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Simple answer: No! So what?



Future Colliders

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

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

建造周长为50-70km环形加速器的建议： 

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

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

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

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

e�e+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

250 GeV

FCC-ee (CERN),  CEPC(China)

~100 TeV

FCC-hh (CERN),  SppC(China)



Muon collider



Even 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 
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My focus here

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


- Linear: ILC, CLIC


- Very brief comment on higher energy lepton 
colliders



ILC Time Line: Progress and Prospect

Assuming (~2+) 4 year 

(Pre-Preparation) and 

Preparation Phase  

We are here, 

2018

(9 year) 
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A possible ILC run plan
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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

∼ 0.6 × 106 Higgs

+106 Higgses

Will scan top threshold. No Z-pole or WW run planned





M. Koratzinos, IAS2018, HKUST, Hong Kong, 22 January 2018.  

FCC-ee machine parameters – Dec 2017 

28 

Z W H (ZH) ttbar 
beam energy [GeV] 45.6 80 120 182.5 
arc cell optics 60/60 90/90 90/90 90/90 
emittance hor/vert [nm]/[pm] 0.27/1.0 0.28/1.0 0.63/1.3 1.46/2.9 
beta* horiz/vertical [m]/[mm] 0.15/.8 0.2/1 0.3/1 1/2 
total RF voltage [GV] 0.10 0.4 2.0 10 
energy acceptance [%] ±1.3 ±1.3 ±1.5 -2.8+2.4 
energy spread (SR / BS) [%] 0.038 / 0.132 0.066 / 0.153 0.099 / 0.151 0.147 / 0.192 
bunch length (SR / BS)  [mm] 3.5 / 12.1 3.3 / 7.65  3.15 / 4.9 2.45 / 3.25 
bunch intensity  [1011] 1.7 2.3 1.8 3.3 
no. of  bunches / beam 16640 1300 328 33 
beam current  [mA] 1390 147 29 5.4 
luminosity [1034 cm-2s-1] >200 >30 >7 >1.5 
luminosity lifetime [min] 70 30 20 20 
allowable asymmetry [%] r5 r3 r3 r3 



An ambitious program
FCC-ee: 

∼ 106 Higgses, ∼ 1013 Zs, . . .

13 years:  Higgs=3 yr,  Z=4 yr,  top=5 yr,  W=1 yr
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CEPC-SPPC Timeline (preliminary and ideal) 

6

R&D
Engineering Design

(2016-2022)

Construction
(2022-2028)

Data taking
(2028-2038)

Pre-studies
(2013-2015)

1st Milestone: Pre-CDR (by the end of 2014) ;2nd Milestone: R&D funding from MOST (in Mid 2016); 
3rd Milestone: CEPC CDR Status Report (by the end of 2016); 4th Milestone: CEPC CDR Report (by the end 
of 2017);5th Milestone: CEPC TDR Report and Proto R&D  (by the end of 2020);6th Milestone: CEPC 
construction start (2022); 

CEPC

R&D and CDR
(2014-2030)

Engineering Design
(2030-2035)

Construction
(2038-2045)

Data taking
(2045-2060)

SPPC

6

Current design effort focusing on CEPC



No top threshold scan planned



CLIC
Updated CLIC run model

13

∼ 2 × 105 Higgs

higher energies



Lepton colliders and precision measurements

Grojean et al. 1704.02333 

Sub percent precision, reach to new physics at multi-TeV scale.
Far beyond the reach of LHC. 



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



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



No-lose theorem

- Often understood as a guarantee of discovering 
new particles, or detect deviations from the SM. 


- For physics case of future colliders, it is tempting 
to construct No-lose theorems. 


Sometimes viewed as necessary for successful 
proposal of the project.



No-lose theorem

- We can learn a lot even if there is no new 
particle discovered. 


For example, if collider searches can rule out an 
idea, a paradigm, or a very broad class of models. 


- Therefore, the definition of a No-lose Theorem 
should include this case as well. 



No-lose theorem
- Can’t be based on particular models. 


Take any more, multiply mass scale by a factor of 
x, with x < 10 


Model does not change (much). 


Yet, this can very well be the difference between 
visible and invisible at a collider. 



No-lose theorem

Model bb cc gg WW ⌧⌧ ZZ �� µµ
1 MSSM [37] +4.8 -0.8 - 0.8 -0.2 +0.4 -0.5 +0.1 +0.3
2 Type II 2HD [38] +10.1 -0.2 -0.2 0.0 +9.8 0.0 +0.1 +9.8
3 Type X 2HD [38] -0.2 -0.2 -0.2 0.0 +7.8 0.0 0.0 +7.8
4 Type Y 2HD [38] +10.1 -0.2 -0.2 0.0 -0.2 0.0 0.1 -0.2
5 Composite Higgs [39] -6.4 -6.4 -6.4 -2.1 -6.4 -2.1 -2.1 -6.4
6 Little Higgs w. T-parity [40] 0.0 0.0 -6.1 -2.5 0.0 -2.5 -1.5 0.0
7 Little Higgs w. T-parity [41] -7.8 -4.6 -3.5 -1.5 -7.8 -1.5 -1.0 -7.8
8 Higgs-Radion [42] -1.5 - 1.5 +10. -1.5 -1.5 -1.5 -1.0 -1.5
9 Higgs Singlet [43] -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5

Table 3: Percent deviations from SM for Higgs boson couplings to SM states in various new
physics models. These model points are unlikely to be discoverable at 14 TeV LHC through
new particle searches even after the high luminosity era (3 ab�1 of integrated luminosity).
From [19].

and one to down fermions only), and type X and Y models (with more complicated
discrete symmetries that protect flavor observables) [38].

5.2 Comparisons of models to the ILC potential

All of these ideas lead to models with deviations from the SM expectations of the
couplings of the 125 GeV Higgs boson to SM states. Table 3 collects a set of models
of new physics based on the ideas described in the previous section and on several
additional ideas of interest to theorists. For each model, we chose a representative
parameter point for which the predicted new particles would be beyond the reach of
the 14 TeV LHC with the full projected data set. The deviations of Higgs couplings
from the SM expectations at these representative model points are listed in the Table.
(For details, see [19] as well as the papers cited in Table 3.) These examples illustrate
diverse possibilities for models with significant deviations of the Higgs couplings from
the SM expectation that would be allowed even if the LHC and other experiments are
not able to discover the corresponding new physics beyond the SM. We should make
clear that the quantitative statements to follow refer to these particular models at the
specific parameter points shown in the Table. Figure 9 shows graphically the ability
of ILC measurements to distinguish the Higgs boson couplings in the models in the
Table from the SM expectations and from the expectations of other models. Each
square shows relative goodness of fit for the two models in units of �. The top figure
is based on the covariance matrix from the 250 GeV stage of the ILC, corresponding
to the second column of Table 1. The bottom figure reflects the full ILC program with
500 GeV running, corresponding to the fourth column of Table 1. It is noteworthy
that, once it is known that the Higgs boson couplings deviate significantly from the
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Demonstrates Higgs measurement lepton collider can probe 
a broad range of models.

Such deviations can be detected at Higgs factories
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However, these are not no lose theorems. Can change model 

parameters to make these deviations small, invisible to Higgs 
coupling measurements.



No-lose theorem

- There are important physics questions which are 
pointing to new physics at lower mass scales. 


We can try to attempt to establish no-lose theorem in 
this case. 


- Model dependence unavoidable. 


- Loop-holes are usually there.  “nightmare” scenarios.


- An “almost” or pseudo No-lose Theorem with some 
nightmare scenario is a place we can make a lot of 
progresses.



There is no general no-lose theorem.


It is fine to have nightmare scenarios.

There is risk in any scientific exploration. Should 


not abandon them just because of the risks.


We will make significant progresses on 

important questions at future colliders! 



A no lose theorem before 2012

- Therefore, this picture is not valid at  


- Something new must happen before TeV scale. 

W+

W−
W−

W+E

E

Consider: 

Growing stronger at higher energy.  
Perturbative unitarity breaks down.



A spectacular discovery!
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Here, at last!
François Englert and Peter W. Higgs are jointly awarded the Nobel Prize in Physics 2013 for the 
theory of how particles acquire mass. In 1964, they proposed the theory independently of each other 
(Englert together with his now deceased colleague Robert Brout). In 2012, their ideas were confirmed 
by the discovery of a so called Higgs particle at the CERN laboratory outside Geneva in Switzerland.

The awarded mechanism is a central part of the Standard Model of particle physics that describes how the 
world is constructed. According to the Standard Model, everything, from flowers and people to stars and 
planets, consists of just a few building blocks: matter particles. These particles are governed by forces medi-

ated by force particles that make sure everything works as it should. 

The entire Standard Model also rests on the existence of a special kind 
of particle: the Higgs particle. It is connected to an invisible field that 

fills up all space. Even when our universe seems empty, this field is 
there. Had it not been there, electrons and quarks would be mass-
less just like photons, the light particles. And like photons they 

would, just as Einstein’s theory predicts, rush through space at the 
speed of light, without any possibility to get caught in atoms or molecules. 

Nothing of what we know, not even we, would exist. 

Both François Englert and Peter Higgs were young 
scientists when they, in 1964, independently of each 
other put forward a theory that rescued the Stand-
ard Model from collapse. Almost half a century 
later, on Wednesday 4 July 2012, they were both 
in the audience at the European Laboratory for 
Particle Physics, CERN, outside Geneva, when 
the discovery of a Higgs particle that finally con-
firmed the theory was announced to the world.

The model that created order
The idea that the world can be explained in terms 
of just a few building blocks is old. Already in 400 
BC, the philosopher Democritus postulated that 
everything consists of atoms — átomos is Greek for 
indivisible. Today we know that atoms are not indivisible. They consist of electrons that orbit an atomic 
nucleus made up of neutrons and protons. And neutrons and protons, in turn, consist of smaller particles 
called quarks. Actually, only electrons and quarks are indivisible according to the Standard Model. 

The atomic nucleus consists of two kinds of quarks, up quarks and down quarks. So in fact, three elemen-
tary particles are needed for all matter to exist: electrons, up quarks and down quarks. But during the 
1950s and 1960s, new particles were unexpectedly observed in both cosmic radiation and at newly con-
structed accelerators, so the Standard Model had to include these new siblings of electrons and quarks.

François Englert and Peter Higgs meet for the first time, 
at CERN when the discovery of a Higgs particle was 
announced to the world on 4 July 2012.  
Photo: CERN, http://cds.cern.ch/record/1459503 

The Higgs particle, H, completes the Standard Model of particle 
physics that describes building blocks of the  universe. 
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In order for the phase transition to occur, four particles were required but only one, the Higgs particle, 
survived. The other three were consumed by the weak force mediators, two electrically charged W 
particles and one Z particle, which thereby got their mass. In that way the symmetry of the electroweak 
force in the Standard Model was saved — the symmetry between the three heavy particles of the weak 
force and the massless photon of the electromagnetic force remains, only hidden from view.

Extreme machines for extreme physics
The Nobel Laureates probably did not imagine that they would get to see the theory confirmed in 
their lifetime. It took an enormous effort by physicists from all over the world. For a long time two 
laboratories, Fermilab outside Chicago, USA, and CERN on the Franco-Swiss border, competed in 
trying to discover the Higgs particle. But when Fermilab’s Tevatron accelerator was closed down a 
couple of years ago, CERN became the only place in the world where the hunt for the Higgs particle 
would continue. 

CERN was established in 1954, in an attempt to reconstruct European research, as well as relations 
between European countries, after the Second World War. Its membership currently comprises 
twenty states, and about a hundred nations from all over the world collaborate on the projects.

CERN’s grandest achievement, the particle collider LHC (Large Hadron Collider) is probably the larg-
est and the most complex machine ever constructed by humans. Two research groups of some 3,000 
scientists chase particles with huge detectors — ATLAS and CMS. The detectors are located 100 metres 
below ground and can observe 40 million particle collisions per second. This is how often the particles 
can collide when injected in opposite directions into the circular LHC tunnel, 27 kilometres long.

