a physics chapter of this study.    It would be wonderful if this chapter
presented some fascinating and neverbeforeseen physics targets for lepton or photon colliders at 10’s of
TeV center of mass energy. 
 
If you have ideas about this, please contribute.   There are many opportunities this spring to try out ideas
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LianTao Wang <liantaow@gmail.com>

Fwd: lepton collider physics at 10 50 TeV 

Han, Tao <than@pitt.edu> Tue, Feb 13, 2018 at 10:41 PM
To: LianTao Wang <liantaow@uchicago.edu>

did you get this? what do you think?
Tao 
 

Begin forwarded message:
 
From: "Peskin, Michael E." <mpeskin@slac.stanford.edu> 
Subject: lepton collider physics at 10- 50 TeV 
Date: February 11, 2018 at 7:10:41 PM EST 
To: "valya.khoze@durham.ac.uk" <valya.khoze@durham.ac.uk>, "michael.spannowsky@durham.ac.uk"
<michael.spannowsky@durham.ac.uk>, "V.Sanz@sussex.ac.uk" <V.Sanz@sussex.ac.uk>,
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My focus here

- More “near future”. 


- Circular: FCC-ee/FCC-hh, CEPC/SppC


- Linear: ILC, CLIC



Ursula Bassler @ Granada

Future = 0, 1, 2…  colliders?

Main goal to keep in mind: at least 1



FCC-ee: ambitious program
FCC-ee: 

∼ 106 Higgses, ∼ 1013 Zs, . . .

13 yr run plan:  Higgs=3 yr,  Z=4 yr,  top=5 yr,  W=1 yr
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A new possibility 
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24
Future Circular Collider Study
Michael Benedikt
FCCW 2019, 24 June 2019, Brussels

ESG request for parameters of a 
lower-energy hadron collider

parameter FCC-hh FCC-
hh-6T HE-LHC HL-

LHC LHC

collision energy cms [TeV] 100 37.5 27 14 14
dipole field [T] 16 6 16 8.33 8.33
beam current [A] 0.5 0.6 1.1 1.1 0.58

synchr. rad. power/ring [kW] 2400 57 101 7.3 3.6
peak luminosity [1034 cm-2s-1] 5 30 10 (lev.) 16 5 (lev.) 1
events/bunch crossing 170 1000 ~300 460 132 27
stored energy/beam [GJ] 8.4 3.75 1.4 0.7 0.36

• NbTi technology from LHC, magnet with single-layer coil providing 6 T at 1.9 K:
Æ Corresponding beam energy 18.75 TeV or 37.5 TeV c.m.
Æ Significant reduction of synchrotron radiation wrt FCC-hh (factor 50) and corresponding 

cryogenic system requirements.
• Luminosity goal 10 ab-1 over 20 years or 0.5 ab-1 annual luminosity:

Æ Beam current 0.6 A or 20% higher than for FCC-hh, 1.2E11 ppb (FCC-hh: 1.0 ppb).
Æ Stored beam energy 3.75 GJ vs 8.4 GJ for FCC-hh.

• Analysis of physics potential, technology requirements and cost  ongoing.

M. Benedikt and F. Zimmermann, FCC week



CEPC TD Timeline 

R&D 
Engineering Design 

(2016-2022) 

Construction 
(2022-2030 

Data taking 
(203-2040) 

Pre-studies 
(2013-2015) 

1st Milestone: Pre-CDR (by 2015) ;2nd Milestone: R&D funding from MOST (in Mid 2016);  
3rd Milestone: CEPC CDR Progress Report (April 2017); 4th Milestone: CEPC CDR Report (publsih in July, 
2018);5th Milestone: CEPC TDR Report and Proto R&D  (by the end of 2021);6th Milestone: CEPC 
construction start (2022);  
 
 
 
 

CEPC 

 CDR and R&D (2014-2035) Engineering Design 
(2035-2040) 

Construction 
(2040-2045) 

Data taking 
(2045-2060) 

SPPC 

TDR from 2018-2022 

Design effort focusing on CEPC





ILC Time Line: Progress and Prospect

Assuming (~2+) 4 year 

(Pre-Preparation) and 

Preparation Phase  

We are here, 

2018

(9 year) 

IAS2018 (Jan.22,2018@Hong Kong) 10

Shin Michizono, HK IAS conference 2018 and 2019

Next key step: European strategy 2020, and some further 
decision from Japan 



ILC run plan

years
0 5 10 15 20 25in

te
gr

at
ed

 lu
m

in
os

iti
es

  [
fb

]

0

1000

2000

3000

4000

Lu
m

in
os

ity
 U

pg
ra

de

En
er

gy
 U

pg
ra

de

ILC, Scenario H-20-staged
ECM = 250 GeV
ECM = 350 GeV
ECM = 500 GeV

Integrated Luminosities  [fb]

(a)

years
0 5 10 15 20 25in

te
gr

at
ed

 lu
m

in
os

iti
es

  [
fb

]

0

1000

2000

3000

4000

Lu
m

in
os

ity
 U

pg
ra

de

En
er

gy
 U

pg
ra

de

ILC, Scenario H-20-staged-BS
ECM = 250 GeV
ECM = 350 GeV
ECM = 500 GeV

Integrated Luminosities  [fb]

(b)

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

∼ 0.6 × 106 Higgs

+106 Higgses

No Z-pole or WW run planned



CLIC
Updated CLIC run model

13

∼ 2 × 105 Higgs

higher energies!



Based on national inputs. 
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Open symposium on European strategy update. Bethke 
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88

TODAY

European Particle 
Physics Strategy (2013)

European Particle 
Physics Strategy (2020)

Start data 
taking HL-LHC

(2026)

Future

The European Particle Physics community is 
in full swing to update its Strategy

( https://europeanstrategy.cern

Jorgen D’Hondt, FCC week



Physics potential



Physics potential for future collider

- Basic physics studies have been finished 

ILC physics case well studied.


CDR for CEPC and FCC published recently.


A clear picture has emerged. The basis for the strategic 
decisions.


- More detailed studies needed/on-going

Potential of flavor physics at Z-factory


QCD measurements


…


Goal: further inputs for detector and machine design



Assumption:

- LHC will not make discovery of new physics. 

Otherwise, great!!!. 


We need to completely re-think.    



Probing NP with precision measurements

- Lepton colliders: ILC, FCC-ee, CEPC, CLIC


 clean environment, good for precision. 


- We are going after deviations of the form


- Take for example the Higgs coupling. 

LHC precision: 5-10% ⇒ sensitive to MNP < TeV


However, MNP < TeV largely excluded by direct NP 
searches at the LHC. 


To go beyond the LHC, need 1% or less precision.

