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François Englert and Peter W. Higgs
"for the theoretical discovery of a mechanism that contributes to 
our understanding of the origin of mass of subatomic particles, 
and which recently was confirmed through the discovery of the 

predicted fundamental particle, by the ATLAS and CMS 
experiments at CERN's Large Hadron Collider"

50 years theoretical work …
25 years experimental work …

We Made It !



3

LHC Rocks!
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Particle physics has enjoyed uninterrupted discoveries 
for several decades: from quarks to the Higgs boson
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2000

70’s

The SM is a triumph in science!
The first theory:

• A relativistic & quantum-mechanical
• Perturbative & unitary 
• Renormalizable & UV complete
• Potentially valid to the Planck scale! 



Michelson–Morley experiments (1887):
“the moving-off point for the theoretical 

aspects of the second scientific revolution”

Will History repeat itself (soon)?

“... most of the grand underlying principles 
have been firmly established … The future 
truths of physical science are to be looked for 
in the sixth place of decimals. ”

--- Albert Michelson (1894)
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In these lectures:
1. The Quest for the SM & Beyond

2. A Strongly-coupled EW Sector

3. A Weakly-coupled Extension

4. Flavors of Matter Fields
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You are here10-9 s after the Big Bang, when the Universe 
was as cold as 1015 K, the electro-weak 
phase transition took place. 
Ever since, the Universe is in an EW super-
conducting phase. 

It’s like Landau-Ginzburg Theory:

• an effective phenomenological theory near the phase 
transition; an “order parameter” description.

• BCS as the underlying theory to understand the 
dynamical mechanisms, to calculate 𝜶(T), 𝜷(T)!

Question 1: 
Electroweak Superconductivity 



• A consistent relativistic quantum mechanical 
scalar field theory, valid to high scales.

• The Higgs boson weakly coupled, 
     a very narrow resonant particle: Γ/mh ≈ 10-5!
• Elementary up to a scale >1000 GeV!
• The Universe underwent a slow cross-over phase 

transition at the EW scale ~ 100 GeV.
• The EW vacuum is a Type-2 superconductor.
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SM NOT Landau-Ginzburg Theory

Q1: What is the underlying theory / mechanism? 
BCS-like, responsible for the EWSB?
→ Explain / calculate  mH, 𝝀, …

mH ≈ 126 GeV �

Question 1: The Nature of EWSB ?�

V(|Φ|) = −µ2Φ†Φ+ λ(Φ†Φ)2

) µ2H2 + λvH3 + λ
4
H4

Fully determined at the weak scale:�
v= (

p
2GF )− 1/ 2 ⇡ 246 GeV

m2
H = 2µ2 = 2λv2 ) µ ⇡ 89 GeV , λ ⇡ 1

8
.

In the SM:�

24�

I t is a weakly coupled new force, 
underwent a 2nd order phase transition.�

Is there anything else?�

You are here�
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Question 2:
SM as an Effective Field Theory

“The present educated view of the standard model, and of 
general relativity, is again that these are the leading terms 
in effective field theories.” S. Weinberg, hep-th/9702027

- J. Preskill, Quantum Frontier (2013)
“We are all Wilsonians now.”

In terms of a large physical scale    , 
below which the theory is valid: 

Λ

(relevant operators)

(irrelevant operators)(marginal operators)
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“… scalar particles are the only kind of free particles whose mass term does 
not break either an internal or a gauge symmetry.” Ken Wilson, 1970
→ Any underlying theory at a scale 𝞚, quantum corrections ~ g2𝞚2

The Higgs mass as a “relevant operator”: -𝝁2 |ϕ|2 

Requiring less 90% cancellation → Λt < 3 TeV,
Or the Higgs mass is fine-tuned.

Q2: Where is the new scale?  𝞚 ~ 4𝝿 v ~ O(TeV)?
    “Hierarchy problem” between mh & Mplanck ! 
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How much “tuned” is fine-tuned?

Nuclear physics? 

Atomic physics:
Rydberg const. E0 ~ α2 me → O(25 eV),   very natural!

Solar eclipses:
Earth Moon Sun

rm/dm= 0.5583; rs/ds = 0.5450 at perigee 
→ δθ/θ ~2.10-2    rather unnatural!

Can you tolerate 10-32 ?!
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Higgs boson analogue in CM:
In a 2014 report, under special superconducting  conditions, a 
collective mode of Tera-Hertz (10-3 eV) vibration observed!

Though not naturally existed, 
could be prepared, and thus 
fine tuned, to produced it,.
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Some words about “naturalness”
There are many “unnaturally small” numbers around

beyond our expectation from “naïve dimensional analysis”:
• Cosmological constant: 𝝆𝞚/M4

Pl ~ 10-120 
• Electroweak scale: v2/M2

Pl ~ 10-32 
• QCD scale: 𝞚2

QCD /M2
Pl ~ 10-38 

• Electron mass: ye ~ me/v ~ 10-5

• Neutrino mass: m𝞶/v ~ 10-13

• Strong CP problem: |𝞱| < 10-10

• … … 
Dirac naturalness:
In a theory with a cut-off scale 𝞚, all properly normalize 
dimensionless parameters should be naturally of ~ O(1). 

