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The discovery of the Higgs boson
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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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Beginning of an new era
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LHC will soldier on

- 95+% data still to come in the coming 15-20 years.



Further down the road, proposals
- 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

FCC-ee, CEPC

FCC-hh, SPPC



Timeline of high energy colliders
2020 2030 2040

on going: 

LHC

proposals:

Japan:

China: SPPC?

ILC

CEPC

Europe, CERN:
FCC-ee

FCC-hh

HE-LHC



Many other probes:

- Dark matter detection, cosmological observations, 
gravitational wave, low energy high intensity, etc. 



What are we looking for?



The Standard Model does not have 
all the answers. 

We know what they are, 
how they behave.

We don’t know why.

We know it is incomplete.



Open questions in particle physics

- Electroweak symmetry breaking. 


- Dark matter. 


- Matter anti-matter asymmetry of the universe


- Origin of flavor structure


- CP violation


- Dark energy


- Quantum gravity


- ….
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Electroweak symmetry 
breaking

Urgent question, after the discovery of the Higgs boson 

And, we are ready to make progress here! 



Electroweak interaction

- Electroweak symmetry breaking (EWSB).

Weak interaction has finite range

Fermi, 1934



Why is Higgs special?

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: 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 = ଵ

√ଶ
  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇଴ଶ  𝜑ത  𝜑 −
𝜆଴
6
  (𝜑ത  𝜑)ଶ, 

where 𝜑ത  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௜ఈ  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଴ଶ, 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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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?



Higgs mass in quantum theory. 

Quantum fluctuations know about
new physics at high energy scale Λ

h h

Quantum fluctuation: 
virtual particles in the vacuum



Higgs mass in quantum theory. 

- mh2(physical) = m02 + c Λ2 

m02 can always be adjusted to give correct mh2(physical).

Quantum fluctuations know about
new physics at high energy scale Λ

h h

Quantum fluctuation: 
virtual particles in the vacuum



Naturalness problem.

- mh2 (physical) = m02 + c Λ2 , c ≈ O(0.01) 


- What is Λ? Or where is new physics?

Some fundamental scale beyond the Standard 
Model.  Λ ≈ MPl = 1019 GeV, Munification = 1016 GeV...? 


- Λ2 ≈ MPl2 , m02 must be very close to MPl2 . Must 
cancel to the precision of 10-32 to have mh2 (physical) 
≈ (100 GeV)2, fine-tuning. 



Naturalness problem.

- mh2 (physical) = m02 + c Λ2 , c ≈ O(0.01) 


- Λ2 ≈ MPl2 , m02 must be very close to MPl2 . Must 
cancel to the precision of 10-32 to have mh2 (physical) 
≈ (100 GeV)2, fine-tuning. 


- 1/MPl2 ≈ strength of gravitational interaction.


- 1/(100 GeV)2  ≈ strength of weak interaction.

Naturalness problem:

Why is gravity so much weaker than the weak interaction?



Is fine-tuning ok? 
- Mathematically, yes.                                             

Can always solve mh2(physical) = m02 + c Λ2.    But... 
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Is fine-tuning ok? 
- Mathematically, yes.                                             

Can always solve mh2(physical) = m02 + c Λ2.    But... 

Try “known” answer first 
A rope? 

No rope? 
More exotic possibilities

Another fine-tuning problem

Similarly, we have been searching for an explanation 
for the fine-tuning of Higgs mass O(10-32 )



Naturalness problem.

- mh2 (physical) = m02 + c Λ2 , c ≈ O(0.01) 


- No large cancellation ⇒ mh2 (physical) ≈ cΛ2 


Λ≈ TeV,  new physics at TeV scale!



Naturalness problem.

- mh2 (physical) = m02 + c Λ2 , c ≈ O(0.01) 


- 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!!



Finding the solution to 
naturalness problem



A simple idea to start
6 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC
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Thursday, January 22, 15Figure 2.1 A sketch of two of the central goals of the CEPC and SppC. The CEPC will probe whether the Higgs
is truly “elementary", with a resolution up to a hundred times more powerful than the LHC. The SppC will see, for
the first time, a fundamentally new dynamical process—the self-interaction of an elementary particle—uniquely
associated with the Higgs.

