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My talk

- Talks on the first day of this workshop covers 
the big picture and physics vision, reviewed the 
various colliders. 


- I will focus on the Higgs physics part, and give 
more details. 



Higgs coupling at future colliders

- A large step beyond the HL-LHC. 

Can achieve per-mil level measurement.


Determination of the Higgs width.

Draf
t-v

2.1

HIGGS BOSON PHYSICS 327

LHC 300/3000 fb-1

CEPC 240 GeV at 5.6 ab-1 wi/wo HL-LHC

κb κt|κc κg κW κτ κZ κγ
10-3

10-2

10-1

1

R
el
at
iv
e
Er
ro
r

Precision of Higgs coupling measurement (7-parameter Fit)

Figure 11.8: The 7 parameter fit result, and comparison with the HL-LHC [33]. The projections for
the CEPC at 240 GeV with 5.6 ab�1 integrated luminosity are shown. The CEPC results without com-
bination with the HL-LHC input are shown with dashed edges. The LHC projections for an integrated
luminosity of 300 fb�1 are shown in dashed edges.

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

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

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

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

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

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

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

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

these two facilities.13

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

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

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

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

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

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

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

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

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

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

BRBSM
inv measurements.4
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Results in κ-framework: Improvement wrt HL-LHC

Improvements w.r.t. HL-LHC
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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
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Hinchliffe, Kotwal, Mangano, Quigg, LTW 

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



What are we looking for?




eV

MeV

GeV

e

TeV

μ
τ

u, d

s

c
b

t
W, Z

ν3

ν2

ν1

10-18 米

10-15 米

10-12 米

higher energy 
smaller distance

 h

10-6 米

Standard Model

Amazing progresses in 
the last ~100 years 
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Guidance for the journey

Almost at each step,  
exp+theoretical consistency 
told us there must be  
something new, and how to  
find them. 

We are getting (too) used  
to it. 



Beginning of an new era
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No no-lose theorem



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
- 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.



There is no general no-lose theorem.


There is risk in any scientific exploration. Should 

not abandon them just because of the risks.


SM is not complete, many open questions


We will make significant progresses on 

important questions at future colliders! 



Open questions in particle physics

- Electroweak symmetry breaking. 


- Dark matter. 


- Matter anti-matter asymmetry of the universe


- Origin of flavor structure


- CP violation


- ...



Electroweak symmetry 
breaking


The main physics goal of the lepton colliders



Fundamental interactions in the SM
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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.



Why is Higgs puzzling?

particle spin

quark: u, d,... 1/2

lepton: e... 1/2

photon 1

W,Z 1

gluon 1

Higgs 0

h:  a new kind of 
elementary particle



“Simple” picture: 
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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
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µ2h2 +
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h4

hhi ⌘ v 6= 0 ! mW = gW
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Similar to, and motivated by
Landau-Ginzburg theory
 of superconductivity.

However, this simplicity is deceiving. 
Parameters not predicted by theory. Can not be the complete picture.
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The energy scale of new physics
responsible for EWSB

Electroweak scale, 100 GeV.  
mh , mW …

How to predict Higgs mass?



The energy scale of new physics
responsible for EWSB

Electroweak scale, 100 GeV.  
mh , mW …

What is this energy scale? 
MPlanck = 1019 GeV, …? 

If so, why is so different from 100 GeV?
The so called naturalness problem

How to predict Higgs mass?



The energy scale of new physics
responsible for EWSB

Electroweak scale, 100 GeV.  
mh , mW …

Naturalness of electroweak symmetry breaking

TeV new physics.
Naturalness motivated

Many models, ideas.



Toy model of scale generation

ℒ ⊃ MΨ(Ψ̄1Ψ1 + Ψ̄2Ψ2) + yϕΨ̄1Ψ2 + h . c .

