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We are here. 

Still about 10 times amount of data to come.


Most immediate question:

How to fully realize the potential of the LHC?

  

Our immediate future



All eyes are on the Higgs

Current precision: 10(s)% 

A few Percent by the

 end of the LHC 
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Fig. 28: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the per-production-mode cross sections normalised to the SM predictions for ATLAS
(blue) and CMS (red). The filled coloured box corresponds to the statistical and experimental systematic
uncertainties, while the hatched grey area represent the additional contribution to the total uncertainty due
to theoretical systematic uncertainties. (right) Summary plot showing the total expected ±1� uncertain-
ties in S2 (with YR18 systematic uncertainties) on the per-production-mode cross sections normalised to
the SM predictions for the combination of ATLAS and CMS extrapolations. For each measurement, the
total uncertainty is indicated by a grey box while the statistical, experimental and theory uncertainties are
indicated by a blue, green and red line respectively. In addition, the numerical values are also reported.

bined ATLAS-CMS extrapolation range from 2 � 4%, with the exception of that on Bµµ at 8% and
on BZ� at 19%. The numerical values in both S1 and S2 for ATLAS and CMS are given in Table 37
where the the breakdown of the uncertainty into four components is provided. In projections of both
experiments, the S1 uncertainties are up to a factor of 1.5 larger than those in S2, reflecting the larger
systematic component. The systematic uncertainties generally dominate in both S1 and S2. In S2 the
signal theory uncertainty is the largest, or joint-largest, component for all parameters except BRµµ and
BZ� , which remain limited by statistics due to the small branching fractions.

The correlations range up to 40%, and are largest between modes where the sensitivity is domi-
nated by gluon-fusion production. This reflects the impact of the theory uncertainties affecting the SM
prediction of the gluon-fusion production rate.

2.7 Kappa interpretation of the combined Higgs boson measurement projections23

2.7.1 Interpretations and results for HL-LHC
In this section combination results are given for a parametrisation based on the coupling modifier, or
-framework [42]. A set of coupling modifiers, ~, is introduced to parametrise potential deviations from
the SM predictions of the Higgs boson couplings to SM bosons and fermions. For a given production
process or decay mode j, a coupling modifier j is defined such that,

2
j = �j/�SM

j or 2
j = �

j/�
j
SM. (6)

23 Contacts: R. Di Nardo, A. Gilbert, H. Yang, N. Berger, D. Du, M. Dührssen, A. Gilbert, R. Gugel, L. Ma B. Murray, P.
Milenovic
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Future Colliders

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

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

建造周长为50-70km环形加速器的建议： 

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

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

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

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

e�e+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

250 GeV

FCC-ee (CERN),  CEPC(China)

~100 TeV

FCC-hh (CERN),  SppC(China)

Likely to get a precision machine first!



Higgs coupling at future colliders

- A large step beyond the HL-LHC. 

Can achieve per-mil level measurement.

Determination of the Higgs width.
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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

Jorge de Blas 
INFN - University of Padova

KAIST-KAIX Workshop for Future Particle Accelerators 
Daejeon, July 8, 2019

Single Higgs couplings

�13

Results in κ-framework: Improvement wrt HL-LHC

Improvements w.r.t. HL-LHC

17

Kappa-framework EFT-framework

prel.

M. Cepeda



For the coming couple of decades:

Most of the progresses at the colliders will 
be made on precision measurements.  

One of the main targets is the Higgs boson.



This talk:

- What’s the connection between the Higgs and BSM 
new physics?


Focus on motivation rather than model details. 
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We can describe a lot, 
yet understand very little!
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Beginning of an new era

In particular

Why all the different scales?


Why are there 4 interactions?

Why are they so different?


Why 3 families?

why are they so different?


Why more matter than anti-matter?


Dark matter?


Dark energy? …
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Electroweak symmetry 
breaking




Fundamental interactions in the SM
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Fundamental interactions in the SM
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Electromagnetism:  Coulomb

QCD: confinement

Weak interaction:  Higgs

Well understood with many 
decades of exp study.

Lead to numerous breakthroughs, 
 including the establishing QM and QFT

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

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



“Simple” picture: 

 

 
 

 
5 (26) 

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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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.



How to generate the electroweak 
scale?

- The Higgs mass is not calculable in the Standard 
Model. It is a parameter. 