� ' c
v2

M2
NP

MNP :  mass of new physics
c: O(1) coefficient



Higgs coupling measurements at the CEPC

Up to sub percent precision, reach to new physics at multi-TeV 
scale. Far beyond the reach of LHC. 
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Figure 11.8: The 7 parameter fit result, and comparison with the HL-LHC [33]. The projections for
the CEPC at 240 GeV with 5.6 ab�1 integrated luminosity are shown. The CEPC results without com-
bination with the HL-LHC input are shown with dashed edges. The LHC projections for an integrated
luminosity of 300 fb�1 are shown in dashed edges.

ment of Z is more than a factor of 10 better. The CEPC can also improve significantly on5

a set of channels which suffers from large background at the LHC, such as b, c, and g.6

Note that this is in comparison with the HL-LHC projection with aggressive assumptions7

about systematics. Such uncertainties are typically under much better control at lepton8

colliders. Within this 7-parameter set, the only coupling which the HL-LHC can give9

a competitive measurement is � , for which the CEPC’s accuracy is limited by statistics.10

This is also the most valuable input that the HL-LHC can give to the Higgs boson coupling11

measurement at the CEPC, which underlines the importance of combining the results of12

these two facilities.13

The direct search for Higgs boson decaying into invisible particles from BSM physics14

is well motivated, in close connection to dark sectors. The CEPC with 5.6 ab�1 can mea-15

sure this to a high accuracy as 95% upper limit 0.30%, as shown in Table 11.4. At the16

same time, the HL-LHC can only manage a much lower accuracy 6–17% [20] and some17

improved analysis may reach 2–3.5% [37].18

As discussed above, one of the greatest advantages of lepton collider Higgs boson19

factory is the capability of determining the Higgs boson coupling model independently.20

The projection of such a determination at the CEPC is shown in Figure 11.9. The ad-1

vantage of the higher integrated luminosity at a circular lepton collider is apparent. The2

CEPC has a clear advantage in the measure of Z . It is also much stronger in µ and3

BRBSM
inv measurements.4
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Figure 11.9: The 10 parameter fit result for CEPC at 240 GeV with 5.6 ab�1 integrated luminosity
(blue) and in combination with HL-LHC inputs (red). All the numbers refer to are relative precision
except for BRBSM

inv for which 95% CL upper limit are quoted respectively.
Allows model independent determination of


Higgs width and Higgs-Z coupling  

Measurements at Higgs factories



Beyond basic Higgs factory
- Higher energies can help. 


- Additional handle such as polarization helps with 
distinguish different new physics effects.



Why is Higgs measurement crucial?

- EWSB is one of the most pressing questions

How should we predict the Higgs mass?


- We may not have the right idea. No confirmation of 
any of the proposed models. 


- Need experiment! 


- Fortunately, with Higgs, we know where to look.


- And, the clue to any possible way to address 
naturalness problem must show up in Higgs coupling 
measurement. 



A big advance in electroweak precision
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surements and electroweak observables attainable by the CEPC are summarized below.2

The details of the analysis underpinning these projections are presented in Section 11.13

(a)

Current accuracy

CEPC: baseline and improvements
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Precision Electroweak Measurements at the CEPC
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Figure 2.1: (a) Higgs coupling extraction in the -framework. (b) Projection for the precision of the
Z-pole measurements.

The CEPC will operate primarily at a center-of-mass energy of
p

s ⇠ 240 GeV. The4

main mode of Higgs boson production is through e+e� ! ZH process, and with an5

integrated luminosity of 5.6 ab�1, over one million Higgs bosons will be produced. At6

CEPC, in contrast to the LHC, Higgs boson candidate events can be identified through7

a technique known as the recoil mass method without tagging its decay products. This8

allows Higgs boson production to be disentangled from Higgs boson decay in a model-9

independent way. Moreover, the cleaner environment at a lepton collider allows much10

better exclusive measurement of Higgs boson decay channels. All of these give CEPC11

impressive reach in probing Higgs boson properties. The resulting precision attainable by12

CEPC in measurements of Higgs couplings is shown in the Figure 2.1(a) in terms of the13

 framework.14

Several aspects of the precision attainable at CEPC stand out. The CEPC will be able15

to measure the Higgs coupling to the Z boson with an accuracy of 0.25%, about a factor16

of 10 better than the reach of the High Luminosity upgrade of the LHC (HL-LHC). Such17

a precise measurement gives CEPC unprecedented reach into interesting new physics sce-18

narios which are very difficult to probe at the LHC. The CEPC also has strong capability19

in detecting invisible decays of the Higgs boson. For example, with 5.6 ab�1, it can im-20

prove the accuracy of the measurement of the Higgs boson invisible branching ratio to21

0.3%. In addition, it is expected to have excellent sensitivity to exotic decay channels22

which are swamped by backgrounds at the LHC. It is also important to stress that an e+e�23

Higgs factory can perform model independent measurement of the Higgs boson width.24

This unique feature in turn allows for the determination of the Higgs couplings without25

assumptions about Higgs boson decay channels.26

The CEPC is also designed to run at the Z pole and near the W+W� threshold (with27

about 10
7 W pairs). This enables a robust program of electroweak precision measure-28

ments to complement the Higgs precision program. The projected precision for a set of29

such observables is shown in on the Figure 2.1(b). In comparison with the current preci-30

sion, CEPC can improve by about one order of magnitude.31

The combination of precision Higgs and electroweak measurements at CEPC is par-32

ticularly powerful. This is most readily apparent in the potential for CEPC to constrain1



Big step in Electroweak precision
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Figure 1: CEPC constraints on the oblique parameters S and T . Left panel: comparison of

CEPC projection (orange) to current constraints (blue). Contours are 68% confidence level. Right

panel: a closer look at the CEPC fit, showing 68% confidence level (solid) and 95% confidence level

(dashed).

obtain:

|S| < 3.6⇥ 10�2 (current), 7.9⇥ 10�3 (CEPC projection), (5)

|T | < 3.1⇥ 10�2 (current), 8.4⇥ 10�3 (CEPC projection). (6)

Thus CEPC will achieve about a factor of 4 additional precision on both of the electroweak
oblique parameters.

3

FCC can do even better (by a factor of a few)



100-ish TeV pp collider
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Figure 7: Evolution with time of the mass reach at
p

s = 100 TeV, relative to HL-LHC,
under di↵erent luminosity scenarios (1 year counts for 6 ⇥ 106 sec). The left (right) plot
shows the mass increase for a (qq̄) resonance with couplings enabling HL-LHC discovery
at 6 TeV (1 TeV).

tive on extending the discovery reach for new phenomena at high mass scales,
high-statistics studies of possible new physics to be discovered at (HL)-LHC,
and incisive studies of the Higgs boson’s properties. Specific measurements
may set more aggressive luminosity goals, but we have not found generic
arguments to justify them. The needs of precision physics arising from new
physics scenarios to be discovered at the HL-LHC, to be suggested by anoma-
lies observed in e+e� collisions at a future linear or circular collider, or to
be discovered at 100 TeV, may well drive the need for even higher statistics.
Such requirements will need to be established on a case-by-case basis, and
no general scaling law gives a robust extrapolation from 14 TeV. Further
work on ad hoc scenarios, particularly for low-mass phenomena and elusive
signatures, is therefore desirable.