VΨ(ϕ) ≃
−1

16π2 (aM4
Ψ + bM2

Ψy2ϕ2 + cy4ϕ4) × (log
M2

Ψ

μ2
− . . . )

Scalar ɸ coupling to fermions

Generating scalar potential: 

mass quartic

a, b, c ∼ 𝒪(1), calculable



Coupling to another scalar, similar story

ℒ ⊃
M2

Φ

2
Φ2 +

κ
2

ϕ2Φ2

VΦ(ϕ) ≃
1

16π2 (a′�M4
Φ + b′�κ2M2

Φϕ2 + c′ �κ4ϕ4) (log
M2

Φ

μ2
+ . . . )

mass quartic



Producing a viable potential for ɸ

Veff(ϕ) =
1
2

m2
ϕϕ2 +

λ
4

ϕ4, m2
ϕ = −

b
16π2

M2
Ψ

VΨ(ϕ) ≃
−1

16π2 (aM4
Ψ + by2M2

Ψϕ2 + cy4ϕ4) × (log
M2

Ψ

μ2
− . . . )

Difficult to generate: mϕ ≪ MΨ

Expectation:  new physics scale close to scalar mass 



Producing a viable potential for ɸ
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Producing a viable potential for ɸ

VΦ(ϕ) ≃
1

16π2 (a′�M4
Φ + b′�κ2M2

Φϕ2 + c′�κ4ϕ4) (log
M2

Φ

μ2
+ . . . )

need cancellation : ∼ 𝒪 (16π2
m2

ϕ

M2
Ψ,Φ )

VΨ(ϕ) ≃
−1

16π2 (aM4
Ψ + by2M2

Ψϕ2 + cy4ϕ4) × (log
M2

Ψ

μ2
− . . . )

+ m2
ϕ =

1
16π2

(−aM2
Ψ + bM2

Φ)

Possible to have  mϕ ≪ MΨ,Φ However, 

fine-tuning

tuning ∝ M−2
NP is sever if mϕ ≪ MNP



Higgs mass in quantum theory. 
Quantum fluctuation: Zero point energy

!~p =
p

~p2 +m2

mW = g2h, mtop = yth

Hquant =
X

~p

1

2
~!~p '

Z |p|<⇤ d3~p

(2⇡)3
~!~p

Λ:    the energy scale of new physics.

Standard Model: include fluctuations of W boson, top quark, ....  

Hquant '
9

64⇡2
g22⇤

2h2
�

3

8⇡2
y2t⇤

2h2 + · · ·

(~ = 1)



Naturalness problem.
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Naturalness problem.

- No large cancellation ⇒ mh2 (physical) ≈ cΛ2 


Λ≈ TeV,  new physics at TeV scale!

Naturalness criterion leads to a prediction of the
mass scale of new physics!!

Hquant '
9

64⇡2
g22⇤

2h2
�

3

8⇡2
y2t⇤

2h2 + · · ·



Naturalness in nature, electron mass

- From extension of spacetime symmetry: 

Lorentz symmetry + quantum mechanics                       
⇒ positron, doubling the spectrum! 


- Log divergence (very mild). Proportional to me, “natural”.  
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TeV Supersymmetry (SUSY)
- Supersymmetry, ｜boson ⇔｜fermion 


- An extension of spacetime symmetry.


- New states:  “Partners” 


- Mass of superpartners ∼TeV.

spin spin

gluon, g 1   gluino 1/2

W± , Z 1   gaugino 1/2

quark 1/2   squark 0

.... ....

W̃±, Z̃

q̃

g̃

Standard Model particles superpartners



Electroweak scale in Supersymmetry
A unique property of supersymmetry:
Mass parameters evolves slowly, generating large scale 
separation.

Prefer light superpartners mSUSY ⇠ 1 TeV

Because then…
Some people respond “power divergences are 
unphysical” or “when you use the renormalized mass 
in a calculation, there is no problem” or any number 
of other things you’ve probably heard before.