Protons are injected into the LHC every ten hours, one ray in each direction. A hundred thousand 
billion protons are lumped together and compressed into an ultra-thin ray — not entirely an easy 
endeavour since protons with their positive electrical charge rather aim to repel one another. They 
move at 99.99999 per cent of the speed of light and collide with an energy of approximately 4 TeV each 
and 8 TeV combined (one teraelectronvolt = a thousand billion electronvolts). One TeV may not be 
that much energy, it more or less equals that of a flying mosquito, but when the energy is packed into 
a single proton, and you get 500 trillion such protons rushing around the accelerator, the energy of 
the ray equals that of a train at full speed. In 2015 the energy will be almost the double in the LHC.

A possible discovery in the ATLAS detector shows 
tracks of four muons (red) that have been created by the 
decay of the short-lived Higgs particle.  
Image: CERN, http://cds.cern.ch/record/1459496 

A Higgs particle can have been created and almost 
instantly decayed into two photons. Their tracks (green) 
are visible here in the CMS detector.  
Image: CERN, http://cds.cern.ch/record/1459459
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Simplest answer

- The Higgs boson.

Spin 0 (scalar)


- Higgs field gives masses to electrons, W/Z....



SM: complete yet incomplete

- Complete: could be a consistent theory valid up 
to the Planck scale. 


- Incomplete: many open questions

Origin of electroweak scale


Dark matter


Origin of CP, flavor


…


- Future collider will help us make progress in 
addressing these open questions.



Several examples


pseudo no lose theorems and nightmare scenarios

a.k.a places we can make a lot of progresses



Electroweak symmetry 
breaking




“Simple” picture: Mexican hat
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 

Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 =

√
  (𝜑 + 𝑖𝜑 ) with a Lagrangian 

density of the form 

𝐿 =   𝜕   𝜑  𝜕   𝜑 −  𝜇   𝜑  𝜑 −
𝜆
6
  (𝜑  𝜑) , 

where 𝜑 is the complex conjugate of 𝜑,  and the coupling constant 𝜆  is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒   𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇 , to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  

 

 

Similar to, and motivated by
Landau-Ginzburg theory
 of superconductivity.

V (h) =
1

2
µ2h2 +

�

4
h4

hhi ⌘ v 6= 0 ! mW = gW
v
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Mysteries of the electroweak scale.
Electroweak phase transition

What we know now

v2 = 2|�|⇤2, and we find m2
H

= �v2, µ = 7m2
H

/v = (7/3)µSM , giving an O(1)
deviation in the cubic Higgs coupling relative to the Standard Model. In the
case with the non-analytic (h†h)2 log(h†h) potential, the cubic self-coupling
is µ = (5/3)µSM .

The LHC will not have the sensitivity to the triple Higgs coupling to
distinguish these possibilities. Even larger departures from the standard pic-
ture are possible — we don’t even know whether the dynamics of symmetry
breaking is well-approximated by a single light, weakly coupled scalar, as
there may be a number of light scalars, and not all of them need be weakly
coupled!

Nature of EW phase transition

- Consider a model Higgs + singlet
Simplest, but also hardest to discover.
Good testing case.
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Figure 8: Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fun-
damental questions we can ask about any symmetry breaking phenomenon,
which is what is the order of the associated phase transition. How can we
experimentally decide whether the electroweak phase transition in the early
universe was second order or first order? This question is another obvi-
ous next step following the Higgs discovery: having understood what breaks
electroweak symmetry, we must now undertake an experimental program to
probe how electroweak symmetry is restored at high energies.

A first-order phase transition is also strongly motivated by the possibility
of electroweak baryogenesis [18]. While the origin of the baryon asymmetry is
one of the most fascinating questions in physics, it is frustratingly straight-
forward to build models for baryogenesis at ultra-high energy scales, with
no direct experimental consequences. However, we aren’t forced to defer this
physics to the deep ultraviolet: as is well known, the dynamics of electroweak
symmetry breaking itself provides all the ingredients needed for baryogene-
sis. At temperatures far above the weak scale, where electroweak symmetry
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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:  (MNP)-2



“nightmare” scenario

- Top partner not colored. Higgs decay through hidden 
world and back. 


- Can lead to Higgs rare decays.

Craig, Katz, Strassler, Sundrum 

Chacko, Goh, Harnik



Signal of top partner:
HIGGS AND ELECTROWEAK SYMMETRY BREAKING 11

0.1

0.1

0.1

0.2

0.2 0.2

100 200 300 400 500 600

100

200

300

400

500

600

mF-t
é
1
@GeVD

m
F-

té 2
@G
eV
D

Folded SUSY at CEPC & HL-LHC

0.1

0.1
0.1

0.2

100 200 300 400 500 600

100

200

300

400

500

600

mF-t
é
1
@GeVD

m
F-

té 2
@G
eV
D

Folded SUSY at FCC-ee & HL-LHC

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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Figure 1.8: Left: CEPC reach for color-neutral folded stops in Folded SUSY from Higgs couplings
to photons, from [23]. Right: CEPC reach in the mass scale of neutral scalar top partners due to
loop-level corrections to �Zh, adapted from [34].

couplings are absent. However, a precision measurement of the Zh cross section is still
sensitive to the wavefunction renormalization of the physical Higgs scalar induced by
loops of the scalar top partners [34]. In general, n� scalars �i coupling via the Higgs
portal interaction

P
i
��|H|

2
|�i|

2 leads to a correction to the Zh cross section of the form
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where ⌧ = m2
h
/4m2

�
. This leads to the sensitivity shown in Fig. 1.8, for which CEPC is

able to place constraints in the hundreds of GeV on a scenario that is otherwise largely
untestable at colliders.

Other solutions

Symmetries are not the only mechanism for explaining the origin of the weak scale,
though other solutions may not be manifestly natural in the same way. However, even
non-symmetry explanations for the value of the weak scale (excepting anthropic ones)
generically entail some degree of coupling between new degrees of freedom and the Higgs
itself. This typically leads to deviations in Higgs couplings, new exotic decay modes of
the Higgs, or a combination thereof.

A compelling example of non-symmetry solutions is the relaxion [19], in which the
value of the weak scale is set by the evolution of an axion-like particle across its potential
in the early universe. The relaxion necessarily couples to the Higgs boson in order for its
evolution to influence the Higgs mass. This leads to a variety of signatures that may be
tested via precision Higgs measurements [35, 36].

The most promising signature is that of new exotic Higgs decays, most notably into the
relaxion itself. This signature arises in most relaxion models as a generic consequence
of the backreaction of electroweak symmetry breaking onto the relaxion potential. The
mixing angle between the Higgs and relaxion in these scenarios is parametrically of order
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Figure 2.27 The SPPC reach for neutral top partners produced through Higgs portal.

deviation in �Zh at the CEPC can be confirmed with a 5 sigma discovery of the �I at the1275

SPPC.1276

2.4 Dark Matter1277

The existence of cold dark matter is one of the most direct and powerful pieces of evidence1278

for physics beyond the Standard Model. There are a huge range of possibilities for what1279

the dark matter might be, since for any mass we can simply adjust the number density1280

to get the needed energy density today, with ⌦DMh2 ⇠ 0.1. Even if the new particle1281

physics is completely specified, the main uncertainty is cosmological: what determines1282

the abundance of the new particles in the early universe?1283

Weakly Interacting Massive Particles (WIMPs) remain the best motivated and well-1284

studied possibility for dark matter by giving a clear answer to this question: the dark1285

matter particles interact with the Standard Model and are thermalized in the early universe.1286

Assuming a standard cosmological history, the present abundance of dark matter can be1287

unambiguously computed once the underlying particle physics is fixed, in much the same1288

way as the abundance of light elements is predicted in big bang nucleosynthesis.1289

The relic abundance of dark matter particles is set by their annihilation cross-section in1290

the early universe: in order to avoid overclosure, we must have [70–72]1291

⌦h2 = 0.11 ⇥
✓

h�vifreeze

2.2 ⇥ 10�26 cm3/s

◆�1

, (2.30)

with � / g4
e↵/M2

DM. This leads us to a limit on the dark matter mass of1292

MDM < 1.8 TeV

✓
g2
e↵

0.3

◆
. (2.31)

As has been long appreciated, it is quite remarkable that the TeV scale emerges so nat-1293

urally in this way, assuming dark matter couplings comparable in strength to the elec-1294

troweak gauge interactions. This gives a strong, direct argument for new physics at the1295

TeV scale, independent of any theoretical notions of naturalness.1296
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Figure 7. Blue contours show �3/�SM
3 . Measuring �3 with a precision of 30%, 20%, and 8% can be achieved

at 14 TeV, 33 TeV, and 100 TeV hadron colliders with 3 ab�1 of data, respectively. A 1000 GeV ILC with 2.5
ab�1 could achieve a precision of 13%. See text for details.

5.1 Triple-higgs Coupling

The triple-higgs coupling in our EWSB vacuum hhi = v, hSi = 0 is related to the third derivative of
the zero-temperature effective potential

�3 ⌘ 1

6

d3
�
V0(h) + V CW

0 (h)
�

dh3

�����
h=v

=
m2

h

2v
+

�3
HS

v3

24⇡2m2
S

+ . . . (5.1)

The first and second term above is the SM tree-level and singlet loop-level contribution. Other sub-
dominant SM loop contributions are not shown. Fig. 7 shows �3/�SM

3 in the (mS , �HS) plane. For
illustrative purposes, the contours are also shown in the areas where �S is non-perturbative.

As pointed out by [52], a strong one-step phase transition via the effects of a real singlet is
correlated with a large correction to �3. Fig. 7 shows that requiring vc/Tc > 0.6 (1.0) implies
�3/�SM

3 > 1.2 (1.3). Such a sizable deviation makes it possible to exclude this type of strong phase
transition.

One can measure �3 through double higgs production. The cross-section for producing a pair
of higgs bosons is roughly three orders of magnitude smaller than the cross-section for producing a
single higgs, which highlights the challenge of the measurement and the necessity for high luminosity.
Although the 4b final state has the largest rate, it also suffers from a huge QCD background. Instead,
the most promising channel is in bb��, whose main backgrounds are QCD and tt̄h production. Various
studies have found that �3 can be measured between 30%-50% accuracy at the 14 TeV LHC with 3
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Figure 8. Dashed blue contours: the one-loop corrections to the associated production cross-section of Zh at
lepton colliders Eq. (5.2), in % relative to the SM.

It is useful to keep in mind that the precision of TLEP has a hard statistics limit [97]. Without
systematics, the 2� precision of the �Zh measurement with the data from 4 combined detectors is
limited to 0.15%, which could cover almost all of the EWBG-viable parameter space.

It is clear that both indirect measurements, �3 at a 100 TeV collider and ��Zh at TLEP, have great
potential to detect the singlet-induced electroweak phase transition. These two measurements are in
fact complementary, since they scale differently with �HS . This would allow the number of scalars
running in the loops to be determined, a crucial detail of the theory.

6 Singlet Scalar Dark Matter

We now consider the consequences of the singlet scalar S acting as a stable thermal relic10. This is
not quite as unambiguous a consequence of EWBG as the bounds considered in Sections 4 and 5. The
hidden sector could be more complicated than just a singlet scalar, without the additional components
affecting the phase transition. Indeed, we assume the presence of additional physics to generate the
CP -violation necessary for EWBG. All of this could change the singlet scalar’s cosmological history.
Nevertheless, the minimal model could well be realized, and dark matter direct detection experiments
represent a particularly exciting avenue for discovery in the relatively short term.

10A very similar computation was performed most recently in [54], showing results in the same (mS , �HS) plane as is
relevant for our model. However, we repeat the calculation here for completeness, and to show how the resulting bounds
overlap with the various regions in the nightmare scenario’s parameter space.
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Figure 2.16 Left: Shift in triple Higgs coupling in the Z2 singlet model. Right: Percentage shift in the
e+e� ! Zh cross section. Zh coupling.
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Figure 2.17 Rate of process pp ! SS ! hhhh at the LHC and SPPC.