For a large class of new-physics scenarios that may arise from the LHC,
less aggressive luminosity goals are acceptable as a compromise between
physics return and technical or experimental challenges. In particular, even
luminosities in the range of 1032 cm�2s�1 are enough to greatly extend the
discovery reach of the 100 TeV collider over that of the HL-LHC, or to en-
hance the precision in the measurement of discoveries made at the HL-LHC.

We have given an overview of the impressive raw capabilities of the 100
TeV pp collider. Of course, given that we can extrapolate the SM alone

16

Hinchliffe, Kotwal, Mangano, Quigg, LTW 

A factor of at least 5 increase in reach 
beyond the LHC, with modest luminosity



Some examples



Naturalness in SUSY

- LHC searches model dependent, many blind spots.
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Figure 8. Regions in the physical stop mass plane that precision measurements are sensitive to, with contours

of tunings, at future e+e� colliders (left: ILC; middle: CEPC; right: FCC-ee). Top row: bounds on stops with

no mixing, Xt = 0. Dashed vertical lines: 2� bounds on stop masses from S and T (mostly T ); solid lines: 2�

bounds on stop masses from Higgs coupling constraints. Blue dashed contours are the stop contributions to

the Higgs mass tuning. Lower row: bounds on stops in the blind spot X2
t = m2

t̃1
+m2

t̃2
. There are no Higgs

measurement constraints. For CEPC with possible improvements (purple dash-dotted line in the middle) or

FCC-ee (orange solid line), EWPT is only sensitive to a small region. The green dashed lines are the exclusion

contours from b ! s� for the choice µ = 200 GeV and a few di↵erent values of tan�. Each of these contours

is also labeled with corresponding tunings �µ and �A. There is also a region along the diagonal line which

cannot be attained by diagonalizing a Hermitian mass matrix [32].

7.2 Implications for Folded Stops

EWPT could be the most sensitive experimental probe in some hidden natural SUSY scenarios such as
“folded SUSY” [28]. In folded SUSY, the folded stops only carry electroweak charges and some beyond
SM color charge but no QCD charge. The most promising direct collider signal is W+ photons which
dominates for the “squirkonium” (the bound state of the folded squarks) near the ground state [84, 85].
It is a very challenging experimental signature. Among the Higgs coupling measurements, folded stops
could only modify the Higgs–photon coupling, the Higgs–photon–Z coupling, and (at a subleading
level) the Higgs–Z–Z coupling. Yet the Higgs–photon coupling measurements, even at future e

+
e
�

colliders, have very limited sensitivities. Even FCC-ee Higgs measurements could only probe folded
stops up to 400 GeV, as illustrated in Fig. 9 (which updates the result in [32] to include CEPC). Notice

– 19 –

-  Testing fine-tuning down to percent level.



Testing naturalness at 100 TeV pp collider

Fine tuning ∝ M2
NP

Go much beyond the LHC.



Neutral naturalness. 
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Figure 9. Projected constraints in the folded stop mass plane from a one-parameter fit to the Higgs–photon–

photon couplings from future experiments. Directly analogous to Fig. 7. Results from the ILC 250/500/1000

would be similar to CEPC; lower-energy ILC measurements provide even weaker constraints. These constraints

are subdominant to the constraints on left-handed folded stops arising from T -parameter measurements, which

are the same as those for ordinary stops in the left-hand column of Fig. 5.

could only modify the Higgs–photon coupling, the Higgs–photon–Z coupling, and (at a subleading
level) the Higgs–Z–Z coupling. Yet the Higgs–photon coupling measurements, even at future e

+
e
�

colliders, have very limited sensitivities. Even FCC-ee Higgs measurements could only probe folded
stops up to 400 GeV, as illustrated in Fig. 9 (which updates the result in [32] to include CEPC). Notice
that we have also taken into account of a precise determination of �(h ! ��)/�(h ! ZZ) at HL-LHC.
It has been demonstrated that combing this with Higgs measurements at future e

+
e
� colliders could

result in a significant improvement of sensitivity to Higgs–photon–photon coupling [87, 88].
On the other hand, the reach of the electroweak precision we derived in this article (the left

column of Fig. 5) applies to folded stops as well as the usual stops. Except for the blind spot in the
parameter space, future EWPT could probe left-handed folded stops, via their correction to the T

parameter, up to 600 GeV (e.g. at the ILC) or even 1 TeV (e.g. at FCC-ee). CEPC’s preliminary
plans fall close to the ILC reach, but conceivable upgrades could achieve similar reach to FCC-ee.
These EWPT constraints would surpass the Higgsstrahlung constraints on folded SUSY estimated in
ref. [65]. Improved measurements of the W mass, then, may be one of the most promising routes
to obtaining stronger experimental constraints on folded SUSY. Therefore, with the help of future
electroweak precision measurements, we can test the fine tuning of folded SUSY at the few percent
level.
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(a) (b)

Figure 2.8: (a) CEPC reach for color-neutral folded stops in Folded SUSY from Higgs couplings to
photons, from [23]. (b) CEPC reach in the mass scale of neutral scalar top partners due to loop-level
corrections to �ZH , adapted from [34].

in Figure 2.8. This allows CEPC to place constraints on the mass scale of folded partner2

particles in the hundreds of GeV, probing tuning of the weak scale to the 20% level in3

these theories.4

It is also possible that the weak scale is stabilized by scalar top partners entirely neutral5

under the Standard Model without accompanying tree-level Higgs coupling deviations.6

In this case, all of the distinctive direct search channels and corrections to loop-level7

Higgs couplings are absent. However, a precision measurement of the ZH cross section8

is still sensitive to the wavefunction renormalization of the physical Higgs scalar induced9

by loops of the scalar top partners [34]. In general, n� scalars �i coupling via the Higgs10

portal interaction
P

i
��|H|

2
|�i|

2 leads to a correction to the ZH cross section of the form11

12

��ZH =
n�|��|

2

8⇡2

v2

m2
H

"
1 +

1

4
p

⌧(⌧ � 1)
log

 
1 � 2⌧ � 2

p
⌧(⌧ � 1)

1 � 2⌧ + 2
p

⌧(⌧ � 1)

!#
(2.6)

where ⌧ = m2
H

/4m2
�
. This leads to the sensitivity shown in Figure 2.8, for which CEPC13

is able to place constraints in the hundreds of GeV on a scenario that is otherwise largely14

untestable at colliders.15

Other solutions16

Symmetries are not the only mechanism for explaining the origin of the weak scale,17

though other solutions may not be manifestly natural in the same way. However, even18

non-symmetry explanations for the value of the weak scale (excepting anthropic ones)19

generically entail some degree of coupling between new degrees of freedom and the Higgs20

boson itself. This typically leads to deviations in Higgs couplings, new exotic decay21

modes of the Higgs boson, or a combination thereof.22

A compelling example of non-symmetry solutions is the relaxion [19], in which the23

value of the weak scale is set by the evolution of an axion-like particle across its potential1

in the early universe. The relaxion necessarily couples to the Higgs boson in order for2

Top partner not colored. Probed through loop correction to

h-Z coupling.   

h h

hh

ϕ



Probing EW phase transition
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Mono-X 

- Reach at lepton collider, about 1/2 ECM.
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Dark matter with Mono-jet
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Figure 14: Summary of collider reach for neutralino dark matter.

while the discovery reach ranged from 350 � 700 GeV. Mixed dark matter parameter space

already receives strong constraints from direct detection and a more thorough study on the

impact of collider searches on this parameter space would be worthwhile.