two points are sketched in Fig. 2.1, and represent the central physics questions the CEPC and SppC are193

guaranteed to attack and resolve.194

At an even more fundamental level, much of the excitement surrounding the CEPC and SppC stems195

from the bold leap into completely uncharted new territory they offer, probing energy scales where we196

have long had reasons to expect fundamental new physical principles at play. The CEPC measurements197

of Higgs interactions with other particles, with an accuracy of nearly one part in a thousand, will provide198

a multitude of clues to its microscopic structure well beyond the capabilities of the LHC. The SppC will199

allow us to hunt for new fundamental particles an order of magnitude heavier than we can possibly200

produce with the LHC, and new particles the LHC may produce in small numbers will be produced with201

up to a thousand times higher rate, giving us a new window into the quantum-mechanical vacuum of202

our universe with a hundred-fold greater resolution than ever before.203

Over the past year, a large group of theorists around the world have embarked on detailed studies of204

the physics potential of the CEPC and SppC, spanning a wide range of topics, resulting in dozens of205

papers [3–27]. Needless to say these studies are all in early stages, and many years of intensive work206

have yet to be done to arrive at a complete picture of the capabilities of these machines. Our aim in this207

overview section is not to exhaustively review the wide array of results found to date, as these will likely208

be continuously improved in the near future. Instead, we will give a high-level summary of the central209

scientific issues at stake, and draw on the studies that have been carried out to show that the leap in210

precision and energy offered by the CEPC/SppC project is just what is needed to robustly tackle many211

of the most profound mysteries that confront us, especially focusing on the nature of the electroweak212

phase transition, the origin and naturalness of the electroweak scale, and electroweakly interacting dark213

matter. More details and additional studies are provided in the subsequent sections of the report.214

Is Higgs really a simple elementary particle?

Or, is it something more complicated?    

Visualize as the “size” of the particle

Complicated: size = mass-1 (just like proton)

Simple:  point-like

An example: 

Landau-Ginzburg replaced by BCS, more complicated! 



An example: BCS Superconductivity

- Another known example of the Higgs mechanism.


- Described by the same effective theory, with 
Mexican hat potential. 


- Yet, if we look closer, there are inner structure

The Cooper pairs of electrons! 


- Can Higgs be the same? 



Theory of strong interactions (QCD)

- Coupling evolves slowly. Exponentially separated scales 
from the choice of an order one number    .


- A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

Asymptotic freedom

Composite scalar mass calculable:

m2
⇡ ' mq⇤QCD



“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!



Naturalness in nature: electron mass

- Linearly dependent on new physics scale Λ. 


- If we require me ≈ δme, i.e., no fine tuning, we 
need new physics (Λ) below ~ α-1 me 

E⃗
Classically:

e

Weisskopf 1939

�me =

Z

r=⇤�1

d3r ~E2 ' ↵⇤



New physics: the positron

- From extension of spacetime symmetry: 

Lorentz symmetry + quantum mechanics                       
⇒ positron.


- Log divergence (very mild). Proportional to me, “natural”.  

e−

e+
γ e−

�me '
↵

⇡
me log

✓
⇤

me

◆



Learning from electron

- Fermion, spin-1/2 , mass is natural. No fine-tuning 
needed.


- Higgs, spin-0, mass requires fine-tuning. 


- A possible way out

Could be solved if  the theory has a symmetry

spin 0 ↔ spin
1
2



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

Higgs, h 0 Higgsino 1/2

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.

m2
h ' m2

SUSY

 
1�

y2top
16⇡2

log

"
⇤2

m2
W,Z

#
+ · · ·

!

m2
h,W,Z

⇤2
' e

� 16⇡2

y2
topNatural, large hierarchy:

Prefer light superpartners mSUSY ⇠ 1 TeV



A prediction of Naturalness

- Tuning, comparing:


- Needs light stops (SUSY), top partner (composite 
Higgs). 

γW,Z, higgstop

Figure 1: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model.

give

top loop − 3
8π2 λ2

t Λ
2 ∼ −(2 TeV)2

SU(2) gauge boson loops 9
64π2 g2Λ2 ∼ (700 GeV)2

Higgs loop 1
16π2 λ2Λ2 ∼ (500 GeV)2.

The total Higgs mass-squared includes the sum of these loop contributions and
a tree-level mass-squared parameter.

To obtain a weak-scale expectation value for the Higgs without worse than
10% fine tuning, the top, gauge, and Higgs loops must be cut off at scales
satisfying

Λtop
<
∼ 2 TeV Λgauge

<
∼ 5 TeV ΛHiggs

<
∼ 10 TeV. (1)

We see that the Standard Model with a cut-off near the maximum attainable
energy at the Tevatron (∼ 1 TeV) is natural, and we should not be surprised
that we have not observed any new physics. However, the Standard Model with
a cut-off of order the LHC energy would be fine tuned, and so we should expect
to see new physics at the LHC.