Or maybe we are a little more careful and we say 
something like:

An Observation

h h

t̃

+
h h

t̃

h h

t

Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.
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Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.

The box diagram is:

16

�
d4⇤

(2⇥)4
�1 · ⇤ �2 · (⇤+ k1) �3 · (⇤� k4) �4 · ⇤

(⇤2 �m2)((⇤+ k1)2 �m2)((⇤+ k1 + k2)2 �m2)((⇤� k4)2 �m2)
. (2)
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�m2
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+ |At|2

⌘
log

⇤

TeV
.

What we have is quadratic sensitivity to physical scales.
!12



Naturalness in nature?

- Example: low energy QCD resonances: pion .... 


- m𝜋 ∼ 100 MeV. 


- Naturalness requires Λ ≈ GeV.

Indeed, at GeV, QCD ⇒ theory of quark and gluon


Pion is not elementary.

π± π±

γ

γ

δm 2
π± ≃ e2

16π2
Λ2



“Learning” from QCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...



“Learning” from QCD

- Construct a new strong dynamics in which the 
low lying states will be the SM Higgs. 


- Composite Higgs models. Still a natural theory.

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

⇒ new strong dynamics, 

symmetry breaking

⇒ SM Higgs



Composite Higgs

Many many scenarios, models in this class. 


Little, fat, twin, holographic .... Higgs


- Similar scenarios: Randall-Sundrum, UED...

Theories with Higgs + resonances.

100 GeV W, Z, Higgs

TeV More composite resonaces

New constituents? q′ g′

W ′, Z ′, ...

LHC

New physics at the LHC!



All eyes on these searches

My view: not a big problem yet. 

fine-tuning = comparison:

Supersymmetry Composite Higgs

stop top partner, T 

current limit: 

1

16⇡2
m2

T vs m2
h = (125 GeV)2

mT ⇠ 1 TeV



Naturalness in SUSY

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

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

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

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

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

t̃1
+m2

t̃2
. There are no Higgs

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

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

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

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

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

7.2 Implications for Folded Stops

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

+
e
�

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

– 19 –

-  Testing fine-tuning down to percent level.



Composite Higgs
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(a) (b)

Figure 2.4: (a) LHC and CEPC precision Higgs constraints in the m
t̃1

� m
t̃2

plane from Higgs
couplings to gluons and photons. (b) Coverage of blind spots including precision measurement of the
ZH cross section. Figures adapted from [26].
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Figure 2.5: Potential coverage of composite-type global symmetry models in terms of resonance mass
m⇢ and coupling parameter g⇢L

(a) or mixing parameter ⇠ ⌘ v
2
/f

2 (b) via direct searches at the LHC
(blue and green shaded regions) and precision Higgs measurement constraints (red lines).

to better than one part in one hundred, translating to an energy reach of several TeV. In the2

simplest composite realizations of global symmetries, bounds on v2/f 2 translate directly3

into lower bounds on the tuning of the electroweak scale, but this tuning may be avoided4

in Little Higgs models and related constructions. The complementarity between precision5

measurements of Higgs couplings and direct searches at future colliders in probing global6

symmetry approaches to the hierarchy problem is explored in detail in e.g. [28].7

Loop level Global symmetry approaches to naturalness likewise feature a plethora of8

new states near the weak scale, albeit with the same statistics as their Standard Model1

fine − tuning ∝ ξ =
v2

f 2

Higgs coupling: good test of fine-tuning

δZh ≃ 1 − ξ

Ke-Pan Xie



Testing naturalness at 100 TeV pp collider

Fine tuning:  (MNP)-2



Stealthy top partner. “twin”

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


- Can lead to Higgs rare decays.

Craig, Katz, Strassler, Sundrum 

Chacko, Goh, Harnik



Scalar 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

��Zh =
n�|��|

2

8⇡2

v2

m2
h

"
1 +

1

4
p

⌧(⌧ � 1)
log

 
1 � 2⌧ � 2

p
⌧(⌧ � 1)

1 � 2⌧ + 2
p

⌧(⌧ � 1)

!#
(1.6)

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



At 100 TeV pp collider
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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

– 17 –

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.