Finally bino dark matter was studied, bringing various coannihilators into the spectrum to

avoid overclosing the universe. These scenarios utilized the monojet search to project reach.

The stop coannihilation exclusion reach was found to be m�̃ ⇠ 2.8 TeV and the discovery

reach to bem�̃ ⇠ 2.1 TeV. As the thermally-saturating bino mass in this case ism�̃ ⇠ 1.8 TeV

(and mt̃ ⇠ 1.8 TeV), dark matter can be either excluded or discovered in this channel. The

gluino coannihilation, on the other hand, was found to only reach the thermal bino mass for

a splitting of �m = 30 GeV, corresponding to m�̃ ⇠ 6.2 TeV and mg̃ ⇠ 6.23 TeV, so the

thermal parameter space is not entirely closed. Finally squark coannihilation can be excluded

up to m�̃ ⇠ 4.0 TeV and stau coannihilation cannot be probed in the monojet channel.

In addition to the aforementioned interplay with mixed dark matter and neutralino blindspots,

useful future work would be to look at how adding in more search channels can improve the

dark matter collider reach. Such searches would include monophoton searches, razor searches,

vector boson fusions searches, and multilepton searches. Another principal direction to ex-

tend these studies would be to look at the impact of bringing down other particles into the

low energy spectrum.
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Flavor physics at Z-factory

Draf
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Observable Current sensitivity Future sensitivity Tera-Z sensitivity

BR(Bs ! ⌧⌧) 5.2 ⇥ 10
�3 (LHCb) ⇠ 5 ⇥ 10

�4 (LHCb) ⇠ 10
�5

BR(B ! K⇤⌧⌧) – ⇠ 10
�5 (Belle II) ⇠ 10

�8

BR(Bs ! �⌫⌫̄) – – ⇠ 10
�6

BR(⇤b ! ⇤⌫⌫̄) – – ⇠ 10
�6

BR(⌧ ! µ�) 4.5 ⇥ 10
�8 (Belle) ⇠ 10

�9 (Belle II) ⇠ 10
�9

BR(⌧!µ⌫⌫̄)
BR(⌧!e⌫⌫̄) 3.9 ⇥ 10

�3 (BaBar) ⇠ 10
�3 (Belle II) ⇠ 10

�4

BR(Z ! µe) 1.7 ⇥ 10
�6 (LEP) ⇠ 10

�8 (ATLAS/CMS) ⇠ 10
�9

BR(Z ! ⌧e) 9.8 ⇥ 10
�6 (LEP) ⇠ 10

�6 (ATLAS/CMS) ⇠ 10
�8

BR(Z ! ⌧µ) 1.2 ⇥ 10
�5 (LEP) ⇠ 10

�6 (ATLAS/CMS) ⇠ 10
�8

Table 2.5: Order of magnitude estimates of the sensitivity to a number of key observables for which the
tera-Z factory at CEPC has unique capabilities. The expected future sensitivities assume luminosities
of 50 fb�1 at LHCb, 50 ab�1 at Belle II, and 3 ab�1 at ATLAS and CMS. For the tera-Z factory of
CEPC we have assumed the production of 1012

Z bosons.

tauonic decays is particularly well motivated given the current hints for lepton-flavor uni-6

versality violation in R
K(⇤) and R

D(⇤) . A future circular electron–positron collider is also7

the only machine that would allow measurements of the rare FCNC decays of Bs mesons8

and ⇤b baryons to neutrinos, i.e., Bs ! �⌫⌫̄ and ⇤b ! ⇤⌫⌫̄, with sensitivities of ⇠ 10
�6,9

thus complementing the sensitivity of Belle II to B ! K(⇤)⌫⌫̄.10

A tera-Z factory of CEPC will also likely reach sensitivities to lepton-flavor violation11

in tau decays at a level of 10
�9, which is comparable to the sensitivities expected at Belle12

II. The leptonic decays of taus, ⌧ ! µ⌫⌫ and ⌧ ! e⌫⌫ would be measured at CEPC13

with unprecedented precision, providing extremely sensitive tests of the weak interaction14

in tau decays. Furthermore, it may be possible to test lepton universality in ⌧ ! `⌫⌫ at15

the level of 10
�4. Many new-physics explanations of the observed anomalies in R

K(⇤) and16

R
D(⇤) predict violation of lepton-flavor universality in tau decays at the permille level and17

could, therefore, be scrutinized at CEPC. Finally, the CEPC measurements would improve18

the bounds on lepton-flavor violating Z decays by orders of magnitude compared to the19

current best bounds from LEP, down to a level of 10
�8 and better.20

Table 2.5, we summarize a number of key observables. All listed sensitivities are rough1

estimates only and need to be followed up by dedicated sensitivity studies that carefully2

take into account detection efficiencies, background systematics, etc.3
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- Essential tool for precision measurements and 
discoveries at future colliders.


- Future colliders provide unique environment for 
understanding QCD. 

Still a lot of detailed studies to be done to precisely quantify the 

physics potential in QCD. 
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Fig. 5.1 Left: expected αs extraction from the hadronic/leptonic W
decay ratio (RW) at the FCC-ee (the diagonal blue line assumes CKM
matrix unitarity) [45]. Right: precision on αs derived from the elec-

troweak fit today (blue band) [30] and expected at the FCC-ee (yellow
band, without theoretical uncertainties and with the current theoretical
uncertainties divided by a factor of four)

2. High-precision analyses of perturbative parton radiation including high-order leading (NnLO) corrections and logarith-
mic (NnLL) resummations for jet substructure, quark/gluon/heavy-quark discrimination, and q,g,c,b parton-to-hadron
fragmentation functions studies.

3. High-precision non-perturbative QCD studies including colour reconnection, parton hadronisation, final-state multiparticle
correlations, and very rare hadron production and decays.

Compared to QCD studies at LEP, FCC-ee offers vastly increased statistical samples (1012 and 107 partons from Z and W
decays, respectively) and provides access to the previously unreachable Higgs boson and top-quark hadronic final states (105

jets). The expected experimental samples at the Z pole will be 105 larger than at LEP and therefore the statistical uncertainties
will be reduced by a factor of 300. In the W case, one goes from about 11 000 jets per experiment at LEP2, to tens of millions
at FCC-ee, enabling truly high-statistics e+e− → W+W− measurements for the first time. The latter will be a highly fruitful
testing ground, e.g. for colour reconnection studies (likewise for e+e− → tt̄ events) [104], and for precise extractions of αs
from W decays [45], competitive with those at the Z pole. A small selection of representative QCD measurements accessible
at the FCC-ee [43,103] is presented below.