More specifically, we expect new physics that cuts off the divergent top
loop at or below 2 TeV. In a weakly coupled theory this implies that there are
new particles with masses at or below 2 TeV. These particles must couple to the
Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be natural, the new
particles must be related to the top quark by some symmetry, implying that the
new particles have similar quantum numbers to top quarks. Thus naturalness
arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.

Similarly, the contributions from SU(2) gauge loops must be canceled by
new particles related to the Standard Model SU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHC’s 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore different possibilities
for what the new particles could be.

4

Why new physics?

- Naturalness. 

Higgs mass is the one to protect. 

NP must couple to Higgs: 

Thursday, March 22, 2012

m2
h vs

3

8⇡2
m2

t̃



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



LHC will keep make another big step

- Improve a factor of 1.5-2 beyond current reach.
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Testing naturalness at 100 TeV pp collider

Future colliders, FCC-hh/SPPC, can continue the quest. 



Rethinking naturalness

- LHC has not confirmed any of our ideas yet.


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


- More creative (“crazy”) ideas. Some examples below.


- Crucially, need experiment! 


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


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



LHC 

 4-5% on Higgs coupling,  reach TeV new physics



Electron positron collider: CEPC

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

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

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

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

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

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

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

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

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

these two facilities.13

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

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

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

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

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

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

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

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

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

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

BRBSM
inv measurements.4
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Stealthy top partner.

Top partner T not colored. 

Higgs decay through hidden world.



Stealthy top partner.



Stealthy top partner.

- New Higgs decays or “exotic” decays. 


- Can be tested at LHC and Higgs factories.



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

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

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

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

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

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

+
e
�

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

+
e
� colliders could

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

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

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

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

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

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

these theories.4

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

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

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

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

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

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

portal interaction
P

i
��|H|

2
|�i|

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

12

��ZH =
n�|��|

2

8⇡2

v2

m2
H

"
1 +

1

4
p

⌧(⌧ � 1)
log

 
1 � 2⌧ � 2

p
⌧(⌧ � 1)

1 � 2⌧ + 2
p

⌧(⌧ � 1)

!#
(2.6)

where ⌧ = m2
H

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

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

untestable at colliders.15

Other solutions16

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

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

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

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

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

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

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

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

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

Signals of quantum fluctuations of new physics.


Direct test of naturalness.
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Dark side of the Universe



Dark matter

- Vast possibilities, from blackholes to Bose-Einstein 
condensate. 


Possible mass range: 80 order of magnitude.


- Could it be close to weak scale?

Compelling WIMP story. 



WIMP

- Thermal equilibrium in the early universe.


- If  gD ∼ 0.1 MD ∼ 10s GeV - TeV


We get the right relic abundance of dark matter.


- Major hint for weak scale new physics!

DM

DM

SM



Dark matter

- If dark matter is close to the weak scale, it is 
closely related to the naturalness question.


Can be part of the solution!


- Can be tested at colliders, and DM experiments.



Dark matter with Mono-jet
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Figure 14: Summary of collider reach for neutralino dark matter.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

low energy spectrum.
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Figure 2.24: The sensitivity to the spin-independent WIMP-nucleon cross-section of current and future
direct detection experiments, compared with the reach of Higgs boson invisible decay measurements
at the LHC and CEPC in Higgs portal dark matter models. The direct detection limits are shown
in solid lines, which include the most recent limits from LUX (2017) [133], PandaX-II (2017) [155],
XENON1T [181] and future projections for PandaX4T [183], XENONnT [178], LZ [184] and a 200 t⇥

yr xenon experiment [185]. 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 boson 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 [186], and the black dotted curves correspond to BR(H ! inv) < 3.5%, the projected reach
at HL-LHC from Ref. [188]. The cyan dashed curve corresponds to the discovery limit set by the
coherent-neutrino-scattering background, adapted from Ref. [182].
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From Higgs invisible decay



Dark energy

- The universe is big:  ≈ 1025 meter


- The curvature ⟺ dark energy


Dark energy is very sensitive to the vacuum 
quantum fluctuations.


Naively, the size would be (MPlanck)-1 ≈ 10-33 meter


- A very severe naturalness problem!


Similar to the Higgs mass, but much worse.

Why is the Universe so big?