– 19 –

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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Figure 2.9: Constraints on the relaxion mass m� and relaxion-Higgs mixing angle sin ✓ from the
non-Standard Model decay of the Higgs boson into relaxion pairs, adapted from [35]. Shaded regions
indicate current exclusions from LEP and the LHC. Dashed blue lines indicate the reach of CEPC and
future operation of the LHC in searches for untagged non-Standard Model decays of the Higgs boson,
while the orange dashed line indicates the reach of CEPC in searches for H ! �� ! 4b. The green
dashed line indicates the reach of CEPC’s Z-pole run in searches for e

+
e
�

! Z�.

its evolution to influence the Higgs boson mass. This leads to a variety of signatures that3

may be tested via precision Higgs measurements [35, 36].4

The most promising signature is that of new exotic Higgs boson decays, most notably5

into the relaxion itself. This signature arises in most relaxion models as a generic conse-6

quence of the backreaction of electroweak symmetry breaking onto the relaxion potential.7

The mixing angle between the Higgs boson and relaxion in these scenarios is parametri-8

cally of order9

sin ✓ ⇡
⇤

4
br

vfm2
H

(2.7)

where ⇤br is the confinement scale inducing a potential for the relaxion (identifiable with10

⇤QCD in the most minimal models) and f is the relaxion decay constant. This leads to the11

decay of the Higgs boson into pairs of relaxions �, which in turn decay back into Standard12

Model states via Higgs-relaxion mixing.13

The CEPC can significantly constrain these scenarios through both direct searches for14

processes such as H ! �� ! 4b and indirect limits on exotic Higgs boson decays15

coming from precision Higgs measurements, as shown in Figure 2.9. This exemplifies the16

considerable power of CEPC in identifying natural explanations for the weak scale, even17

in the absence of additional symmetries, by virtue of its broad sensitivity to new particles18

interacting with the Higgs boson.19

2.2.2 Electroweak phase transition20

The discovery of the Higgs boson marks the culmination of a decades-long research pro-21

gram to understand the source of electroweak symmetry breaking (EWSB). We have1

known since the mid-20
th century that this symmetry is not realized in nature and that the2

Cosmological evolution of a light scalar, the relaxion, sets the weak scale 

Signal from relaxin-Higgs mixing, 

and Higgs rare decay,                   and rare Z decayh → ϕϕ → 4b



Weak gravity conjecture

- For a U(1) gauge theory,  new physics at scale 
gMPl.  If g<<1, responsible for weak scale? 


- This requires new physics close to weak scale 
couples to the Higgs boson. Craig, Garcia, Koren

Cheung

h→ invisible

1%



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. 



Mysteries of the electroweak scale.
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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”:  
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Mysteries of the electroweak scale.

- 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.

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

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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Nature of EW phase transition

h

Wednesday, August 13, 14

?

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. 

Maybe only couple weakly to the Higgs.


- 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

ã

ã
S

S

SS
S

S

κ̃

h
hh

h

hh

h

h
h

hh

hh

h h

h

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

shift in h-Z coupling 

triple Higgs coupling
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Probing EWSB at higgs factories
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More exotic searches




Higgs exotic decay

Complementary to hadron collider searches

Zhen Liu, Hao Zhang, LTW



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

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

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

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

S
/m2

h
)
1/2 and

�(h ! �̄�) / (1�4m2
�
/m2

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

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

Jiayin Gu



Conclusions

- Origin of the electroweak scale is a major open 
question in particle physics. 


- Solving it is a key part of the future of high 
energy physics. 


- Future colliders will be instrumental to achieve 
this goal. 


- Much more left to be done (design/physics).

Goal of this workshop: initiate more effort in this 
direction. 



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