X

t

+ + …
m2

0

m2
h = m2

0 − 6y2
t

16π2 Λ2 + . . .

#: mass scale of UV (more fundamental) physics 

M02 : bare mass term

We can use mh2 to calculate other observables.  

However, SM can’t predict mh2 itself. 



How to generate the electroweak 
scale?

- A more fundamental theory to predict Higgs mass

With its own scale M. 

No dependence on arbitrary (unknown) UV scale #, or 
a fudge bare mass term m0.

Instead: 

X

t

+ + …
m2

0
m2

h = m2
0 − 6y2

t

16π2 Λ2 + . . .

m2
h = cM2 c: couplings, loops…



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 ∼ *(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 
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Ψ + bM2

Φ)



Producing a viable potential for ɸ

VΦ(ϕ) ≃ 1
16π2 (a′ M4

Φ + b′ κ2M2
Φϕ2 + c′ κ4ϕ4) (log M2

Φ
μ2 + . . . )

need cancellation : ∼ * (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 bad if mϕ ≪ MNP



Back to the Higgs mass

- Coupling is about O(0.1-1). 


- Without large cancellation: M ≲ TeV.

New physics near weak scale! 


- In particular: 

Since top quark gives largest contribution to 
Higgs mass, we expect some “top-partner” to be 
around TeV scale.  

m2
h = cM2 c ∼ (coupling)2

16π2



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:
No #2  dependence. 
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.

1

An Observation

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.

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)

1

�m2
Hu

= � 3

8⇡2
y2
t

⇣
m2

t̃L
+m2

t̃R
+ |At|2

⌘
log

⇤

TeV
.

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



“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

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



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



Relaxion

Draf
t-v

2.1

HIGGS BOSON AND ELECTROWEAK SYMMETRY BREAKING 19

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 = 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”:  

 

 

V (h) =
1
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µ2h2 +

�

4
h4

hhi ⌘ v 6= 0 ! mW = gW
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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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A first-order phase transition is also strongly motivated by the possibility
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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

- Large deviation in the Higgs potential means 
there is new physics close to the weak scale. 


- Will leave more signature in Higgs coupling.

V (h) =
m2

2
h2 + �h4 +

1

⇤2
h6 + . . .

[∂(HH†)]2

Λ2 → δZh ∼ v2

Λ2
For example: 



Probing EWSB at higgs factories

A. Long  /  July 28, 2016  /  KITPC Workshop 
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Statement #1:  Parameter space with first order electroweak phase 
transition has large deviation in hZZ, which can be probed by CEPC 
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Good coverage in model space
Huang, Long, LTW, 1608.06619



Higgs portal

- Dark sector

Does not carry SM quantum number.


- Dark sector coupling to the SM 


- More relevant coupling ⇔ lowest dim operator

Lowest dimension OSM = HH†. Higgs portal.

A unique gateway to dark sector. 

39

OSM ⋅ Odark

: gauge inv. SM operatorOSM : dark sector operatorOdark



Higgs portal

- Producing dark sector particles through the Higgs 
portal. 


- Higgs rare decays: 

Higgs → invisible at LHC can constrain down to a 
few percent. 

A lot of room for exotic decay:   

40

λOSM ⋅ Odark → (λ
mW

g ) h ⋅ Odark

Odark = ψ̄darkψdark, λ = 1
Λ

Λ ∼ 10 TeV →  BR(h → ψ̄darkψdark) ≤ 10−2



Hadron collider

- The “ultimate” Higgs factories
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100 TeV > 2 billion

33 TeV > 500 million

14 TeV > 150 million

# of Higgses in 3 ab-1

In comparison,  O(million) 
Higgs at ee Higgs factories

Hadron collider good for rare but clean signal

In principle, can be sensitive to BR ≈ 10-7 



Higgs exotic decay

Complementary to hadron collider searches



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,

* = H†HXdmXdm h → XdmXdm



Higgs and EFT



Higgs and EFT

ℒ = ℒSM
renormalizable + ∑
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Λn *(4+n)
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Higgs and EFT

- With all particles in the Standard Model, consistent 
with all gauge invariances. 


Accidental symmetries of the renormalizable part (such 
as lepton, baryon number, custodial,…) can be broken. 
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Higgs and EFT

- With all particles in the Standard Model, consistent 
with all gauge invariances. 


Accidental symmetries of the renormalizable part (such 
as lepton, baryon number, custodial,…) can be broken. 