For instance, if the Z2 symmetry is broken by an even tiny amount so that a > 10�10, then846

S will decay as S ! hh inside the detector. Direct S production will be much easier to847

see, giving a spectacular signal pp ! SS ! hhhh. This should allow the SPPC to cover848

the allowed range of mS up to 1 TeV. While a detailed study is left for future work, an849

estimate of the reach for producing 100 events is shown in Fig. 2.17. Note that while at850

fixed mass, the SPPC cross-section is ⇠ 100 times larger than at the LHC, the mass reach851

is ⇠ 2.5 times greater, compared to the typical factor of ⇠ 5 we are accustomed to. This852

is because both the production and decay vertices of the off-shell Higgs are suppressed853

by factors of (v/E) at high energies, and the cross-section scales as v4/E6 rather than854

the usual 1/E2. These suppressions would be absent with more physical Higgses in the855

final state. It would be interesting to see whether such high-Higgs multiplicity final states856

could be seen at the SPPC.857

We have seen in our simple examples something we expect to hold for models which858

drive a first-order phase transition more generally: percent to per-mille deviations in the859

ZZh coupling at the CEPC, coupled with large signals at the SPPC, either through the860

direct production of new states, or via an O(1) deviation in the cubic Higgs self-coupling.861

Difficult search, especially if the top partner has a

Z2  symmetry (thus stable) 
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A No-lose theorem?

Nightmare scenario:  

 There are certainly (contrived) ways of hide 10(s) TeV 

new physics in at Higgs factories, 100 TeV pp colliders.



A No-lose theorem?



A No-lose theorem?

Coverage probably better for

 lepton collider which can probe 10s of TeV.


But can’t prove a No-lose theorem  
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Mysteries of the electroweak scale.

- How to predict/calculate Higgs mass?


- What does the rest of the Higgs potential look 
like?   Nature of electroweak phase transition. 


- Is it connected to the matter anti-matter 
asymmetry?

Electroweak phase transition

What we know now

v2 = 2|�|⇤2, and we find m2
H

= �v2, µ = 7m2
H

/v = (7/3)µSM , giving an O(1)
deviation in the cubic Higgs coupling relative to the Standard Model. In the
case with the non-analytic (h†h)2 log(h†h) potential, the cubic self-coupling
is µ = (5/3)µSM .

The LHC will not have the sensitivity to the triple Higgs coupling to
distinguish these possibilities. Even larger departures from the standard pic-
ture are possible — we don’t even know whether the dynamics of symmetry
breaking is well-approximated by a single light, weakly coupled scalar, as
there may be a number of light scalars, and not all of them need be weakly
coupled!

Nature of EW phase transition

- Consider a model Higgs + singlet
Simplest, but also hardest to discover.
Good testing case.
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See also Jing Shu and Tao Liu’s talk
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Figure 8: Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fun-
damental questions we can ask about any symmetry breaking phenomenon,
which is what is the order of the associated phase transition. How can we
experimentally decide whether the electroweak phase transition in the early
universe was second order or first order? This question is another obvi-
ous next step following the Higgs discovery: having understood what breaks
electroweak symmetry, we must now undertake an experimental program to
probe how electroweak symmetry is restored at high energies.

A first-order phase transition is also strongly motivated by the possibility
of electroweak baryogenesis [18]. While the origin of the baryon asymmetry is
one of the most fascinating questions in physics, it is frustratingly straight-
forward to build models for baryogenesis at ultra-high energy scales, with
no direct experimental consequences. However, we aren’t forced to defer this
physics to the deep ultraviolet: as is well known, the dynamics of electroweak
symmetry breaking itself provides all the ingredients needed for baryogene-
sis. At temperatures far above the weak scale, where electroweak symmetry
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What we know from LHC
LHC upgrades won’t go much further

“wiggles” in Higgs potential

Big difference in triple Higgs coupling



Triple Higgs coupling at 100 TeV collider

Talk by  Michele Selvaggi at 2nd FCC physics workshop



But, there should be more

- 1st order EW phase transition means there is 
new physics close to the weak scale. 


- Can be difficult to discover at the LHC. 


- Will leave more signature in Higgs coupling.

V (h) =
m2

2
h2 + �h4 +

1

⇤2
h6 + . . .



For example

operators, there is no symmetry distinction between the (h†h)3 operator and the operator
[@µ(h†h)]2, so they are expected to be generated as well, and a↵ect the Z � h couplings.

We begin by considering the simplest example of a theory where these couplings are
generated at tree-level by integrating out a massive singlet S coupled to the Higgs. As
we will see, this example represents the “easiest” case, where it is straightforward to get
a first-order phase transition, with large associated signals for both the CEPC and SPPC.
Since this is an “easy” case, we will use it largely to illustrate the important physics points
parametrically. We will then move to the “hard” case, where the order of the transition is
only a↵ected at 1-loop.

The important interactions for this toy model are given by

m2h†h+ �̃(h†h)2 +m2
S
S2 + ãSh†h+ b̃S3 + ̃S2h†h+ h̃S4 (8)

The couplings ã, b̃ can be set to zero by a Z2 symmetry under which S ! �S, but absent
such a symmetry they should be present. They give rise to both the modified Higgs potential
as well the oblique Higgs operator upon integrating out S at tree-level

FIG : TREEEXCHANGEDIAGRAMS (9)

and we find

m2h†h+ �(h†h)2 +
a2

m2
S

(h†h)3 +
a2

m2
S

(@µ(h
†h))2 (10)

Here we have introduced a = ã/mS, b = b̃/mS as the dimensionless strength of the cubic
interactions at the scale mS, and � = �̃� a2, = (̃+ ab).

Let us once again simplify our analysis by assuming that the quadratic term (h†h) is
negligible; the the first-order transition is driven as above with � < 0,  > 0, and we can
determine the electroweak scale and Higgs masses as

v2 = m2
S

�

a2
, m2

H
= �v2 (11)

We can also find the shift in the Z � h coupling from the oblique Higgs operator

�Zh =
a2v2

m2
S

=
�


(12)

In order not to avoid an unwanted O(1) shift to the Z � h coupling, we must have  � �.
This is perfectly consistent since � is highly perturbative. It is interesting that despite the
presence of a relatively strong coupling of the Higgs to a new massive state, there are no
di�culties whatsoever with large precision electroweak corrections; this is closely related to
the fact that the O(1) deviation in the Higgs cubic couplings associated with the (h†h)3 term
does not radiatively induce precision electroweak operators at one-loop.

Now, the perturbative consistency of our analysis demands that we must have b, a < 4⇡
and ̃ < 16⇡2. Actually the bounds on , a are more stringent, since these couplings induce
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ã
S

S

SS
S

S

κ̃

h
hh

h

hh

h

h
h

hh

hh

h h

h

shift in h-Z coupling 

c
m2

S
(h†∂h)2

δZh ∼ c
v2

m2
S



For example

operators, there is no symmetry distinction between the (h†h)3 operator and the operator
[@µ(h†h)]2, so they are expected to be generated as well, and a↵ect the Z � h couplings.

We begin by considering the simplest example of a theory where these couplings are
generated at tree-level by integrating out a massive singlet S coupled to the Higgs. As
we will see, this example represents the “easiest” case, where it is straightforward to get
a first-order phase transition, with large associated signals for both the CEPC and SPPC.
Since this is an “easy” case, we will use it largely to illustrate the important physics points
parametrically. We will then move to the “hard” case, where the order of the transition is
only a↵ected at 1-loop.

The important interactions for this toy model are given by

m2h†h+ �̃(h†h)2 +m2
S
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ã

ã
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ã
S

S

SS
S

S

κ̃

h
hh

h

hh

h

h
h

hh

hh

h h

h

b̃

ã
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g111 can, thus, provide a probe of TC and the SFOEWPT-viable regions of singlet extensions.

As discussed in Section Higgs chapter, one expects a � 25% determination of this parameter

at the HL-LHC. A factor of four improvement may be feasible with di-Higgs production at the

high-luminosity ILC and a factor of six with the pp100 option for the SPPC. discuss indirect

probes of self-coupling.
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Figure 3. Correlation between the critical temperature and SM-like Higgs scalar self-coupling in the
singlet-extended SM.

Pseudo-Goldstone Higgs goes here

3.2 Modified Higgs couplings to SM particles

The aforementioned scenarios may lead to changes in the Higgs boson couplings to other

particles through the e�ect of Higgs mixing and/or new loop contributions. In the case of

doublet-singlet mixing, for example, the SM-like state h1 and singlet-like state h2 may be

written as

h1 = cos �h + sin �S

h2 = sin �h � cos �S . (3.1)

Assuming m2 > m1/2, the SM-like Higgs has no new decays and its branching ratios are

unchanged from the SM. However, the production cross section, and thus, signal strength,

will be reduced by cos2 �. Present LHC data imply cos2 � >� 0.66, a bound expected to increase

to � 0.95 with the HL LHC. Fig. 4 shows the distribution of parameter space points for a

SFOEWPT transition in the cos �-m2 plane for 2mh > m2 > m1/2. One observes that there

exist considerable possibilities for observation of deviations from SM Higgs signal strength

in EWPT-viable regions or parameter space with high precision studies. The TLEP350
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Figure 6. The region of parameter space where a strongly first-order EWPT occurs in the

Singlet benchmark model. Also shown are the fractional deviations of the e
+
e
� � hZ

cross section (left panel) and Higgs cubic self-coupling (right panel) from their SM val-

ues. Solid/black lines: contours of constant EWPT strength parameter � (see Eq. (2.9)).

Dashed/orange lines: contours of constant �hZ/�3 corrections. In the shaded region, phase

transition into a wrong vacuum (with ��� �= 0) occurs before the EWPT.

space at > 3 sigma level in all such models. However, scenarios where the first-order

EWPT is due to a non-colored BSM scalars are just as plausible. LHC will not be

able to probe these scenarios: in fact, even when � is electrically charged, the shift it

induces in h � �� in the region compatible with a first-order EWPT is too small to be

probed even at the HL-LHC. On the other hand, e+e� Higgs factories will be able to

comprehensively explore such scenarios, primarily due to a very precise measurement

of the Higgsstrahlung cross section, �(e+e� � Zh). The impressive sensitivity of this

measurement expected at the ILC and, especially, at TLEP, makes it a uniquely robust

and powerful tool for addressing the issue of EWPT dynamics.

An important limitation of our analysis is that all our benchmark models have a

single scalar field. The most important new e�ect in the presence of multiple fields

with masses around the weak scale is the possibility of accidental cancellations in the

BSM loop contributions to Higgs couplings. For example, in the MSSM, the stop sector

– 19 –

Figure 22: Higgs self coupling deviation and first order electroweak phase transition. Left panel: A
generic singlet model. Black dots are points where the phase transition is of first order. g111 is the triple
Higgs coupling [67]. Right panel: A singlet model with a Z2 symmetry [68]. Orange dashed lines are
contours of fractional deviation. The region within the thick black curves has first order electroweak
phase transition. n the shaded region, phase transition into a wrong vacuum.

first order, we expect a significant deviation in the triple Higgs coupling. This is shown in the left panel of1

Fig. 22, where the deviation can vary as much as ⇠100%. A more restricted scenario, in which a discrete2

Z2 symmetry is imposed on the singlet, has also been considered [68, 72]. A first order electroweak3

phase transition is significantly harder in this scenario. It requires stronger couplings between the Higgs4

boson and the singlet, which is limited at least by perturbativity. In this case, the expected loop induced5

deviation in the triple Higgs coupling is generically smaller, about 10� 15%, as shown in the right panel6

of Fig. 22. From the projections of the accuracy of Higgs self coupling measurement shown in Fig. 21,7

CEPC has excellent reach in the more general case. For the case with Z2 symmetry, SPPC will be needed8

to make a more decisive determination based on the self coupling measurement and direct production of9

the additional singlet.10

New physics a↵ecting the nature of the electroweak phase transition will also modify the coupling11

between the SM-like Higgs and other SM states. It is here where the CEPC has the greatest strength.12

For example, in the general singlet model, the correction to the Higgs-Z coupling, parameterized by Z ,13

is on the order of v2/M2
S , for MS being the typical new physics scale. The projection on the accuracy of14

measuring this coupling at the CEPC is about 0.25%. Therefore, generically, Z measurement at CEPC15

will allow us to probe the singlet as heavy as 5 TeV. At the same time, for first order phase transition, the16

singlet mass is typically hundreds of GeV. Therefore, CEPC can completely cover the possible parameter17

space just by measuring Z in this case. Even in the di�cult case of the singlet model with a Z2 symmetry,18

the expected deviation of the cross section �hZ ( Z) is about 0.6% (0.5%), as shown in the left panel19

of Fig. 23. Therefore, CEPC will see the first evidence of new physics even in this very di�cult case.20