5.1.1 High-precision αs determination

The combination of various high-precision hadronic observables at the FCC-ee, with state-of-the-art pQCD calculations
at NNLO accuracy or beyond, will lead to an αs determination with per mille uncertainty, at least five times better than
today [43,105]. First, the huge statistics of hadronic τ, W, and Z decays, studied with N3LO perturbative calculations, will
provide αs extractions with very small uncertainties: < 1% from τ, and ∼0.2% from W and Z bosons. Figure 5.1 shows the
expected αs extractions from the NNLO analysis of the ratio of W hadronic and leptonic decays RW = "had/"ℓ (left) [45],
and from three hadronic observables ("Z, σ had

0 = 12π/mZ · "e"had/"
2
Z, and R0

ℓ = "had/"ℓ) at the Z pole (right) [30]. In
addition, the availability of millions of jets (billions at the Z pole) measured over a wide

√
s ≈ 90–350 GeV range, with

light-quark/gluon/heavy-quark discrimination and reduced hadronisation uncertainties (whose impact decreases roughly as
1/

√
s), will provide αs extractions with < 1% precision from various independent observables: hard and soft fragmentation

functions, jet rates, and event shapes. Last but not least, photon-photon collisions, γ γ → hadrons, will allow for an accurate
extraction of the QCD photon structure function (Fγ2 ) and thereby of αs.

5.1.2 High-precision parton radiation studies

Jet rates and event shapes

Jet rates at the one-in-a-million level in e+e− at the Z pole will be available at the FCC-ee, including: 4-jet events up
to kT ∼30 GeV (corresponding to | ln(y)| ∼2, for jet resolution parameter y = k2

T /s), 5-jet events at kT ∼20 GeV

123

RW: hadronic/lepton decay ratio

δαs < 0.2 %
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2. High-precision analyses of perturbative parton radiation including high-order leading (NnLO) corrections and logarith-
mic (NnLL) resummations for jet substructure, quark/gluon/heavy-quark discrimination, and q,g,c,b parton-to-hadron
fragmentation functions studies.

3. High-precision non-perturbative QCD studies including colour reconnection, parton hadronisation, final-state multiparticle
correlations, and very rare hadron production and decays.

Compared to QCD studies at LEP, FCC-ee offers vastly increased statistical samples (1012 and 107 partons from Z and W
decays, respectively) and provides access to the previously unreachable Higgs boson and top-quark hadronic final states (105

jets). The expected experimental samples at the Z pole will be 105 larger than at LEP and therefore the statistical uncertainties
will be reduced by a factor of 300. In the W case, one goes from about 11 000 jets per experiment at LEP2, to tens of millions
at FCC-ee, enabling truly high-statistics e+e− → W+W− measurements for the first time. The latter will be a highly fruitful
testing ground, e.g. for colour reconnection studies (likewise for e+e− → tt̄ events) [104], and for precise extractions of αs
from W decays [45], competitive with those at the Z pole. A small selection of representative QCD measurements accessible
at the FCC-ee [43,103] is presented below.

5.1.1 High-precision αs determination

The combination of various high-precision hadronic observables at the FCC-ee, with state-of-the-art pQCD calculations
at NNLO accuracy or beyond, will lead to an αs determination with per mille uncertainty, at least five times better than
today [43,105]. First, the huge statistics of hadronic τ, W, and Z decays, studied with N3LO perturbative calculations, will
provide αs extractions with very small uncertainties: < 1% from τ, and ∼0.2% from W and Z bosons. Figure 5.1 shows the
expected αs extractions from the NNLO analysis of the ratio of W hadronic and leptonic decays RW = "had/"ℓ (left) [45],
and from three hadronic observables ("Z, σ had

0 = 12π/mZ · "e"had/"
2
Z, and R0

ℓ = "had/"ℓ) at the Z pole (right) [30]. In
addition, the availability of millions of jets (billions at the Z pole) measured over a wide

√
s ≈ 90–350 GeV range, with

light-quark/gluon/heavy-quark discrimination and reduced hadronisation uncertainties (whose impact decreases roughly as
1/

√
s), will provide αs extractions with < 1% precision from various independent observables: hard and soft fragmentation

functions, jet rates, and event shapes. Last but not least, photon-photon collisions, γ γ → hadrons, will allow for an accurate
extraction of the QCD photon structure function (Fγ2 ) and thereby of αs.

5.1.2 High-precision parton radiation studies

Jet rates and event shapes

Jet rates at the one-in-a-million level in e+e− at the Z pole will be available at the FCC-ee, including: 4-jet events up
to kT ∼30 GeV (corresponding to | ln(y)| ∼2, for jet resolution parameter y = k2

T /s), 5-jet events at kT ∼20 GeV

123

Z decay

δαs < 0.15 %

104 x LEP Tera-Z,  105 x LEP

9/27Strong Interactions, EPPS Update, May'19                                                               David d'Enterria (CERN)

aa
ss
 via hadronic Z decays (FCC-ee) via hadronic Z decays (FCC-ee)

a
s
 (M

z
) = 0.1196 ± 0.0030  (±2.5%)

➧FCC-ee:  – Z stats ( 10✕ 5 LEP) will lead to: da
s 
< 0.15%

                   – TH (parametric) uncertainties: sin2q
eff

,m
W
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top

         

➧Computed at N3LO:

➧LEP Z pseudobservables:

   Also after Higgs discovery, a
s
 can be directly determined from full fit of SM:

➧
[K.Mönig et. al.]
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𝜶S from event shapes
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Figure 6: Results for fits of ↵s(mZ) to Monte-Carlo pseudo data using theoretical predictions at
different levels: FO for NLO, Res for NLO+NLL and NP for the inclusion of non-perturbative effects.
The non-perturbative effects are modelled based on either the Monte-Carlo based hadron-to-parton
level ratios (NP (MC)) or an analytical model with a single parameter ⌦ (NP (ana)). The bands
indicate the total uncertainty, the shaded region displays the hadronisation-related uncertainty.

analytical and the Monte-Carlo based models for hadronisation. Unfortunately, this reduced impact
of hadronisation corrections is not accompanied by a reduction of the associated uncertainties.

However, while these general patterns appear to be well-established, there are noticeable coun-
terexamples in particular when using the analytical model for estimating hadronisation corrections.
The first one standing out is � = 0 and zcut = 0.1 (shown in red in the upper left plot of Fig. 6). For
this particular set of soft-drop parameters the lower boundary of the fitting region is just above the
LO transition point. However, in the analytic hadronisation model the transition point can, for large

– 16 –
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Taming the non-perturbative effects
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QCD at 100 TeV Hadron collider
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Fig. 5.4 High-pT jet rates (left) and luminosity evolution of the minimum pT thresholds leading to 1 and 10% statistical uncertainties (right)

Fig. 5.5 Left plot: combined statistical and 1% systematic uncertain-
ties, at 30 ab−1, vs pT threshold; these are compared to the rate change
induced by the presence of 4 or 8 TeV gluinos in the running of αS .