- Effect of heavy new physics (not being able to produce 
directly) parameterized by O(4+n)s. 
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Higgs and EFT

- With all particles in the Standard Model, consistent 
with all gauge invariances. 


Accidental symmetries of the renormalizable part (such 
as lepton, baryon number, custodial,…) can be broken. 

- Effect of heavy new physics (not being able to produce 
directly) parameterized by O(4+n)s. 

- Many O(4+n)s contains the Higgs. They are excellent 
starting points of parameterizing possible new physics 
effects and deviation in the Higgs couplings. 
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Higgs and EFT

- With all particles in the Standard Model, consistent 
with all gauge invariances. 


Accidental symmetries of the renormalizable part (such 
as lepton, baryon number, custodial,…) can be broken. 

- Effect of heavy new physics (not being able to produce 
directly) parameterized by O(4+n)s. 

- Many O(4+n)s contains the Higgs. They are excellent 
starting points of parameterizing possible new physics 
effects and deviation in the Higgs couplings. 

ℒ = ℒSM
renormalizable + ∑

i,n

ci,n
Λn *(4+n)

i rest of this school



Precision from coupling measurement

- In new physics searches from precision measurement, we are 
going after deviations of the form


- Take the Higgs coupling. 

LHC precision: ≈5% ⇒ sensitive to MNP ≈ TeV


MNP < TeV will also be covered by direct NP searches at the 
LHC. Precision measurements are complementary.

Beyond the LHC, 1% or less precision can be achieved.

� ' c
v2

M2
NP

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



Precision from high energies at LHC

- Coupling measurement at low energy have significant systematic 
error. 


- Effect of new physics grow with energy. 


Beneficial to measure at higher energy E > mZ,W,h if systematics 
does not grow as fast 

δσ
σ

< δsystematic ⊕ 1
N

δσ
σ

∼ E2

Λ2 ∼ δsystematic

probing higher NP scales # 

Measurement limited by: 

δσ
σ

∼ v2

Λ2 ∼ δsystematic



EFT ≠ everything

- EFT is a great tool, applying broadly to cases where heavy 
new physics can be integrated out.


- However, it is important to keep in mind the there are cases 
where EFT does not cover. 


- Obviously, not applicable in direct production of new physics 
particles. 


For example: Higgs exotic decay.



Or this

7

Run !a/2⇡ [Hz] !̃
0
p/2⇡ [Hz] R0

µ ⇥ 1000
1a 229081.06(28) 61791871.2(7.1) 3.7073009(45)
1b 229081.40(24) 61791937.8(7.9) 3.7073024(38)
1c 229081.26(19) 61791845.4(7.7) 3.7073057(31)
1d 229081.23(16) 61792003.4(6.6) 3.7072957(26)
Run-1 3.7073003(17)

TABLE I. Run-1 group measurements of !a, !̃
0
p, and their

ratios R0
µ multiplied by 1000. See also Supplemental Mate-

rial [66].

COMPUTING aµ AND CONCLUSIONS

Table I lists the individual measurements of !a and
!̃
0
p, inclusive of all correction terms in Eq. 4, for the four

run groups, as well as their ratios, R0
µ (the latter multi-

plied by 1000). The measurements are largely uncorre-
lated because the run-group uncertainties are dominated
by the statistical uncertainty on !a. However, most sys-
tematic uncertainties for both !a and !̃

0
p measurements,

and hence for the ratios R0
µ, are fully correlated across

run groups. The net computed uncertainties (and cor-
rections) are listed in Table II. The fit of the four run-
group results has a �

2
/n.d.f. = 6.8/3, corresponding to

P (�2) = 7.8%; we consider the P (�2) to be a plausible
statistical outcome and not indicative of incorrectly esti-
mated uncertainties. The weighted-average value is R0

µ

= 0.0037073003(16)(6), where the first error is statistical
and the second is systematic [67]. From Eq. 2, we arrive
at a determination of the muon anomaly

aµ(FNAL) = 116 592 040(54)⇥ 10�11 (0.46 ppm),

where the statistical, systematic, and fundamental con-
stant uncertainties that are listed in Table II are com-
bined in quadrature. Our result di↵ers from the SM value
by 3.3� and agrees with the BNL E821 result. The com-
bined experimental (Exp) average[68] is

aµ(Exp) = 116 592 061(41)⇥ 10�11 (0.35 ppm).