In more general classes of models, the new physics which modifies the Higgs coupling can carry other21

SM gauge quantum numbers, such as electric charge and/or color. In such cases, there will be significant22

change in the h ! gg and h ! �� couplings. One such example is shown in the right panel of Fig. 23,23

with 6% deviation in h�� coupling expected. From the projection shown in Fig. 20, we see that the24

CEPC can have sensitivity to such new physics.25

Another important question associated with the electroweak symmetry breaking is naturalness. The26

33
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Nightmare scenario:
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Figure 2. Regions in the (mS ,λHS) plane with viable EWBG. Red shaded region: for µ2
S < 0 it

is possible to choose λS such that EWBG proceeds via a tree-induced strong two-step electroweak
phase transition (PT). Orange contours: value of vc/Tc for µ2

S > 0. The orange shaded region
indicates vc/Tc > 0.6, where EWBG occurs via a loop-induced strong one-step PT. Above the
green dashed line, singlet loop corrections generate a barrier between h = 0 and h = v even at
T = 0, but results in the dark shaded region might not be reliable, see section 3.1.3.
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Figure 3. Comparison of the zero-temperature potential contributions in the SM vs. the SM +
singlet with (mS ,λHS) = (450GeV, 3.2) which has a strong first-order PT with vc/Tc > 1. The
one-loop contribution of the singlet reduces the potential difference between the origin and the
EWSB vacuum.
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It is useful to keep in mind that the precision of TLEP has a hard statistics limit [97]. Without
systematics, the 2� precision of the �Zh measurement with the data from 4 combined detectors is
limited to 0.15%, which could cover almost all of the EWBG-viable parameter space.

It is clear that both indirect measurements, �3 at a 100 TeV collider and ��Zh at TLEP, have great
potential to detect the singlet-induced electroweak phase transition. These two measurements are in
fact complementary, since they scale differently with �HS . This would allow the number of scalars
running in the loops to be determined, a crucial detail of the theory.

6 Singlet Scalar Dark Matter

We now consider the consequences of the singlet scalar S acting as a stable thermal relic10. This is
not quite as unambiguous a consequence of EWBG as the bounds considered in Sections 4 and 5. The
hidden sector could be more complicated than just a singlet scalar, without the additional components
affecting the phase transition. Indeed, we assume the presence of additional physics to generate the
CP -violation necessary for EWBG. All of this could change the singlet scalar’s cosmological history.
Nevertheless, the minimal model could well be realized, and dark matter direct detection experiments
represent a particularly exciting avenue for discovery in the relatively short term.

10A very similar computation was performed most recently in [54], showing results in the same (mS , �HS) plane as is
relevant for our model. However, we repeat the calculation here for completeness, and to show how the resulting bounds
overlap with the various regions in the nightmare scenario’s parameter space.
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Figure 1.13: Parameter space of the real scalar singlet model with Z2 symmetry. Left: Regions of
parameter space that lead to a first order electroweak phase transition that proceeds in one or two steps.
The orange curves show the strength of the electroweak phase transition, v(Tc)/Tc, in the one-step
region. Right: Purple curves show the fractional change to the Zh production cross section relative to
the SM prediction in percent; these values are 2 �ghZZ using the notation in the text (1.14). The figures
are taken from Ref. [56]. (Also see Ref. [57].)

The coupling that will be measured most precisely at CEPC and future lepton colliders
is the Higgs-Z-Z coupling. We can parametrize deviations in this parameter away from
the Standard Model prediction with the variable
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In the singlet extension model, the strength of the hZZ coupling is suppressed compared
to the SM prediction. The leading-order suppression arises from the Higgs-singlet mixing,
and the sub-leading effect arises from Higgs wavefunction renormalization [34] and the
Higgs triple self-coupling [58]. Combining these effects, the fractional suppression is
written as [56, 59]
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where ✓ is the Higgs-singlet mixing angle, and IB is a loop function. The Higgs triple self-
coupling �3 also deviates from the Standard Model prediction due to the Higgs-singlet
mixing. Then the self-coupling is predicted to be [60]
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In the Standard Model we have �3 = �3,SM ⌘ 3m2
h
/v ' 191 GeV. If the singlet is light,

mS < mh/2, then the Higgs boson acquires an exotic decay channel, h ! SS, which

Singlet model with a Z2 S → − S

h6  term generated at 1-loop order

Only marginally visible.
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Figure 7. Blue contours show �3/�SM
3 . Measuring �3 with a precision of 30%, 20%, and 8% can be achieved

at 14 TeV, 33 TeV, and 100 TeV hadron colliders with 3 ab�1 of data, respectively. A 1000 GeV ILC with 2.5
ab�1 could achieve a precision of 13%. See text for details.

5.1 Triple-higgs Coupling

The triple-higgs coupling in our EWSB vacuum hhi = v, hSi = 0 is related to the third derivative of
the zero-temperature effective potential

�3 ⌘ 1

6

d3
�
V0(h) + V CW

0 (h)
�

dh3

�����
h=v

=
m2

h

2v
+

�3
HS

v3

24⇡2m2
S

+ . . . (5.1)

The first and second term above is the SM tree-level and singlet loop-level contribution. Other sub-
dominant SM loop contributions are not shown. Fig. 7 shows �3/�SM

3 in the (mS , �HS) plane. For
illustrative purposes, the contours are also shown in the areas where �S is non-perturbative.

As pointed out by [52], a strong one-step phase transition via the effects of a real singlet is
correlated with a large correction to �3. Fig. 7 shows that requiring vc/Tc > 0.6 (1.0) implies
�3/�SM

3 > 1.2 (1.3). Such a sizable deviation makes it possible to exclude this type of strong phase
transition.

One can measure �3 through double higgs production. The cross-section for producing a pair
of higgs bosons is roughly three orders of magnitude smaller than the cross-section for producing a
single higgs, which highlights the challenge of the measurement and the necessity for high luminosity.
Although the 4b final state has the largest rate, it also suffers from a huge QCD background. Instead,
the most promising channel is in bb��, whose main backgrounds are QCD and tt̄h production. Various
studies have found that �3 can be measured between 30%-50% accuracy at the 14 TeV LHC with 3
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Figure 8. Dashed blue contours: the one-loop corrections to the associated production cross-section of Zh at
lepton colliders Eq. (5.2), in % relative to the SM.

It is useful to keep in mind that the precision of TLEP has a hard statistics limit [97]. Without
systematics, the 2� precision of the �Zh measurement with the data from 4 combined detectors is
limited to 0.15%, which could cover almost all of the EWBG-viable parameter space.

It is clear that both indirect measurements, �3 at a 100 TeV collider and ��Zh at TLEP, have great
potential to detect the singlet-induced electroweak phase transition. These two measurements are in
fact complementary, since they scale differently with �HS . This would allow the number of scalars
running in the loops to be determined, a crucial detail of the theory.

6 Singlet Scalar Dark Matter

We now consider the consequences of the singlet scalar S acting as a stable thermal relic10. This is
not quite as unambiguous a consequence of EWBG as the bounds considered in Sections 4 and 5. The
hidden sector could be more complicated than just a singlet scalar, without the additional components
affecting the phase transition. Indeed, we assume the presence of additional physics to generate the
CP -violation necessary for EWBG. All of this could change the singlet scalar’s cosmological history.
Nevertheless, the minimal model could well be realized, and dark matter direct detection experiments
represent a particularly exciting avenue for discovery in the relatively short term.

10A very similar computation was performed most recently in [54], showing results in the same (mS , �HS) plane as is
relevant for our model. However, we repeat the calculation here for completeness, and to show how the resulting bounds
overlap with the various regions in the nightmare scenario’s parameter space.
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Figure 2.16 Left: Shift in triple Higgs coupling in the Z2 singlet model. Right: Percentage shift in the
e+e� ! Zh cross section. Zh coupling.
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Figure 2.17 Rate of process pp ! SS ! hhhh at the LHC and SPPC.

For instance, if the Z2 symmetry is broken by an even tiny amount so that a > 10�10, then846

S will decay as S ! hh inside the detector. Direct S production will be much easier to847

see, giving a spectacular signal pp ! SS ! hhhh. This should allow the SPPC to cover848

the allowed range of mS up to 1 TeV. While a detailed study is left for future work, an849

estimate of the reach for producing 100 events is shown in Fig. 2.17. Note that while at850

fixed mass, the SPPC cross-section is ⇠ 100 times larger than at the LHC, the mass reach851

is ⇠ 2.5 times greater, compared to the typical factor of ⇠ 5 we are accustomed to. This852

is because both the production and decay vertices of the off-shell Higgs are suppressed853

by factors of (v/E) at high energies, and the cross-section scales as v4/E6 rather than854

the usual 1/E2. These suppressions would be absent with more physical Higgses in the855

final state. It would be interesting to see whether such high-Higgs multiplicity final states856

could be seen at the SPPC.857

We have seen in our simple examples something we expect to hold for models which858

drive a first-order phase transition more generally: percent to per-mille deviations in the859

ZZh coupling at the CEPC, coupled with large signals at the SPPC, either through the860

direct production of new states, or via an O(1) deviation in the cubic Higgs self-coupling.861

Can be probed at 100 TeV pp collider if Z2  is broken 

(even if only slightly) .

More difficult if Z2 is exact.
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Figure 2.27 The SPPC reach for neutral top partners produced through Higgs portal.

deviation in �Zh at the CEPC can be confirmed with a 5 sigma discovery of the �I at the1275

SPPC.1276

2.4 Dark Matter1277

The existence of cold dark matter is one of the most direct and powerful pieces of evidence1278

for physics beyond the Standard Model. There are a huge range of possibilities for what1279

the dark matter might be, since for any mass we can simply adjust the number density1280

to get the needed energy density today, with ⌦DMh2 ⇠ 0.1. Even if the new particle1281

physics is completely specified, the main uncertainty is cosmological: what determines1282

the abundance of the new particles in the early universe?1283

Weakly Interacting Massive Particles (WIMPs) remain the best motivated and well-1284

studied possibility for dark matter by giving a clear answer to this question: the dark1285

matter particles interact with the Standard Model and are thermalized in the early universe.1286

Assuming a standard cosmological history, the present abundance of dark matter can be1287

unambiguously computed once the underlying particle physics is fixed, in much the same1288

way as the abundance of light elements is predicted in big bang nucleosynthesis.1289

The relic abundance of dark matter particles is set by their annihilation cross-section in1290

the early universe: in order to avoid overclosure, we must have [70–72]1291
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h�vifreeze

2.2 ⇥ 10�26 cm3/s
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, (2.30)

with � / g4
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DM. This leads us to a limit on the dark matter mass of1292

MDM < 1.8 TeV

✓
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0.3

◆
. (2.31)

As has been long appreciated, it is quite remarkable that the TeV scale emerges so nat-1293

urally in this way, assuming dark matter couplings comparable in strength to the elec-1294

troweak gauge interactions. This gives a strong, direct argument for new physics at the1295

TeV scale, independent of any theoretical notions of naturalness.1296
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Simplest WIMP:  part of weak multiplet
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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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Beyond simplest WIMP

- Both became standard LHC searches.
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Figure 4 | Schematic illustration of the basic SM–DM interactions at
colliders, with time flowing from left to right. a, Basic SM–DM interaction
in an e�ective field theory (EFT). b, Its extension as a basic simplified
model where a new mediator particle is exchanged in the s-channel
(including an additional energetic object radiated from one of the initial
state quarks). c, The same simplified model where the mediator decays
back into SM quarks. The coupling constant characterizing the
mediator–quark interaction strength is denoted as (gq), while the
mediator–DM coupling constant is denoted as gDM.