Right plot: the gluino mass that can be probed with a 3σ deviation from
the SM jet rate (solid line), and the pT scale at which the corresponding
deviation is detected

measurement of EM energy deposit of photons and electrons allows the calibration of the jet energy, up to energy levels where
there is sufficient statistics. At larger energies, leading jets are calibrated against recoil systems composed of two or more
softer jets. In their final calibration of approximately 20 fb−1 of 8 TeV data from run 1, CMS [144] achieved a JES uncertainty
for central jets of about 0.3% in the 200–300 GeV range. ATLAS [143], using 3.2 fb−1 of 13 TeV data, determined a more
conservative uncertainty of less than 1% for central jets with pT in the range 100–500 GeV. A naive rescaling of the statistics
based on the rates for Z/γ + jet and multijet processes at the FCC-hh, suggests that the CMS and ATLAS calibrations can
extend the pT range at 100 TeV and 30 ab−1 by factors of ∼ 20 and ∼ 15, respectively, taking it into the multi-TeV range.
The impact of the JES uncertainty on the jet rates, as a function of the pT threshold and for various uncertainty assumptions
(0.2%, 0.5% and 1%), is shown in Fig. 5.6. The most optimistic JES determination, to 0.2%, is certainly ambitious, but not
too far from the 0.3% quoted by CMS. This precision would allow the uncertainty in the jet cross section spectrum to be
maintained at the 1–2% level for pT up to ∼ 10 TeV.

An overall systematics in the percent range could then provide a very powerful tool to explore deviations from the SM.
An example is given in Fig. 5.5, which shows the rate variation induced by the running of αS(Q) modified by the presence
of a colour-octet of (Majorana) fermions (e.g. supersymmetric gluinos). They lead to a slow-down of the αS running, and an
increase in rate. The 3σ sensitivity, as a function of integrated luminosity, is shown in the right plot of Fig. 5.5, assuming the
combination of statistical uncertainty (δstat = 1/

√
N ) and of a systematics δsys of 1 or 2%. The 3σ are defined in a simple

way, verifying the existence of a minimum-pT threshold, pT,min, such that (Ng̃ − NSM )/NSM > 3σ (pT ), where NSM is the
number of events with pT > pT,min expected in the SM, Ng̃ is the larger rate due to the gluino modification in αS running,

and σ (pT ) =
!
δ2
stat + δ2

sys . More sensitive algorithms can of course be used, taking full benefit of the shape modification
of the distribution. In the example, the sensitivity extends up to gluino masses of 7.5 (5) TeV, for 1% (2%) systematics. The
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Fig. 5.6 Systematics on the
integrated jet pT rate induced by
the jet energy scale uncertainty,
for δJ ES= 0.2%, 0.5% and 1%
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Fig. 5.7 Same as Fig. 5.4, but for HE-LHC

pT scales at which the 3σ deviation is achieved are given by the dashed lines. The presence of additional coloured particles
(like generations of scalar quarks) would further enhance the signature. While the precision in the absolute measurement of
αS(MZ ) obtained by FCC-ee and FCC-eh cannot be matched by FCC-hh, the energy lever-arm available at 100 TeV provides
a unique probe of the presence of new strongly interacting states in the TeV region, independent of the specific model of new
physics and of the possible (more or less visible) decay modes of the new particles.

A similar study of the jet pT spectrum at HE-LHC is shown in Figs. 5.7 and 5.8. It can be seen that, at 27 TeV, luminosities
in the range of several ab−1 are necessary to access the multi-TeV region with sufficient statistics, where experimental
systematics related to the jet energy scales can be of O(%), thus gaining sensitivity to a possible anomalous running of αS.

Dijet production at large invariant mass provides a signature for higher-dimension operators, e.g. four-quark interactions
induced by a possible underlying composite nature of quarks. High-mass dijets are also a dominant background in the search
for resonances. The rates, as a function of the dijet mass M( j j), are shown in Fig. 5.9, considering two regions in $η( j j):
|$η| < 5 and |$η| < 2. The first region is dominated by small-angle scattering and, while rates are much larger, the average
pT is smaller, and less sensitive to new physics at large Q2. The latter region is more central, and closer to the domain where
BSM effects could show up. Here the statistics extends well over M( j j) = 50 TeV. The composition of the initial states
for central dijet production, as a function of M( j j), are shown in the right plot of Fig. 5.9. The qg channel dominates in the
range 2 < M( j j)/GeV < 20, while above 20 TeV the “elastic” qq scattering dominates, thanks to the larger valence quark
contributions. The composition in the case of inclusive jet production is similar, at scales pjet

T ∼ M( j j)/2. As discussed in

123

Statistical error small. For 10s ab-1, ≈ 1% for pT ≈ 10 TeV 

Aiming at 1% systematics for major QCD processes:

Theory, PDF (more later), 𝜶S, better detector,… 
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measurement of EM energy deposit of photons and electrons allows the calibration of the jet energy, up to energy levels where
there is sufficient statistics. At larger energies, leading jets are calibrated against recoil systems composed of two or more
softer jets. In their final calibration of approximately 20 fb−1 of 8 TeV data from run 1, CMS [144] achieved a JES uncertainty
for central jets of about 0.3% in the 200–300 GeV range. ATLAS [143], using 3.2 fb−1 of 13 TeV data, determined a more
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based on the rates for Z/γ + jet and multijet processes at the FCC-hh, suggests that the CMS and ATLAS calibrations can
extend the pT range at 100 TeV and 30 ab−1 by factors of ∼ 20 and ∼ 15, respectively, taking it into the multi-TeV range.
The impact of the JES uncertainty on the jet rates, as a function of the pT threshold and for various uncertainty assumptions
(0.2%, 0.5% and 1%), is shown in Fig. 5.6. The most optimistic JES determination, to 0.2%, is certainly ambitious, but not
too far from the 0.3% quoted by CMS. This precision would allow the uncertainty in the jet cross section spectrum to be
maintained at the 1–2% level for pT up to ∼ 10 TeV.