As such, all the parameters above are “unnatural”,
in the Dirac sense!
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c2⇤2 ⇠ m2
w : g2v2, δm2

w ⇠ m2
w ln(⇤/ mw )

c3⇤ ⇠ mf : yf v, δmf ⇠ mf ln(⇤/ mw )
They are (technically) natural.

Other mass terms:
• Dark Matter wanted!
• Neutrino masses:

Dirac? Majorana? 
• Any other states?

new gauge bosons,   
vector-like fermions,
lepto-quarks,
more Higgs scalars
SM partners, KK states?

(gauge symm)
(chiral symm)

But vastly hierarchical...

From observations: “Relevant operators (2)”

G. ‘t Hooft, 1997.

’t Hooft naturalness (technical naturalness):
The dimensionless parameters associated with an operator 
can be much smaller than the fundamental scale, if the 
absence of this operator enhances the symmetry. 
The natural size is then ~ S x O(1), 
where S is a parameter that violates the symmetry. 
As such, all the parameters, except for 𝝆𝞚 , mH, 
are “natural” in the ’t Hooft sense!
In other words, large quantum corrections are protected:

But not for
→ What protection mechanism at work?

𝞭m2
H ~ g2𝞚2

e.g.      me ~ m0e [1 + 3α/4π 1n(Λ/me)]
If m0e is turned off, the system possesses a chiral symmetry.
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A “measure” of fine-tune
Barbieri-Giudice (1988) fine-tune measure:

If an observable 𝒪 runs with a high-energy scale 𝜦, then the 
sensitivity of the observable to the high scale is defined by

Which accounts for both scale ratio & slope ratio.
Originally, BG thought ~10 as “fine-tuned”,

corresponding to a 90%-cancellation. 

(sensitive)

(no tune)



λ|ϕ|4: a weakly coupled new force!

16

Is it a “fundamental” 5th force? or “induced”
• Landau-Ginzburg <-> BCS? 
• Van der Waals <-> Coulomb?
• Scalar <-> Fermion -- SUSY?

Question 3: The Nature of EWSB

In the SM, λ is a free parameter, now measured 
at the electroweak scale: λ = mH

2
 / 2v2 ≈ 0.13 

A truly “self-interaction”: 
No charge/color, no spin, vacuum-quantum number! 74�

Feynman rules:�



Thesepossibilit iesareassociated with totally di↵erent underlying dynam-
ics for electroweak symmetry breaking than the SM, requiring new physics
beyond the Higgs around the weak scale. They also have radically di↵er-
ent theoret ical implicat ions for naturalness, the hierarchy problem and the
structure of quantum field theory.

The leading di↵erence between these possibilit ies shows up in the cubic
Higgs self-coupling. In the SM, minimizing the potent ial gives v2 = 2|m|2/ λ.
Expanding around this minimum h = (v + H )/

p
2 gives V (H ) = 1

2m
2
H H 2 +

1
6µH

3 + · · · , with m2
H = λv2 and µSM = 3(m2

H / v). Consider the example
with the quart ic balancing against a sext ic and, for the sake of simplicity to
illustrate the point , let ’s take the limit where the m2 term in the potent ial
can be neglected. The potent ial is now minimized for v2 = 2|λ|⇤2, and we
find m2

H = λv2, µ = 7m2
H / v = (7/ 3)µSM , giving an O(1) deviat ion in the

cubic Higgs coupling relat ive to the SM. In the case with the non-analyt ic
(h†h)2 log(h†h) potent ial, the cubic self-coupling is µ = (5/ 3)µSM .

Even larger departures from the standard picturearepossible— wedon’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!

Nat ure of  EW phase t ransit ion

- Consider a model Higgs + singlet
Simplest, but  also hardest  t o discover.

Good test ing case.

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

Figure 8: Quest ion of the nature of the elect roweak phase t ransit ion.

Understanding thisphysics isalso direct ly relevant to oneof themost fun-
damental quest ions we can ask about any symmetry breaking phenomenon,
which is what is the order of the associated phase transit ion. Is the elec-
t roweak transit ion a cross-over, or might it have been strongly first-order
instead? And how do we attack this quest ion experimentally? This quest ion
isanother obviousnext step following theHiggsdiscovery: having understood
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All we know:

λ(h+h)2
 term could be modified (even “-”),

leading to EW phase transition strong 1st order!
→O(1) deviation on λhhh 

Significant impact on cosmology!

With new physics near the EW scale:
early Coleman-Weinberg proposal for symmetry breaking [17]:

V (h) ! 1
2
λ(h†h)2log


(h†h)
m2 . (7)

Thesepossibilit iesareassociated with totally di↵erent underlying dynam-
ics for electroweak symmetry breaking than the SM, requiring new physics
beyond the Higgs around the weak scale. They also have radically di↵er-
ent theoret ical implicat ions for naturalness, the hierarchy problem and the
structure of quantum field theory.