SM and WIMP DM. In a similar fashion as in SUSY models, but
in this case in the direction of added complexity with respect to
e�ective field theories, simplified models introduce particles that
mediate the interactions between SM and WIMP DM. As in the
case of the SUSY simplified models described earlier, these models
describe the relevant LHC phenomenology and can be designed
to be fully consistent at all energy scales. The phenomenology of
simplified models where the mediator mass is large corresponds to
that of an EFT. Typical simplified models used at the LHC have only
a handful of parameters and allow the design and characterization
of generic searches that need no assumptions about extended
particle sectors. Simplified models represent a widely used class of
benchmarks for the design and interpretation of DM searches at
the LHC: refs 39,43 (and references therein) provide reviews of the
simplified models used for the LHC Run 1 and of their relation
with EFTs.

One of the simplest possibilities for the interactions described
by simplified models is that the mediator particle is a SM particle,
or has the same couplings as SM particles. If DM particles are part
of a weak SU (2)L multiplet, they can interact with the SM through
weak interactions mediated by the W and Z bosons. Scenarios with
SM as mediator particles are constrained by electroweak precision
measurements and direct searches44,45. Other examples of related
cases are supersymmetric theories where the wino and the higgsino
are weak triplet and doublet, respectively. For these kinds of SUSY
scenarios, much of the parameter space remains unexplored. The
upcoming runs of the LHC can probe the WIMP DMmass in these
SUSY models up to only a couple hundred GeV, requiring future
colliders for further exploration29,46. Furthermore, the Higgs boson
can also mediate SM–DM interactions. For example, Higgs portal
scenarios are sought both via the invisible decays of the Higgs boson
and via measurements of the Higgs couplings47,48. The fraction
of decays of the Higgs boson into invisible particles, including
processes where the Higgs decays into DM particles, is currently
measured to be less than 24%. The sensitivity of those searches and
measurements is still largely above the fraction of Higgs bosons
decaying into four neutrinos via two Z bosons predicted by the SM.

Simplifiedmodels where themediator particle is not yet included
in the SMare used as themain benchmarkmodels for LHC searches.
An example is the case of a new mediator particle exchanged in the

s-channel, as in Fig. 4b,c. The SM–DM interaction is characterized
by themass of the newmediator particle, by the type andmagnitude
of the mediator’s coupling strengths to the WIMP DM (gDM) and
to SM quarks (gq), and by the DM particle mass. LHC searches
interpreted in terms of this simplified model consider a new boson
with either vector or axial vector couplings as the mediator particle,
with the coupling to DM fixed to unity and coupling to quarks
fixed at 0.25. These coupling strength values are free parameters of
simplified DM models. In this case, they have been chosen so that
they liewithin the regime of validity for this kind of simplifiedmodel
and so that strong constraints from direct mediator searches before
the LHC Run 2 results are avoided49.

Within this simple benchmark scenario, mono-X searches at
ATLAS and CMS constrain mediator masses up to 2 TeV and
DM masses up to 500GeV (refs 50–53). Similar models include
interactions with leptons, needed for the model’s self-consistency
(see, for example, ref. 54), or include interactions between the
new boson and the Higgs bosons (see, for example, refs 55,
56). The choice of a limited number of benchmark scenarios is
still intended to represent a broader category of models where
a Z-boson-like particle mediates the SM–DM interactions. The
kinematic distributions of the signals to which collider and DD/ID
searches are sensitive do not change significantly upon changing the
mediator particle to a pure vector boson rather than an axial vector
boson. However, modifying the mediator coupling type and values
will a�ect the cross-section of this model in collider and DD/ID
experiments di�erently.

An alternative simplified model scenario to the exchange of a
Z-boson-like particle is the one where SM–DM interactions are
mediated by a new scalar (Higgs-like) or pseudoscalar particle,
exchanged as in Fig. 4b,c. The scalar mediator’s couplings to
fermions are equal to the SM Higgs-fermion couplings, while
the couplings to WIMP DM particles are set to unity. In more
sophisticated versions of the same model, this mediator can mix
with theHiggs boson (see, for example, refs 55,56). LHC searches are
starting to be sensitive to these benchmarks in monojet final states53
or in final states where the DMmediator is produced in association
with heavy quarks. It is expected that with the 2016 data set this
category of simplified models will be explored in more detail.

Colliders also play a crucial role in the context of models with
newparticlesmediating the interaction betweenWIMPDMand SM
particles, as they can search for the visible decays of the mediator
particles. One guaranteed visible mediator decay at colliders is the
decay into the same SM particles whose collisions produced these
mediators, namely quarks and gluons. Although such a signal would
not involve the DM particle directly, it is an integral part of the
model and thus also probes the DM hypothesis. Heavy (⇠TeV)
resonant states decaying into a pair of quarks or gluons would
produce a distinctive signal at hadron colliders: a narrow excess in
the invariant mass of the two most energetic jets (dijet) atop the
smoothly falling QCD background. Searches for these new particles
are only loosely tied to specific models (see ref. 57 for a review and
list of benchmark signals). Even though the connection between a
signal in one of these searches and DM needs confirmation from
direct searches for DM particles, these searches are sensitive to the
presence of DM mediators with couplings to quarks and gluons.
The invariant mass of the two most energetic jets in the event (dijet
system) is used as the main observable for the search. Mediator
particles can also have couplings to other SM particles and therefore
can decay to other final states. We will restrict the discussion in this
article to the example of a Z-like mediator that interacts only with
quarks and DM particles with axial vector couplings.

Searches for DM mediators with masses above the TeV scale58,59
benefit from the combination of the higher Run 2 collision energy
and data rates: their mass reach will be approximately doubled in
this LHCdata-taking period.With their high-mass searches, ATLAS
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Figure 4 | Schematic illustration of the basic SM–DM interactions at
colliders, with time flowing from left to right. a, Basic SM–DM interaction
in an e�ective field theory (EFT). b, Its extension as a basic simplified
model where a new mediator particle is exchanged in the s-channel
(including an additional energetic object radiated from one of the initial
state quarks). c, The same simplified model where the mediator decays
back into SM quarks. The coupling constant characterizing the
mediator–quark interaction strength is denoted as (gq), while the
mediator–DM coupling constant is denoted as gDM.

SM and WIMP DM. In a similar fashion as in SUSY models, but
in this case in the direction of added complexity with respect to
e�ective field theories, simplified models introduce particles that
mediate the interactions between SM and WIMP DM. As in the
case of the SUSY simplified models described earlier, these models
describe the relevant LHC phenomenology and can be designed
to be fully consistent at all energy scales. The phenomenology of
simplified models where the mediator mass is large corresponds to
that of an EFT. Typical simplified models used at the LHC have only
a handful of parameters and allow the design and characterization
of generic searches that need no assumptions about extended
particle sectors. Simplified models represent a widely used class of
benchmarks for the design and interpretation of DM searches at
the LHC: refs 39,43 (and references therein) provide reviews of the
simplified models used for the LHC Run 1 and of their relation
with EFTs.

One of the simplest possibilities for the interactions described
by simplified models is that the mediator particle is a SM particle,
or has the same couplings as SM particles. If DM particles are part
of a weak SU (2)L multiplet, they can interact with the SM through
weak interactions mediated by the W and Z bosons. Scenarios with
SM as mediator particles are constrained by electroweak precision
measurements and direct searches44,45. Other examples of related
cases are supersymmetric theories where the wino and the higgsino
are weak triplet and doublet, respectively. For these kinds of SUSY
scenarios, much of the parameter space remains unexplored. The
upcoming runs of the LHC can probe the WIMP DMmass in these
SUSY models up to only a couple hundred GeV, requiring future
colliders for further exploration29,46. Furthermore, the Higgs boson
can also mediate SM–DM interactions. For example, Higgs portal
scenarios are sought both via the invisible decays of the Higgs boson
and via measurements of the Higgs couplings47,48. The fraction
of decays of the Higgs boson into invisible particles, including
processes where the Higgs decays into DM particles, is currently
measured to be less than 24%. The sensitivity of those searches and
measurements is still largely above the fraction of Higgs bosons
decaying into four neutrinos via two Z bosons predicted by the SM.

Simplifiedmodels where themediator particle is not yet included
in the SMare used as themain benchmarkmodels for LHC searches.
An example is the case of a new mediator particle exchanged in the

s-channel, as in Fig. 4b,c. The SM–DM interaction is characterized
by themass of the newmediator particle, by the type andmagnitude
of the mediator’s coupling strengths to the WIMP DM (gDM) and
to SM quarks (gq), and by the DM particle mass. LHC searches
interpreted in terms of this simplified model consider a new boson
with either vector or axial vector couplings as the mediator particle,
with the coupling to DM fixed to unity and coupling to quarks
fixed at 0.25. These coupling strength values are free parameters of
simplified DM models. In this case, they have been chosen so that
they liewithin the regime of validity for this kind of simplifiedmodel
and so that strong constraints from direct mediator searches before
the LHC Run 2 results are avoided49.

Within this simple benchmark scenario, mono-X searches at
ATLAS and CMS constrain mediator masses up to 2 TeV and
DM masses up to 500GeV (refs 50–53). Similar models include
interactions with leptons, needed for the model’s self-consistency
(see, for example, ref. 54), or include interactions between the
new boson and the Higgs bosons (see, for example, refs 55,
56). The choice of a limited number of benchmark scenarios is
still intended to represent a broader category of models where
a Z-boson-like particle mediates the SM–DM interactions. The
kinematic distributions of the signals to which collider and DD/ID
searches are sensitive do not change significantly upon changing the
mediator particle to a pure vector boson rather than an axial vector
boson. However, modifying the mediator coupling type and values
will a�ect the cross-section of this model in collider and DD/ID
experiments di�erently.

An alternative simplified model scenario to the exchange of a
Z-boson-like particle is the one where SM–DM interactions are
mediated by a new scalar (Higgs-like) or pseudoscalar particle,
exchanged as in Fig. 4b,c. The scalar mediator’s couplings to
fermions are equal to the SM Higgs-fermion couplings, while
the couplings to WIMP DM particles are set to unity. In more
sophisticated versions of the same model, this mediator can mix
with theHiggs boson (see, for example, refs 55,56). LHC searches are
starting to be sensitive to these benchmarks in monojet final states53
or in final states where the DMmediator is produced in association
with heavy quarks. It is expected that with the 2016 data set this
category of simplified models will be explored in more detail.

Colliders also play a crucial role in the context of models with
newparticlesmediating the interaction betweenWIMPDMand SM
particles, as they can search for the visible decays of the mediator
particles. One guaranteed visible mediator decay at colliders is the
decay into the same SM particles whose collisions produced these
mediators, namely quarks and gluons. Although such a signal would
not involve the DM particle directly, it is an integral part of the
model and thus also probes the DM hypothesis. Heavy (⇠TeV)
resonant states decaying into a pair of quarks or gluons would
produce a distinctive signal at hadron colliders: a narrow excess in
the invariant mass of the two most energetic jets (dijet) atop the
smoothly falling QCD background. Searches for these new particles
are only loosely tied to specific models (see ref. 57 for a review and
list of benchmark signals). Even though the connection between a
signal in one of these searches and DM needs confirmation from
direct searches for DM particles, these searches are sensitive to the
presence of DM mediators with couplings to quarks and gluons.
The invariant mass of the two most energetic jets in the event (dijet
system) is used as the main observable for the search. Mediator
particles can also have couplings to other SM particles and therefore
can decay to other final states. We will restrict the discussion in this
article to the example of a Z-like mediator that interacts only with
quarks and DM particles with axial vector couplings.