An overall systematics in the percent range could then provide a very powerful tool to explore deviations from the SM.
An example is given in Fig. 5.5, which shows the rate variation induced by the running of αS(Q) modified by the presence
of a colour-octet of (Majorana) fermions (e.g. supersymmetric gluinos). They lead to a slow-down of the αS running, and an
increase in rate. The 3σ sensitivity, as a function of integrated luminosity, is shown in the right plot of Fig. 5.5, assuming the
combination of statistical uncertainty (δstat = 1/
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N ) and of a systematics δsys of 1 or 2%. The 3σ are defined in a simple

way, verifying the existence of a minimum-pT threshold, pT,min, such that (Ng̃ − NSM )/NSM > 3σ (pT ), where NSM is the
number of events with pT > pT,min expected in the SM, Ng̃ is the larger rate due to the gluino modification in αS running,

and σ (pT ) =
!
δ2
stat + δ2

sys . More sensitive algorithms can of course be used, taking full benefit of the shape modification
of the distribution. In the example, the sensitivity extends up to gluino masses of 7.5 (5) TeV, for 1% (2%) systematics. The
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Fig. 5.13 Relative PDF
uncertainties on parton-parton
luminosities from the
PDF4LHC15 and FCC-eh PDF
sets, as a function of the mass of
the produced heavy object, MX ,
at

√
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Fig. 5.14 Relative PDF
uncertainties on parton-parton
luminosities from the FCC-eh
PDF set, as a function of the
mass of the heavy object
produced, MX , at√
s = 100 TeV. Shown are the

gluon-gluon (top left),
quark–antiquark (top right),
quark-gluon (bottom left) and
quark–quark (bottom right)
luminosities

5.3.2 Small x physics

Resummation at small x

As centre of mass energy in a scattering process becomes very large, the corresponding values of the Bjorken x variable
for the partons participating in the collision become very small. From the theoretical point of view there are number of
interesting phenomena that can occur in that regime. In the standard description of the hard processes, the presence of a
large scale in the hard process allows for the use of the collinear framework in which the hadronic cross section becomes
factorised into hard scattering partonic cross sections and the parton distribution functions which are evolved using the DGLAP
evolution equations. The latter ones resum powers of large logarithms of the hard scale, i.e powers of αs ln Q2. However,
when Bjorken x is small there is a possibility that other logarithms, namely αs ln 1/x become large and need to be resummed
appropriately. The resummation of such logarithms in the QCD is performed via Balitskii–Fadin–Kuraev–Lipatov (BFKL)
evolution [154,155]. This equation is an appropriate evolution in perturbative QCD in the Regge limit, that is when the centre
of mass energy s is much larger than any other scales in the scattering problem. The BFKL evolution is known up to NLO in
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Resummation at small x

As centre of mass energy in a scattering process becomes very large, the corresponding values of the Bjorken x variable
for the partons participating in the collision become very small. From the theoretical point of view there are number of
interesting phenomena that can occur in that regime. In the standard description of the hard processes, the presence of a
large scale in the hard process allows for the use of the collinear framework in which the hadronic cross section becomes
factorised into hard scattering partonic cross sections and the parton distribution functions which are evolved using the DGLAP
evolution equations. The latter ones resum powers of large logarithms of the hard scale, i.e powers of αs ln Q2. However,
when Bjorken x is small there is a possibility that other logarithms, namely αs ln 1/x become large and need to be resummed
appropriately. The resummation of such logarithms in the QCD is performed via Balitskii–Fadin–Kuraev–Lipatov (BFKL)
evolution [154,155]. This equation is an appropriate evolution in perturbative QCD in the Regge limit, that is when the centre
of mass energy s is much larger than any other scales in the scattering problem. The BFKL evolution is known up to NLO in
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Fig. 5.2 Hadron-level distributions of the LHA variable for the e+e− → uū (“quark jet”) sample (left) and the e+e− → gg (“gluon jet”) sample
(right) predicted by seven parton-shower generators at Q = 200 GeV and jet radius R = 0.6 [120]

(| ln(y)| ∼3), 6-jet events at kT ∼12 GeV (| ln(y)| ∼4), and 7-jet events at kT ∼7.5 GeV (| ln(y)| ∼5). Such results will
be compared to theoretical calculations with accuracy beyond the NNLO+NNLL provided currently by the eerad3 [106],
Mercutio2 [107], and ColorFULNNLO [108] (NNLO), and ares [109] (NNLL) codes, thereby leading to αs extractions
with uncertainties well below the few-percent level of today. In general, with the FCC-ee luminosities that are envisioned, jet
measurements will extend along the six axes of higher accuracy, finer binning, higher jet resolution scales, larger numbers of
resolved final-state objects, more differential distributions, and possibility to place stringent additional cuts to isolate specific
interesting regions of the n-jet phase spaces not strongly constrained by LEP measurements [110].

Event shapes (part of the more generic “angularities” variables) are uniquely studied in e+e− and since they are theoretically
described in fixed-order pQCD up to NNLO accuracy [106,111,112], they have been used, in particular, for high precision
extractions of αs. However, like other QCD observables that depend on widely separated energy scales, they are affected
by (i) logarithmic enhancements, resummed today up to N3LL using pQCD [113,114] and SCET [115] techniques, and (ii)
hadronisation corrections, often estimated with MC generators [116–119]. The FCC-ee operating at different c.m. energies
will enormously help to control resummation and hadronisation effects in event-shape distributions reducing, in particular,
non-perturbative uncertainties from a 9% effect at

√
s = 91.2 GeV to a 2% at 400 GeV [103,115].

Jet substructure and parton flavour studies

Separation between quarks and gluons, and between light (u, d, s) and heavy (c, b) quarks, is of prime importance in precision
SM measurements and BSM searches. Parton flavour discrimination is based on the comparison of jet substructure properties
to MC predictions. At e+e− colliders so far, gluon jets only appear at relative order αs – the cleanest gluon studies at LEP
focused on Z → bb̄g events at the price of smaller statistics – and hence their radiation pattern is less well constrained than
that of quarks. At FCC-ee, both the 105 larger statistics at the Z pole and the unique H → gg sample of order 104 events yield
unprecedented opportunities for enhanced parton-flavour studies. Heavy-quark fragmentation will also be open to detailed
studies with large statistical samples in top, Z, W, and H decays to b (and c) quarks, and in gluon fragmentation with g → bb̄
(and g → cc̄) splittings.

The quark/gluon radiation patterns currently predicted by Pythia 8.215 [121], Herwig 2.7.1 [122,123], Sherpa 2.2.1
[124], Vincia 2.001 [125], Deductor 1.0.2+Pythia [126], Ariadne 5.0.β [127], and Dire 1.0.0+Sherpa [128] event
generators have been investigated in Ref. [120] in terms of generalised angularities λκβ = !

i∈jet z
κ
i θ
β
i [129], where different

(κ,β) pairs map onto variables of common use in the literature: hadron multiplicity (0,0), pDT (2,0), “Les Houches Angularity”
(1,0.5) [130], jet width (1,1), and jet mass (1,2). Figure 5.2 shows the hadron-level distributions of the IRC-safe LHA variable
in the quark (left) and gluon (right) samples for e+e− collisions at FCC-ee energies. Little variation among generators is
seen for quarks, which is not surprising since most of these programs have been tuned to match LEP data (though LEP never
measured the LHA itself). Larger variations are seen for the gluon sample among the generators; this is expected since there
is no data to directly constrain e+e− → gg. The differences already appear at the parton level prior to hadronisation. These
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Dependence on MC generators, in particular for gluon

Large sample of Z→ qq (105 x LEP ) and h→ gg (104-5)

Can help build better MC, improve quark-gluon taggers



Boosted top, W, Z at 100 TeV
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Fig. 113: Jet mass distribution of R = 0.5 jets produced from 10 TeV resonance decays to tops, light
QCD quarks, W s, and gluons.