The di↵erence, aµ(Exp)� aµ(SM) = (251± 59)⇥ 10�11,
has a significance of 4.2�. These results are displayed in
Fig. 4.

In summary, the findings here confirm the BNL exper-
imental result and the corresponding experimental aver-
age increases the significance of the discrepancy between
the measured and SM predicted aµ to 4.2�. This result
will further motivate the development of SM extensions,
including those having new couplings to leptons.

Following the Run-1 measurements, improvements to
the temperature in the experimental hall have led to
greater magnetic field and detector gain stability. An
upgrade to the kicker enables the incoming beam to be
stored in the center of the storage aperture, thus reducing
various beam dynamics e↵ects. These changes, amongst
others, will lead to higher precision in future publications.

Quantity Correction terms Uncertainty
(ppb) (ppb)

!
m
a (statistical) – 434

!
m
a (systematic) – 56

Ce 489 53
Cp 180 13
Cml -11 5
Cpa -158 75
fcalibh!0

p(x, y,�)⇥M(x, y,�)i – 56
Bk -27 37
Bq -17 92

µ
0
p(34.7

�)/µe – 10
mµ/me – 22
ge/2 – 0
Total systematic – 157
Total fundamental factors – 25
Totals 544 462

TABLE II. Values and uncertainties of the R0
µ correction

terms in Eq. 4, and uncertainties due to the constants in Eq. 2
for aµ. Positive Ci increase aµ and positive Bi decrease aµ.

FIG. 4. From top to bottom: experimental values of aµ

from BNL E821, this measurement, and the combined aver-
age. The inner tick marks indicate the statistical contribution
to the total uncertainties. The Muon g � 2 Theory Initiative
recommended value [13] for the standard model is also shown.
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Muon g-2

ℒ ⊃ e
16π2

mμ

Λ2 HL̄σμνμRFμν → δaμ ≃ e
16π2

m2
μ

Λ2

Disagreement with SM ⇒ # ∼ 300 GeV,  “light”!

LHC should be able to directly produce this new physics and discover it! 

https://arxiv.org/pdf/2104.03281.pdf


EFT ≠ everything

- Modeled with an EFT operator: amplitude∝ En, n=1, 2…


- However, there can be important exceptions.

Focus on scattering with SM 
external states



EFT ≠ everything

- Light particle
Amplitude will deviate (soften) from the prediction of the contact 
EFT operator. 
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FIG. 3: Contours of the mixing parameter sin2 ✓ (solid blue line) and of the enhancement of the

triple-Higgs coupling (dashed green line) given by Eq. (29) in the msinglet–�h plane. Blue shaded

region denotes 2� exclusion due to gluon fusion channel. The orange shaded region represents

the region consistent with a FOEPT. The region excluded up to 2� confidence level by Higgs

precision measurements is shaded in red. The constraints coming from mW are shown by magenta

(short-dashed) lines. In the top-left panel we present results for �hs = 0.5, while in the top-right,

bottom-left and bottom-right panels we present results for �hs = 1, 2, 4 respectively.

Similarly, for vc = 0, one obtains

tan2 ✓(vc = 0) '
m2

h

3�hsv2
(36)

For example: light singlet scalar for first 
order EW phase transition. 

Huang, Joglekar, Li, Wagner, 1512.00068



EFT ≠ everything

- Strongly coupled, broad resonance, continuum, …

In this case, the amplitude can be a general form factor: f(q2)

Figure 11: Spectral densities for additional exotic top partners.
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Figure 12: Spectral densities for the remaining top partner quantum numbers. The figure
contains ten overlapping spectral densities corresponding to components that are continuous
across the IR brane.

with M1 = 2, we can make these peaks as wide as 2 TeV. This effect is depicted in Fig 14 in
a toy model with a single bulk fermion.

Without a Higgs VEV, four of the 20 fermions, tL,R and bL,R, would have zero modes. The
Higgs VEV lifts these to mt and mb, as shown in the inverse Green’s functions for t, b and b0

in Fig. 13.
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Csaki, G. Lee,  S. Lee, Lombardo, Telem, 1811.06019  

e.g.: top partner as a continuum



Bottom line: 

- These new physics may not be easy to discover directly. 
Precision measurement could be the main (only) window.


- In addition to energy dependence, we need to measure as 
a broad range of kinematical distribution as possible.  



Enjoy this rest of the 
school!