Searches for DM mediators with masses above the TeV scale58,59
benefit from the combination of the higher Run 2 collision energy
and data rates: their mass reach will be approximately doubled in
this LHCdata-taking period.With their high-mass searches, ATLAS
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Figure 5 | Sketch of the constraints on a simplified model of WIMP DM
where a particle with axial vector couplings of 1.0 and 0.25 to DM and SM
respectively is exchanged. The constraints from mono-X (exclusion region
in red) and dijet DM searches (exclusion region in blue) are shown in the
plane of dark matter mass versus mediator mass. The couplings
represented in this sketch and its general features are inspired by LHC dijet
and mono-X results50,58,59,80.

andCMS dijet searches constrain axial vectormediatormasses from
1.1 TeV to 2.5 TeV in the axial vector scenario used for mono-X
searches above. As the parameter space for the mass of the mediator
particle in these simplifiedDMmodels is only loosely constrained by
the relic density49,60, searches for particles with mass above the TeV
are not su�cient to cover the full parameter space. This motivates
additional interest in rare, low-mass resonances not yet excluded by
previous collider searches57, which benefit from the higher collision
rates. Whilst there is no issue in recording all background and
possible signal events at the highest invariantmasses, only a reduced
fraction of events from high-rate processes at lower invariant
masses can be fully recorded during data taking. To overcome this
limitation, LHC searches for particles with invariant masses below
1TeV either record only a limited amount of information rather
than the full event61, or target new particles that are produced in
association with a highly energetic jet or from radiation of the initial
state quarks and gluons (ISR). One example of such a final state is
given by the process in Fig. 4b, with the di�erence that the final state
DM particles are replaced by SM quarks62. These searches can probe
mediator masses as low as 100GeV.

The complementarity between searches for WIMP DM particles
and searches for mediator particles using the axial vector simplified
model is illustrated in the sketch of constraints from mono-X and
dijet searches in the DM versus mediator mass plane, in Fig. 5.
Mono-X searches cover the model parameter space where the mass
of the DMparticle is lower than two times themediatormass, allow-
ing the mediator to decay on-shell to DM particles. Dijet searches
are more sensitive at higher mediator and higher DM masses with
respect to mono-X searches, as in that region of the parameter space
DM decays of the mediator are suppressed with respect to dijet
decays. The parameter space covered by mono-X and dijet searches
is however highly dependent on the choice of quark couplings.

Common interpretation of collider and non-collider results
The comparison of collider results with non-collider results
involves a common theoreticalmodel, therefore requiring additional
assumptions to be taken into account. For example, for non-collider
results these assumptions include the knowledge of relic density
and the DM density in the vicinity of the Earth or of the Galactic
Centre, while for collider results details of the production and
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spin-dependentWIMP–proton scattering cross-section for DM searches
at colliders (red line) and at direct detection experiment probing di�erent
regions inWIMPmass (green lines). The model parameters represented in
this sketch and its general features are inspired by the results of LHC
monojet and DD searches50,70,80–82, but this figure has only an illustrative
purpose. This comparison is performed within a simplified model in which a
vector boson is exchanged to mediate the SM–DM interaction with DM and
SM quark couplings fixed to unity and 0.25 respectively. It should be noted
that the absolute exclusion of the collider result in this kind of comparison,
as well as its relative importance, will depend on the chosen coupling and
model scenario. Therefore, the comparison of collider limit with DD
excluded regions in this kind of plot is not applicable to other choices of
coupling values or models. Adapted from ref. 50, APS.

decay mechanisms in particle collisions have to be specified. These
comparisons are often performed using observables used for the
presentation of results of non-collider searches, namely the cross-
section of the annihilation of DM particles to SM particles or the
cross-section of the scattering between nucleons and DM particles.

The parameter space of complete new physics models such as
SUSY is inherently linked to the constraints on WIMP DM (see
for example, refs 63–67). SUSY searches at colliders and searches
from DD/ID experiments, as well as flavour physics and precision
electroweak measurements and the measured value of the DM relic
density, can be used to constrain the parameter space of full SUSY
models, assuming that the LSP is the DM candidate.

As described in detail in ref. 68, a collider and non-collider
searches can also be compared when interpreted in the framework
of simplified models. In this approach, constraints on simplified
models from collider searches are translated into upper limits
on the DM–nucleon scattering cross-section, and analysed as a
function of the mass of the DM particle. The details of these
comparisons depend on the assumed interaction structure and
coupling scenarios of the simplified model. As an illustrative
example, ref. 68 recommends an example coupling scenario to
compare the results of collider and DD experiments. A sketch of
such a comparison is shown in Fig. 6. We note that this is just
one example, and the details of such comparisons depend on the
model assumptions. At the same time, such comparisons in the
framework of simplified models show that the sensitivity of collider
experiments can complement that of non-collider experiments for
di�erent interaction structures and certain kinematic regions. For
example, this could be the case for low DMmasses where the direct
detection is limited by experimental thresholds.
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Figure 4 | Schematic illustration of the basic SM–DM interactions at
colliders, with time flowing from left to right. a, Basic SM–DM interaction
in an e�ective field theory (EFT). b, Its extension as a basic simplified
model where a new mediator particle is exchanged in the s-channel
(including an additional energetic object radiated from one of the initial
state quarks). c, The same simplified model where the mediator decays
back into SM quarks. The coupling constant characterizing the
mediator–quark interaction strength is denoted as (gq), while the
mediator–DM coupling constant is denoted as gDM.

SM and WIMP DM. In a similar fashion as in SUSY models, but
in this case in the direction of added complexity with respect to
e�ective field theories, simplified models introduce particles that
mediate the interactions between SM and WIMP DM. As in the
case of the SUSY simplified models described earlier, these models
describe the relevant LHC phenomenology and can be designed
to be fully consistent at all energy scales. The phenomenology of
simplified models where the mediator mass is large corresponds to
that of an EFT. Typical simplified models used at the LHC have only
a handful of parameters and allow the design and characterization
of generic searches that need no assumptions about extended
particle sectors. Simplified models represent a widely used class of
benchmarks for the design and interpretation of DM searches at
the LHC: refs 39,43 (and references therein) provide reviews of the
simplified models used for the LHC Run 1 and of their relation
with EFTs.

One of the simplest possibilities for the interactions described
by simplified models is that the mediator particle is a SM particle,
or has the same couplings as SM particles. If DM particles are part
of a weak SU (2)L multiplet, they can interact with the SM through
weak interactions mediated by the W and Z bosons. Scenarios with
SM as mediator particles are constrained by electroweak precision
measurements and direct searches44,45. Other examples of related
cases are supersymmetric theories where the wino and the higgsino
are weak triplet and doublet, respectively. For these kinds of SUSY
scenarios, much of the parameter space remains unexplored. The
upcoming runs of the LHC can probe the WIMP DMmass in these
SUSY models up to only a couple hundred GeV, requiring future
colliders for further exploration29,46. Furthermore, the Higgs boson
can also mediate SM–DM interactions. For example, Higgs portal
scenarios are sought both via the invisible decays of the Higgs boson
and via measurements of the Higgs couplings47,48. The fraction
of decays of the Higgs boson into invisible particles, including
processes where the Higgs decays into DM particles, is currently
measured to be less than 24%. The sensitivity of those searches and
measurements is still largely above the fraction of Higgs bosons
decaying into four neutrinos via two Z bosons predicted by the SM.

Simplifiedmodels where themediator particle is not yet included
in the SMare used as themain benchmarkmodels for LHC searches.
An example is the case of a new mediator particle exchanged in the

s-channel, as in Fig. 4b,c. The SM–DM interaction is characterized
by themass of the newmediator particle, by the type andmagnitude
of the mediator’s coupling strengths to the WIMP DM (gDM) and
to SM quarks (gq), and by the DM particle mass. LHC searches
interpreted in terms of this simplified model consider a new boson
with either vector or axial vector couplings as the mediator particle,
with the coupling to DM fixed to unity and coupling to quarks
fixed at 0.25. These coupling strength values are free parameters of
simplified DM models. In this case, they have been chosen so that
they liewithin the regime of validity for this kind of simplifiedmodel
and so that strong constraints from direct mediator searches before
the LHC Run 2 results are avoided49.

Within this simple benchmark scenario, mono-X searches at
ATLAS and CMS constrain mediator masses up to 2 TeV and
DM masses up to 500GeV (refs 50–53). Similar models include
interactions with leptons, needed for the model’s self-consistency
(see, for example, ref. 54), or include interactions between the
new boson and the Higgs bosons (see, for example, refs 55,
56). The choice of a limited number of benchmark scenarios is
still intended to represent a broader category of models where
a Z-boson-like particle mediates the SM–DM interactions. The
kinematic distributions of the signals to which collider and DD/ID
searches are sensitive do not change significantly upon changing the
mediator particle to a pure vector boson rather than an axial vector
boson. However, modifying the mediator coupling type and values
will a�ect the cross-section of this model in collider and DD/ID
experiments di�erently.

An alternative simplified model scenario to the exchange of a
Z-boson-like particle is the one where SM–DM interactions are
mediated by a new scalar (Higgs-like) or pseudoscalar particle,
exchanged as in Fig. 4b,c. The scalar mediator’s couplings to
fermions are equal to the SM Higgs-fermion couplings, while
the couplings to WIMP DM particles are set to unity. In more
sophisticated versions of the same model, this mediator can mix
with theHiggs boson (see, for example, refs 55,56). LHC searches are
starting to be sensitive to these benchmarks in monojet final states53
or in final states where the DMmediator is produced in association
with heavy quarks. It is expected that with the 2016 data set this
category of simplified models will be explored in more detail.

Colliders also play a crucial role in the context of models with
newparticlesmediating the interaction betweenWIMPDMand SM
particles, as they can search for the visible decays of the mediator
particles. One guaranteed visible mediator decay at colliders is the
decay into the same SM particles whose collisions produced these
mediators, namely quarks and gluons. Although such a signal would
not involve the DM particle directly, it is an integral part of the
model and thus also probes the DM hypothesis. Heavy (⇠TeV)
resonant states decaying into a pair of quarks or gluons would
produce a distinctive signal at hadron colliders: a narrow excess in
the invariant mass of the two most energetic jets (dijet) atop the
smoothly falling QCD background. Searches for these new particles
are only loosely tied to specific models (see ref. 57 for a review and
list of benchmark signals). Even though the connection between a
signal in one of these searches and DM needs confirmation from
direct searches for DM particles, these searches are sensitive to the
presence of DM mediators with couplings to quarks and gluons.
The invariant mass of the two most energetic jets in the event (dijet
system) is used as the main observable for the search. Mediator
particles can also have couplings to other SM particles and therefore
can decay to other final states. We will restrict the discussion in this
article to the example of a Z-like mediator that interacts only with
quarks and DM particles with axial vector couplings.

Searches for DM mediators with masses above the TeV scale58,59
benefit from the combination of the higher Run 2 collision energy
and data rates: their mass reach will be approximately doubled in
this LHCdata-taking period.With their high-mass searches, ATLAS
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Figure 4 | Schematic illustration of the basic SM–DM interactions at
colliders, with time flowing from left to right. a, Basic SM–DM interaction
in an e�ective field theory (EFT). b, Its extension as a basic simplified
model where a new mediator particle is exchanged in the s-channel
(including an additional energetic object radiated from one of the initial
state quarks). c, The same simplified model where the mediator decays
back into SM quarks. The coupling constant characterizing the
mediator–quark interaction strength is denoted as (gq), while the
mediator–DM coupling constant is denoted as gDM.

SM and WIMP DM. In a similar fashion as in SUSY models, but
in this case in the direction of added complexity with respect to
e�ective field theories, simplified models introduce particles that
mediate the interactions between SM and WIMP DM. As in the
case of the SUSY simplified models described earlier, these models
describe the relevant LHC phenomenology and can be designed
to be fully consistent at all energy scales. The phenomenology of
simplified models where the mediator mass is large corresponds to
that of an EFT. Typical simplified models used at the LHC have only
a handful of parameters and allow the design and characterization
of generic searches that need no assumptions about extended
particle sectors. Simplified models represent a widely used class of
benchmarks for the design and interpretation of DM searches at
the LHC: refs 39,43 (and references therein) provide reviews of the
simplified models used for the LHC Run 1 and of their relation
with EFTs.

One of the simplest possibilities for the interactions described
by simplified models is that the mediator particle is a SM particle,
or has the same couplings as SM particles. If DM particles are part
of a weak SU (2)L multiplet, they can interact with the SM through
weak interactions mediated by the W and Z bosons. Scenarios with
SM as mediator particles are constrained by electroweak precision
measurements and direct searches44,45. Other examples of related
cases are supersymmetric theories where the wino and the higgsino
are weak triplet and doublet, respectively. For these kinds of SUSY
scenarios, much of the parameter space remains unexplored. The
upcoming runs of the LHC can probe the WIMP DMmass in these
SUSY models up to only a couple hundred GeV, requiring future
colliders for further exploration29,46. Furthermore, the Higgs boson
can also mediate SM–DM interactions. For example, Higgs portal
scenarios are sought both via the invisible decays of the Higgs boson
and via measurements of the Higgs couplings47,48. The fraction
of decays of the Higgs boson into invisible particles, including
processes where the Higgs decays into DM particles, is currently
measured to be less than 24%. The sensitivity of those searches and
measurements is still largely above the fraction of Higgs bosons
decaying into four neutrinos via two Z bosons predicted by the SM.