CMS FCC

�(E)/E (ECAL) 7%/
p

E � 0.7% 3%/
p

E � 0.3%

�(E)/E (HCAL) 150%/
p

E � 5% 50%/
p

E � 1%

⌘ ⇥ � cell size (ECAL) (0.02 ⇥ 0.02) (0.01 ⇥ 0.01)

⌘ ⇥ � cell size (HCAL) (0.1 ⇥ 0.1) (0.05 ⇥ 0.05)

Table 36: Calorimeter parameters for the CMS and FCC setup in Delphes.

R⇤ is a parameter that controls the angular resolution of the tracker, where we set R⇤
= 0.001 for

simulated FCC detector and R⇤
= 0.002 for modeling the CMS detector.

Representative ROC curves are shown in Fig. 118 for discrimination of boosted top quarks from
jets initiated by light QCD partons at the FCC for jets with pT 2 [15, 20] TeV. The quark and gluon jet
backgrounds have been separated and the ROC curves for track- or calorimeter-based measurements are
compared. The effect of the cut on the rescaled track jet mass is included in efficiencies. Tab. 37 lists
background rejection rates in several jet pT bins at fixed signal efficiencies of 20%, 40%, and 60%. The
performance of the simulated CMS and FCC detectors are also compared.

Note from Tab. 37 that as the mass of the resonance increases (corresponding to increasing jet pT )
the power to reject light QCD jets decreases, at fixed top quark efficiency. To have the same top quark
efficiency at multiple jet pT s requires changing observable cuts. As the jet pT increases, one becomes
more sensitive to the finite angular resolution of the detector, which will reduce the power to cleanly
identify the three hard prongs of the boosted top quark. Therefore, as pT increases, the observable cuts
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Some personal thoughts



Lepton collider: Circular vs linear

- Circular.

Higher luminosity. More statistics. 


“Easier” to build


1st stage of a big hadron collider.


- Linear

Can get to higher energy.


Polarization useful tool to discern new physics.


Newer technology


- In an ideal world, good to have both!
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Why 100 TeV?

- Higher is better. 


- This is fixed by reasonable expectation of 
technology, resource, etc. 


- A significant step, factor of 100/14, above LHC.


- Interesting test of naturalness, WIMP dark 
matter.
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40 TeV?

- Worse than 100, by a factor of 40/100.


- Better than the LHC, by a factor of 40/14.


- Good to have of course. 


- Is this the most cost effective way of going 
forward? 

 53



Conclusion

- We are at a special historical juncture. About to make 
the next step beyond the Standard Model. 


- International effort in realizing the future collider(s).


- European strategy next year (FCC, ILC, CLIC...) 


- CEPC decision early 2020s.


- Hope we have the wisdom and good fortune to 
converge on the right path. 
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New physics reach: 10s TeV

35

C. Helsens & M. Selvaggi + Summer students
Rachel Smith UIUC and Ine Arts UA

Resonances: SSM Z’

dileptons t tbar

WW



Higgs portal dark matter
34 OVERVIEW OF THE PHYSICS CASE FOR CEPC-SPPC
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Figure 1.24: The sensitivity on the spin-independent WIMP-nucleon cross-section of current and
future direct detection experiments, in comparison with the reaches of the Higgs invisible decay mea-
surements at the LHC and CEPC in the Higgs portal models. The direct detection limits are shown
in solid lines, which include the most recent limits from LUX (2017) [134], PandaX-II (2017) [156],
XENON1T [? ] and future projections for PandaX4T [? ], XENONnT [179], LZ [? ] and a 200 t ⇥ yr

xenon experiment [? ]. For the Higgs portal models, the dark matter is assumed to be either a scalar or
a Majorana fermion with a scalar coupling. The red dotted curves show the limits from CEPC which
corresponds to a invisible Higgs branching ratio of BR(h ! inv) < 0.31% at the 95% CL. The gray
dotted curves correspond to BR(h ! inv) < 24%, the current limit at the LHC [? ], and the black
dotted curves correspond to BR(h ! inv) < 3.5%, the projected reach at HL-LHC from Ref. [?
]. The cyan dashed curve corresponds to the discovery limit set by the coherent-neutrino-scattering
background, adapted from Ref. [? ].

reach in the future. Finally, the cyan dashed curve corresponds to the projected discov-
ery limit from Ref. [? ]. The region below this curve is inaccessible by direct detection
experiments due to the coherent-neutrino-scattering background.

We see in Fig. 1.24 that the sensitivity of the Higgs invisible decay measurements for the
scalar DM and the Majorana fermion DM have different dependences on the mass. This
is due to the following two reasons: first, the Higgs portal interaction of the scalar DM
is a dimension-four operator, while the fermion one is of dimension five, which results in
different mass dependences of the WIMP-nucleon cross-section; second, the Higgs decay
rates are also different for the two cases, with �(h ! SS) / (1 � 4m2

S
/m2

h
)
1/2 and

�(h ! �̄�) / (1�4m2
�
/m2

h
)
3/2 , a result of the s (p)-wave nature of the scalar (fermion).

Nevertheless, for both scenarios, it is clear that the Higgs invisible decay measurements
provides the strongest limit in the mass region below ⇠ 10 GeV. Not only that the direct
detections become less efficient in this region due to the mass threshold, the “neutrino
floor” is also higher in this region, which sets the limit for the reach of direct detections
regardless of the size and length of the experiment. For dark matter masses in the region
10 GeV . mDM < mh/2, the sensitivities of the Higgs invisible decay measurements
are somewhat comparable with the ones from direct detection experiments. In particular,



Higgs measurement in EFT

- Both 350 and polarization could help. 
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FCC time line

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 33 34 35 36 37 38 39 40 41 42 43 15 years operation 

Project preparation & 
administrative processes 

Geological investigations, infrastructure 
detailed design and tendering 

preparation 

Tunnel, site and technical infrastructure 
construction 

FCC-ee accelerator R&D and technical design 

FCC-ee detector 
construction, installation, commissioning 

FCC-ee detector 
technical design 

Permis-
sions 

Set up of international experiment 
collaborations, detector R&D and 

concept development 

FCC-ee accelerator construction, installation, 
commissioning 

Funding strategy 

Funding and 
in-kind 

contribution 
agreements 

FCC-hh detector 
construction, installation, commissioning 

FCC-hh detector R&D, 
technical design 

Update 
Permis
sions 

FCC-hh accelerator construction, 
installation, commissioning 

SC wire and high-field magnet 
R&D, models, prototypes 

High field dipole magnet 
series production 

FCC-ee dismantling, CE & 
infrastructure adaptations 

FCC-hh 

Funding and 
in-kind 

contribution 
agreements 

~ 25 years operation 

FCC-hh accelerator 
R&D and technical 

design 

Superconducting wire and magnet R&D 

70 

           FCC integrated project technical timeline 

M. Koratzinos, IAS HKUST 2019 31 

Logistics 

Funding 

Civil Engineering 

High-field magnets 

Accelerators 

Detectors 

FCC-ee:  ～2039， FCC-hh: ~2060s        