Dark energy

- 1025 meter   vs  (MPlanck)-1 ≈ 10-33 meter


- Perhaps we don’t understand gravity at the scale of 
the Universe?


Modified Einstein gravity. No workable theory yet.


- Perhaps there are many many universes?


We just lived in a livable large one. 


Landscape, anthropics… 


- Either way, some really deep ideas necessary.



Where does this lead us ?
We searched for natural models

Not found yet. We will continue to look

Discover new physics.
Triumph (again) for 
naturalness, and 
Quantum Field Theory 
as we know it. 

No discovery. More motivation 
for a big paradigm shift. 
UV/IR, landscape....
No great idea yet. 
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Triumph (again) for 
naturalness, and 
Quantum Field Theory 
as we know it. 

No discovery. More motivation 
for a big paradigm shift. 
UV/IR, landscape....
No great idea yet. 

Greatest discovery can com from null experimental result. 
(Example: Michelson-Morley)
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Conclusion

- In the past 100 years, finding new particles lead 
to many discoveries, establishing the Standard 
model. 


- The path in the future is uncertain. We don’t 
know what’s out there.


- Yet, we have exciting questions in front of us. 

Naturalness seems to be the clue to deep 
questions, and big breakthroughs.


Similar to 100 years ago. 


- Higgs provides a crucial window to make 
progress.



A lot to look forward to…

H



Vast range of possibilities

- Possible mass range: over 100 orders of magnitude.


- Can have very different couplings. 


- Only a few good stories.
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Weak interaction and parity

- Only left handed electron, eL , has weak 
interaction.  (fixed by symmetry)


- Parity violation. 

e L

e R

helicity: 

Left (right) handed

Lee and Yang, 1956

e
L

e
R



EWSB and origin of mass

Lorentz invariance:

me

W, Z
mW,Z

eL

eL

eR

eR

boost

me

W, Z
mW,Z

eL

eL

eR

eR

boost

Massive electron must have
 both eL and eR

with weak 
interaction

with no weak 
interaction



EWSB and origin of mass

- Whatever generates me   must break the 
symmetry of weak interaction. 

Lorentz invariance:

me

W, Z
mW,Z

eL

eL

eR

eR

boost

me

W, Z
mW,Z

eL

eL

eR

eR

boost

Massive electron must have
 both eL and eR

with weak 
interaction

with no weak 
interaction



EWSB and origin of mass

- Whatever generates me   must break the 
symmetry of weak interaction. 
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Lorentz invariance:
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Massive electron must have
 both eL and eR

with weak 
interaction

with no weak 
interaction

- As a result, it will give W± , Z masses as well



Future circular colliders
CEPC+SppC

• Where(if in China):
– For example, Qin-Huang-Dao

China.
Higgs factory:  CEPC
pp Collider: SppC

CERN
Higgs factory:  FCC-ee
pp Collider: FCC-hh



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


π± π±

γ

γ

δm 2
π± ≃ e2

16π2
Λ2





A confusing picture for Higgs mass115 125 135 145 155 165 175 185
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Figure 2: Masses of the lightest colored KK fermions in the MCHM5 (upper plot), and in the
MCHM10 (lower plot). Different symbols denote KKs with different quantum numbers under
SU(2)L×U(1)Y , as specified in the plots. Both plots are for ϵ = 0.5, N = 8. In the upper one

we have varied 0.28 < cq < 0.38, 0 < cu < 0.41, 0.32 < m̃u < 0.42, −3.5 < M̃u < −2.2 (filled

points), or 0.2 < cq < 0.35, −0.25 < cu < −0.42, −1.3 < m̃u < 0.2, 0.1 < M̃u < 2.3 (empty
points). In the lower plot we have varied 0.36 < cq < 0.45, 0 < cu < 0.38, 0.8 < m̃u < 3,

−3 < M̃u < −0.3. The black continuous line is the fit to the mass of the lightest resonance
according to Eqs. (15) and (18).

11

Supersymmetry
Stop too heavy to be natural

Composite top partner 
too light, excluded

Such conclusions too simplistic, “work around” available.

A bit uncomfortable, yes. Not time to give up just yet. 

MSUSY (GeV)



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

- mh2(physical) = m02 + c Λ2 


m02 can always be adjusted to give correct mh2(physical).

!~p =
p

~p2 +m2

mW = g2h, mtop = yth

Hquant =
X

~p

1

2
~!~p '

Z |p|<⇤ d3~p

(2⇡)3
~!~p

Λ:  a cut-off.  
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)