Simplifiedmodels where themediator particle is not yet included
in the SMare used as themain benchmarkmodels for LHC searches.
An example is the case of a new mediator particle exchanged in the

s-channel, as in Fig. 4b,c. The SM–DM interaction is characterized
by themass of the newmediator particle, by the type andmagnitude
of the mediator’s coupling strengths to the WIMP DM (gDM) and
to SM quarks (gq), and by the DM particle mass. LHC searches
interpreted in terms of this simplified model consider a new boson
with either vector or axial vector couplings as the mediator particle,
with the coupling to DM fixed to unity and coupling to quarks
fixed at 0.25. These coupling strength values are free parameters of
simplified DM models. In this case, they have been chosen so that
they liewithin the regime of validity for this kind of simplifiedmodel
and so that strong constraints from direct mediator searches before
the LHC Run 2 results are avoided49.

Within this simple benchmark scenario, mono-X searches at
ATLAS and CMS constrain mediator masses up to 2 TeV and
DM masses up to 500GeV (refs 50–53). Similar models include
interactions with leptons, needed for the model’s self-consistency
(see, for example, ref. 54), or include interactions between the
new boson and the Higgs bosons (see, for example, refs 55,
56). The choice of a limited number of benchmark scenarios is
still intended to represent a broader category of models where
a Z-boson-like particle mediates the SM–DM interactions. The
kinematic distributions of the signals to which collider and DD/ID
searches are sensitive do not change significantly upon changing the
mediator particle to a pure vector boson rather than an axial vector
boson. However, modifying the mediator coupling type and values
will a�ect the cross-section of this model in collider and DD/ID
experiments di�erently.

An alternative simplified model scenario to the exchange of a
Z-boson-like particle is the one where SM–DM interactions are
mediated by a new scalar (Higgs-like) or pseudoscalar particle,
exchanged as in Fig. 4b,c. The scalar mediator’s couplings to
fermions are equal to the SM Higgs-fermion couplings, while
the couplings to WIMP DM particles are set to unity. In more
sophisticated versions of the same model, this mediator can mix
with theHiggs boson (see, for example, refs 55,56). LHC searches are
starting to be sensitive to these benchmarks in monojet final states53
or in final states where the DMmediator is produced in association
with heavy quarks. It is expected that with the 2016 data set this
category of simplified models will be explored in more detail.

Colliders also play a crucial role in the context of models with
newparticlesmediating the interaction betweenWIMPDMand SM
particles, as they can search for the visible decays of the mediator
particles. One guaranteed visible mediator decay at colliders is the
decay into the same SM particles whose collisions produced these
mediators, namely quarks and gluons. Although such a signal would
not involve the DM particle directly, it is an integral part of the
model and thus also probes the DM hypothesis. Heavy (⇠TeV)
resonant states decaying into a pair of quarks or gluons would
produce a distinctive signal at hadron colliders: a narrow excess in
the invariant mass of the two most energetic jets (dijet) atop the
smoothly falling QCD background. Searches for these new particles
are only loosely tied to specific models (see ref. 57 for a review and
list of benchmark signals). Even though the connection between a
signal in one of these searches and DM needs confirmation from
direct searches for DM particles, these searches are sensitive to the
presence of DM mediators with couplings to quarks and gluons.
The invariant mass of the two most energetic jets in the event (dijet
system) is used as the main observable for the search. Mediator
particles can also have couplings to other SM particles and therefore
can decay to other final states. We will restrict the discussion in this
article to the example of a Z-like mediator that interacts only with
quarks and DM particles with axial vector couplings.

Searches for DM mediators with masses above the TeV scale58,59
benefit from the combination of the higher Run 2 collision energy
and data rates: their mass reach will be approximately doubled in
this LHCdata-taking period.With their high-mass searches, ATLAS
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Conclusions

- There is not a “rigorous” no lose theorem. We 
should not pretend there is one. 


- At the same time, future colliders have great 
physics potential. 


Nightmare scenarios should not prevent us from 
building them. 



extra



Why is Higgs measurement crucial?

- Naturalness is the most pressing question of EWSB.

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. 



More exotic searches



Higgs exotic decay

Complementary to hadron collider searches



Higgs portal dark matter
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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,



Dark sector at Z factory

2

Searching for dark sector particles, including dark matter (DM) itself and other associated
states, is a central goal of many experimental programs around the world. In the mass range
between MeV and TeV, collider search remains a crucial method to look for these hidden particles.
Since the dark sector particles typically only have weak couplings with the Standard Model, colliders
with higher luminosity are natural places to lead this quest. Therefore, the Z-factory with high
statistics, Giga-Z (109) and Tera-Z (1012) options, is well-motivated to search a set of Z rare decay
channels inspired by the dark sector models.

A coupling between Z and dark sector states, dubbed as a “portal”, is quite generic in dark
sector models. We can classify the portals based on the type of operators through which they are
implemented, as following (For recent reviews, see [1–3])

• Marginal operators: Higgs portal [4–11] and vector portal DM models [12–17], in which the
dark sector interacts with Z boson via SM Higgs mixing or gauge boson mixing. We give
an example of Higgs portal DM model in the left-panel of Fig. 1. There is also possible
Wess-Zumino type interaction between Z and dark sector gauge boson if anomalous under
Standard Model particle content [18–27].

• Dim-5 operators: Axion-like particle (ALP) [28–40], with anomalous coupling to Z boson
and photon. The limits on ALP mass and coupling are given in the right-panel of Fig. 1.

• Higher dimensional operators: Magnetic inelastic DM and Rayleigh DM models [41–45], in
which the dark sector interacts with Z via magnetic dipole or Rayleigh operator.
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Figure 1. Left-panel: the sensitivity for Higgs portal dark matter model, constraining dark Higgs mixing
angle sin↵ as a function of dark Higgs mass ms̃. Right-panel: the sensitivity for Axion-like particle (ALP)
model, constraining coupling ⇤aBB to hypercharge field as a function of ALP mass ma.

Our case study in [46] shows that the Z-factory measurement could provide the leading sensitivi-
ties comparing with other dark matter detection experiments, current limits from collider searches,
and estimated sensitivities of high luminosity run of the LHC (HL-LHC). We also explored exotic
Z decay channels which can motivated by the dark sector models. The result shows that future
Z factory again, can have superior sensitivity, which could be a powerful tool for searching new
physics.
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can be generated for given M̄ . The grey area is ruled out by the DELPHI exper-
iment [Abreu:1991pr, Abreu:1996pa] (on the top) and the neutrino oscillation
data (at the bottom). We show no lower bound on U

2 from leptogenesis because it
is lower than the constraint from neutrino oscillation data in this mass range. The
coloured lines lines mark the parameter regions in which the CEPC experiment
can observe at least four expected displaced vertex events from Ni with properties
that are consistent with successful leptogenesis. The orange lines show the regions
accessible with

p
s = 240 GeV, which depend on the relative size of the couplings

U
2
a

of the heavy neutrinos to individual SM flavours. The solid and dashed lines
correspond to the most optimistic and most pessimistic scenario consistent with
light neutrino oscillation data. The purple lines indicate the regions accessible
with

p
s at the Z pole, which only depend on the total U

2.. The solid line cor-
responds to the currently planned run, the dashed line corresponds to the equal
Z-pole running time as is currently planned by FCC-ee, while the dot-dashed line
corresponds to what is possible with the crab waist technology.

Caputo:2016ojx] and allow to constrain the Majorana phase in U⌫ [Hernandez:2016kel,995

Drewes:2016jae, Caputo:2016ojx, Caputo:2017pit]. This is possible even if the996

masses M1 and M2 are too degenerate to be resolved kinematically and study the997

U
2
ai

individually. Such a measurement would also provide a test of leptogenesis, as998

not all combinations of the U
2
a

that are in agreement with neutrino oscillation data999

can lead to successful leptogenesis [Drewes:2016jae]. However, this would not1000
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low scale see-saw models



Open questions and 

some thoughts



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


- Good to have both! We will hear about ILC soon.
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On future hadron colliders

- Physics case “obvious”. The energy frontier. 


- Without LHC discovery.

Physics case for a 100 TeV pp collider stronger 
than HE-LHC at 28 TeV.


Cost+technological challenge. Perhaps easier to 
“sell” only as a second step of a circular Higgs 
factory in longer term.



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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HE-LHC

- Considering the limitation of resource, may be 
the only realistic way forward. 


- Magnet useful for 100 TeV collider down the 
road.


- A factor 27/14 better than the LHC. Factor of 
100/27 worse than the 100 TeV pp collider. 


- Still,  good to have it!
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CEPC CDR Baseline Parameters (Jan. 2018) 
  Higgs W Z 
Number of IPs 2 
Energy (GeV) 120 80 45.5 
Circumference (km) 100 
SR loss/turn (GeV) 1.73 0.34 0.036 
Half crossing angle (mrad) 16.5 
Piwinski angle 2.58 4.29 16.4 
Ne/bunch (1010) 15 5.4 4.0 
Bunch number (bunch spacing) 242 (0.68us) 3390 (98ns) 8332 (40ns) 
Beam current (mA) 17.4 88.0 160 
SR power /beam (MW) 30 30 5.73 
Bending radius (km) 10.6 
Momentum compaction (10-5) 1.11 
EIP x/y (m) 0.36/0.0015 0.36/0.0015 0.2/0.0015 
Emittance  x/y (nm) 1.21/0.0031 0.54/0.0016 0.17/0.004 
Transverse  VIP (um) 20.9/0.068 13.9/0.049 5.9/0.078 
[x/[y/IP 0.031/0.109 0.0148/0.076 0.0043/0.04 
VRF (GV) 2.17 0.47 0.054 
f RF (MHz)  (harmonic) 650 (216816) 
Nature bunch length Vz (mm) 2.72 2.98 3.67 
Bunch length Vz (mm) 3.26 3.62 6.0 
HOM power/cavity (kw) 0.54 (2cell) 0.47(2cell) 0.49(2cell) 
Energy spread (%) 0.1 0.066 0.038 
Energy acceptance requirement (%) 1.52 
Energy acceptance by RF (%) 2.06 1.47 0.76 
Photon number due to beamstrahlung  0.29 0.16 0.28 
Lifetime due to beamstrahlung (hour) 1.0 
Lifetime (hour) 0.67 (40 min) 2 4 
F (hour glass) 0.89 0.94 0.99 
Lmax/IP (1034cm-2s-1) 2.93 7.31 4.1 

D. Wang 

J. Gao, IAS2018 without 
bootstrapping 



Inputs for the further study

Table 4: Using direct measurement method in ZH runs, the expected precision in mW measurement in
CEPC detectors and the comparison with the LEP experiments.