Nat ure of  EW phase t ransit ion

- Consider a model Higgs + singlet
Simplest, but  also hardest  t o discover.

Good test ing case.

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

Figure 8: Quest ion of the nature of the electroweak phase transit ion.

The leading di↵erence between these possibilit ies shows up in the cubic
Higgs self-coupling. In the SM, minimizing the potent ial gives v2 = 2|m|2/ λ.
Expanding around this minimum h = (v + H )/

p
2 gives

V (H ) = 1
2
m2
HH 2+ 1

6
µH 3+ · · · , with m2

H = λv2 and µSM = 3(m2
H / v). (8)

Consider the example with the quart ic balancing against a sext ic and, for
the sake of simplicity to illustrate the point, let us take the limit where the
m2
h term in the potential can be neglected. The potent ial is now minimized

for v2 = 2|λ|⇤2, and we find

m2
H = λv2, µ = 7m2

H / v = (7/ 3)µSM , (9)

giving anO(1) deviat ion in thecubic Higgscoupling relat iveto theSM. In the
case with the non-analyt ic (h†h)2 log(h†h) potent ial, the cubic self-coupling
is µ = (5/ 3)µSM .
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→λhhh= (7/3)λhhh
SM

→λhhh= (5/3)λhhh
SM

Triple Higgs coupling: 
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For MH = 125 GeV, rather light: 

λ is NOT asymptotically free: 
It blows up at a high-energy scale (the Landau pole), 
unless it starts from small (or zero → triviality).

Top-Yukawa drags the vacuum 
meta-stable, 
New physics below 107-11 GeV?

126

The SM can be a consistent 
perturbative theory up to Mpl !
allowing MN, MGUT, …



• Particle mass hierarchy

Higgs Yukawa 
couplings as the pivot!

• Patterns of quark, 
neutrino mixings

• New CP-violation 
sources?

The “seesaw” 
mechanism:
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whale

tiger

cat

mosquito

Question 4: Physics of Flavors 
Flavor & Yukawa Couplings



Question 5: 
Portals to Cosmos?

Missing energy at LHC Direct detection Indirect detection

is the only bi-linear SM gauge singlet.
Bad: May lead to hierarchy problem with high-scale physics; 
Good: May readily serve as a portal to the dark sector:

20
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Be aware: DM Identity?
While the WIMP DM is attractive, it can be ANYTHING,

from black holes, to particles, to waves

Open mind 
for any new search techniques
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Question 6: 
Baryon & Anti-baryon Asymmetry 
• The current observation: np/np ~ 10-4 !
     consistent with the cosmic ray creation.
Dirac invented particle/anti-particle symmetry.

Baryogenesis is a mechanism to generate the imbalance:
p & p can annihilate very efficiently via strong interaction.
A tiny asymmetry at the early Universe could result in the 

observed matter-dominance.   

Electroweak Baryogenesis
The electroweak phase transition in the SM is not 
first order, no departure from equilibrium. 

However, in BSM models, a first-order phase 
transition is possible. This generically requires 
scalars with O(1) coupling to the Higgs with 
masses ~O(100) GeV. 

The phase transition proceeds through bubble 
nucleation. As a bubble of true vacuum expands, 
sphaleron processes at the bubble wall can 
generate a net baryon number. 

Light stops were a favored possibility for EWBG. 
Unfortunately, favorable window for stop masses 
has been ruled out at the LHC.

figure from J. Cline (2018)

-

-
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Sakharov conditions for baryogenesis:

1. Baryo-number violation:
    YES in the SM: B,L anomalous.
     “sphaleron” process near Esph ~ 8𝛑𝑣/gw

2. C- & CP-violation:
    YES in the SM: CKM, but not large enough!
    Perhaps from the neutrino sector: 
                   → “leptogenesis”
3. Non-equilibrium:
    No in the SM: SM EWPT is a cross-over, 
    not a sharp 1st order phase transition.

               Need BSM physics !



7. E&M + Weak + Strong → single force?
    Coupling unification? Quark-lepton unification?
8. Larger space-time symmetry? 
    Super-symmetry at EW scale? 
9. Cosmology: inflation, dark energy …
    Does the Higgs play a role?
10. BH & Quantum gravity? 
    Beyond QFT, string theory?       … …

Related image
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There are other 
fundamental questions:

→ Continue to challenge our intelligence !

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwirhYGPyo7dAhUEVt8KHQmvCEIQjRx6BAgBEAU&url=https://patspix.smugmug.com/Travels/Europe/Paris-Sacre-Coeur-Rodin/i-2GF8Qr5&psig=AOvVaw1f3CHxYkZsOF7ENygKehSh&ust=1535505407487397
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Questions that we need the answers
1. Nature of EW Superconductivity: BCS?
2. Large hierarchy problem: the next scale?
3. Nature of EW phase transition?
4. Flavor physics: fermion mixing/neutrino mass*
5. Dark matter*: WIMP & Higgs portal?
6. Matter – antimatter asymmetry*: baryogenesis
7. … … 

All demands new physics BSM!

In summary: SM solidly established
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