�MW (MeV) LEP CEPC CEPCp
s(GeV) 161 250 250R
L(fb�1 3 1000 1000

channel l⌫qq, qqqq lvqq qqqq

beam energy 9 1.0 1.0
hadronization 13 1.5 1.5

radiative corrections 8 1.0 2.0
lepton and missing energy scale 10 1.5 1.0

bias in mass reconstuction 3 0.5 1.0
statistics 30 1.0 2.5

overall systematics 21 2.5 3.0
total 36 3.0 4.0

Present data CEPC fit
↵s(M2

Z) 0.1185 ± 0.0006 [17] ±1.0 ⇥ 10�4 [18]

�↵
(5)
had(M

2
Z) (276.5 ± 0.8) ⇥ 10�4 [19] ±4.7 ⇥ 10�5 [20]

mZ [GeV] 91.1875 ± 0.0021 [21] ±0.0005
mt [GeV] (pole) 173.34 ± 0.76exp [22] ±0.5th [20] ±0.6exp ± 0.25th [20]

mh [GeV] 125.14 ± 0.24 [20] < ±0.1 [20]
mW [GeV] 80.385 ± 0.015exp [17]±0.004th [23] (±3exp ± 1th) ⇥ 10�3 [23]

sin2
✓
`
e↵ (23153 ± 16) ⇥ 10�5 [21] (±4.6exp ± 1.5th) ⇥ 10�5 [24]

�Z [GeV] 2.4952 ± 0.0023 [21] (±5exp ± 0.8th) ⇥ 10�4 [25]
Rb ⌘ �b/�had 0.21629 ± 0.00066 [21] ±1.7⇥ 10�4

R` ⌘ �had/�` 20.767 ± 0.025 [21] ±0.007

Table 5: Inputs to the electroweak fit of the oblique parameters S and T . The oblique parameters and the
first five observables in the table float freely in the fit, and determine the values of the remaining five. We
find that Rb and R` have minimal e↵ect on the fit of oblique parameters. We quote the precisions of current
and CEPC measurements as well as the current central values. Theory uncertainties are provided only when
they are nonnegligible and are not already incorporated in the quoted experimental uncertainty. Boldface
numbers represent measurements that will be performed at CEPC.

gives slightly more conservative bounds.
The result of the fit for S and T is depicted in Fig. 1. For ease of comparison of the bounds,

we have artificially displaced the input central values to agree with the predicted values so that
S = T = 0 will be the best-fit point. Both 1� and 2� uncertainty contours are presented (i.e.,
��

2 = 2.30 and 6.18). Relative to the current electroweak precision results (dominated by LEP
together with the improved measurement of mW from hadron colliders), the results of CEPC will
shrink the error bars on S and T by a factor of about 3.

It is possible that the current baseline plan for CEPC can be improved upon by higher luminosity
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Figure 1: CEPC constraints on the oblique parameters S and T , compared to the current constraints.

CEPC sin2
✓

`
e↵ �Z [GeV] mt [GeV]

Improved Error (±2.3exp ± 1.5th) ⇥ 10�5 (±1exp ± 0.8th) ⇥ 10�4 ±0.03exp ± 0.1th

Table 6: Potential improvements for CEPC measurements. The precision of sin2
✓

`
e↵ may be improved with

higher statistics, but will be ultimately limited by systematics to 0.01% precision. The Z width measurement
may be improved by better energy calibration. A precise top mass measurement requires a scan of the tt̄

threshold, and thus a larger collision energy than current CEPC plans.

runs, better calibration, or higher beam energy. Table 6 lists plausible improvements. The accuracy
of sin2

✓
`
e↵ can plausibly be improved with increased luminosity, but systematic uncertainties are

expected to dominate at the 0.01% precision level. The Z width measurement will require a high-
precision calibration of the beam energy, which is made possible at circular colliders by the technique
of resonant spin depolarization [21]. We consider the possibility that this width can be measured
to an experimental precision comparable to the theoretical uncertainty of about 0.1 MeV. The
top mass improvement requires a significant experimental e↵ort. It will either rely on input from
another collider like the ILC with higher beam energy, or a significant boost in the CEPC energy
to scan the top pair production threshold. Such an energy upgrade would significantly improve
the ultimate bound attained on the T parameter. We show the result of such improvements in
Fig. 2. The figure illustrates first the e↵ect of improving both sin2

✓
`
e↵ and �Z (which improves the

bounds on S and T comparably), and then the e↵ect of additionally improving the top mass (which
constrains T somewhat more strongly than S). From this plot it is apparent that upgrades to the

9

Baseline option

With possible improvements.

x4 statistics off Z-pole energy calibration ILC?



Big advance in electroweak precision

Large improvements across the board

Current accuracy

CEPC: baseline and improvements
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Precision Electroweak Measurements at the CEPC



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



Milestones in cosmology
T ≈ eV

atoms, CMB..
T ≈ 102 MeV - MeV

proton, … nuclei

time

T ≈ 102 GeV
EWSB



Milestones in cosmology
T ≈ eV

atoms, CMB..
T ≈ 102 MeV - MeV

proton, … nuclei

time

T ≈ 102 GeV
EWSB

Well understood through both astrophysical observation 
and laboratory measurements of particle properties.

Lead to the establishment of modern cosmology 



Composite Higgs at lepton collider

Higgs is not (quite) elementary, will have deviations in Higgs 
couplings.

�Wh ⇠ �Zh ⇠ v2

f2

Composite resonances couples to W and Z. Will give rise to 
deviation in EW precision observables.

S ' N

4⇡

v2

f2
8 PHYSICS CASES FOR CEPC-SPPC

Experiment Z (68%) f (GeV) g (68%) m
t̃L

(GeV)
HL-LHC 3% 1.0 TeV 4% 430 GeV
ILC500 0.3% 3.1 TeV 1.6% 690 GeV

ILC500-up 0.2% 3.9 TeV 0.9% 910 GeV
CEPC 0.2% 3.9 TeV 0.9% 910 GeV
TLEP 0.1% 5.5 TeV 0.6% 1.1 GeV

Experiment S (68%) f (GeV) T (68%) m
t̃L

(GeV)
ILC 0.012 1.1 TeV 0.015 890 GeV

CEPC (opt.) 0.02 880 GeV 0.016 870 GeV
CEPC (imp.) 0.014 1.0 TeV 0.011 1.1 GeV

TLEP-Z 0.013 1.1 TeV 0.012 1.0 TeV
TLEP-t 0.009 1.3 TeV 0.006 1.5 TeV

Table 1.1 Interpreting the Higgs coupling and the bounds on the oblique S and T parameters in terms of new
physics reach [6]. CEPC (imp.) is assuming the improvement in both sin2 ✓`

e↵ and �Z .

higgs operator [@(h†h)]2, which leads to a shift in the Z-higgs coupling after electroweak symmetry184

breaking:185

1

2

cH

M2
[@µ(h†h)]2 ! (1 + 2

cH

M2

v2

M2
) ⇥

1

2
(@µH)2 ! �Zh =

2v2cH

M2
(1.9)

Under RG evolution from the scale M down to the Z, this coupling also induces the S and T parameters;186

keeping the logarithmically enhanced term gives us187

S =
1

6⇡
log

M

mW

⇥
2v2cH

M2
= .06 ⇥ ⇥�Zh (1.10)

and similarly188

T =
3

8⇡cos2✓W

log
M

mW

⇥
2v2cH

M2
= .2 ⇥ ⇥�Zh (1.11)

where we have chosen M ⇠ 300 GeV as a reference. The projected CEPC sensitivity to S, T on the Z189

poles is �S, �T ⇠ .01, but we see that this is significantly weaker than the direct reach in �Zh.190

The CEPC also has some sensitivity to higgs self-interactions arising from the (h†h)3 operator.191

Amusingly, this operator does not induce any of the other dimension 6 operators involving the Higgs un-192

der 1-loop RG evolution. But there is infrared calculable correction to the Z-Higgs coupling at 1-loop,193

shown in Fig. 1.7, which probes deviations in the triple Higgs coupling at the 50% level [9].
3

1 1 1

h h

h h

Z

e�

e+ e+

e�

Z

FIG. 1: NLO vertex corrections to the associated production
cross section which depend on the Higgs self-coupling. These
terms lead to a linear dependence on modifications of the self-
coupling �h.

recourse to the details of renormalization of the irrelevant
operator in Eq. (3), however proceeding to NNLO in this
case would require the counter-term to this operator.

The dominant Higgs production process at an e+e�

collider at the energies considered here is Higgs associ-
ated production. At NLO the Higgs self-coupling en-
ters the associated production amplitude in two ways. It
enters quadratically via a modified Higgs wavefunction
counter-term, feeding into associated production at NLO
as a modification of the hZZ coupling. The self-coupling
also enters into the amplitude linearly through diagrams
such as Fig. 1. Depending on gauge choice there are also
diagrams with internal Goldstone lines.

The full NLO corrections to e+e�
! hZ are deter-

mined using the FeynArts, FormCalc, and Loop-
Tools suite of packages [18, 19] by calculating the full
one-loop electroweak corrections to associated produc-
tion (see Refs. [20–23]) and extracting the dependence
on the self-coupling parameter. The counter-terms for all
SM-Higgs couplings are calculated automatically follow-
ing the electroweak renormalization prescription of [24].
The analytic form of the correction at a CM energy

�
S

can be extracted from the FeynArts and FormCalc
[18, 19] output in terms of the various one-loop integrals

B(p2, M2
1 , M2

2 ) =

�
KdDq

[q2 � M2
1 ][(q + p)2 � M2

2 ]
, (4)

and

Cµ1,..,µN (k2
1, (k1 � k2)

2, k2
2, M

2
1 , M2

2 , M2
3 ) =

�
Kqµ1 · · · qµN dDq

[q2 � M2
1 ][(q + k1)2 � M2

2 ][(q + k2)2 � M2
3 ]

, (5)

where

K =
µ4�D

i⇡D/2r�
, r� =

�2(1 � �)�(1 + �)

�(1 � 2�)
. (6)

The two-point scalar function encountered here is defined
as

B0 = B(M2
H

, M2
H

, M2
H

), (7)

and the first derivative of this function as

B0
0 = @B(p2, M2

H
, M2

H
)/@p2

|p2=M
2
H

. (8)
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FIG. 2: Corrections to �(e+e� ! hZ), for a given variation
in the self-coupling, �h, as a function of the CM energy from
220 to 500 GeV.

The three-point scalar functions are

C0 = C(M2
H

, S, M2
Z
, M2

H
, M2

H
, M2

Z
), (9)

and C1, which is the scalar coe�cient of k1 in Cµ1 with
the same arguments. C00, C11, C12 are the scalar coef-
ficients of gµ,⌫ , k1k1, and k1k2 in Cµ1,µ2 . All of these
functions can be easily evaluated using the LoopTools
package [18, 19]. With these definitions the full form of
the self-coupling correction is

��(S) =
��h �=0

��h=0
� 1 (10)

=
3↵M2

H
�h

16⇡ sin(✓W )2M2
W

�
⇥

Re

�
2

�
S + M2

Z
� M2

H

�
(12M2

Z
S � �) � ��

�
,

where

� = (M2
H

� M2
Z
)2 + 10M2

Z
S + S2

� 2M2
H

S, (11)

� = B0 � 4C00 + 4C0M
2
Z

+ 3B0
0M

2
H

(12)

and

 = C1 + C11 + C12. (13)

Eq. (10) was calculated in the R� gauges, and the absence
of the � parameter demonstrates the full gauge invariance
of the result. Furthermore, although a number of UV-
divergences appear individually, the final result is UV-
finite as these divergences cancel in B0 � 4C00 and also
in .

At various CM energies the fractional corrections to
the associated production cross section, ��h(e+e�

!

hZ), relative to the SM rate are found to be

�240,350,500
�

= 1.4, 0.3, �0.2 ⇥ �h% , (14)

where only the lowest-order term in �h has been retained
as other higher-dimension operators may contribute at
O(�2

h
), and the coe�cient of this term is unknown. The

full energy dependence is shown in Fig. 2.

Figure 1.7 1-loop corrections to the Zh coupling which are sensitive to the triple Higgs coupling.

194

Lesson: when both type of corrections generated at the same order, 
Higgs coupling measurement is typically stronger.



Milestones in cosmology
T ≈ eV

atoms, CMB..
T ≈ 102 MeV - MeV

proton, … nuclei

time

T ≈ 102 GeV
EWSB

A monumental event. Set stage for later evolution.
W/Z/h and SM matter acquire masses.

Phase transition can lead to matter anti-matter asymmetry. 

Yet, our experimental probe has just begun. 
Lab measurement of Higgs properties instrumental. 
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Fundamental interactions in the SM
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⇠ e�mW·r

r

Electromagnetism:  Coulomb

QCD: confinement

Weak interaction:  Higgs

Well understood with many 
decades of exp study.

Lead to numerous breakthroughs, 
 including the establishing QM and QFT

A very different type of interaction.
With a spin-0 Higgs boson, different from all other particles. 

We have just barely started to study it, much to learn.


