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Dimensional Analysis
Physicists’ view on nature

• Physical quantities are independent of the units


• Dimension of physical quantity : mass, length, time, …


• Derived quantity : ,v =
dx
dt

→ [velocity] =
[length]
[time]

F = ma → [Force] =
[mass][length]2

[time]2



Dimensional Analysis
Physicists’ view on nature

• Physical quantities are independent of the units


• Thermal physics : 


• Special relativity : 


• Quantum mechanics : ,                         

->

E = kBT & kB = 1 → [energy] = [temperature]

x2 − (ct)2 = 0 & c = 1 → [length] = [time]

E = ℏω & ℏ = 1 → [energy] =
1

[time]

[energy] = [momentum] = [mass] = [temperature] =
1

[time]
=

1
[length]



Dimensional Analysis
Physicists’ view on nature

• Physical quantities are independent of the units


• 


• Gravity : 


• all quantities as numbers (natural unit)


•

[energy] = [momentum] = [mass] = [temperature] =
1

[time]
=

1
[length]

F = GN
m2

r2
→ [GN] =

1
[mass]2

GN = 1 →

[length] = L, [time] = T, [mass] = M



Dimensional Analysis
Physicists’ view on nature

• Physical quantities are independent of the units


• 


• Gravity : 


• all quantities as numbers (natural unit)

[energy] = [momentum] = [mass] = [temperature] =
1

[time]
=

1
[length]

F = GN
m2

r2
→ [GN] =

1
[mass]2

GN = 1 →



•  


• 


• 


• 


•
 : Planck length


•
 : Planck time


•
 : Planck mass


•  : Planck temperature

[c] = LT−1 ∼ 3 × 108m /s
[ℏ] = ML2T−1 ∼ 1.1 × 10−34kgm2/s
[GN] = MLT−2 × M−2L2 = M−1L3T−2 ∼ 6.7 × 10−11kg−1m3/s2

[kB] = ML2T−2K−1 ∼ 1.4 × 10−23kgm2s−2K−1

[ℏGN] = L5T−3 = L2[c]3 → LPl =
ℏGN

c3
= 1.6 × 10−35m

tPl =
ℏGN

c5
= 5 × 10−44s

mPl =
ℏc
GN

= 2.2 × 10−8kg

TPl =
mPlc2

kB
= 1.4 × 1032 K = 1.2 × 1019 GeV



A few exercises
natural size

• Age of the universe :   vs    


• Higgs mass :   vs    


• Cosmic microwave b.g. temperature :    vs    

 

  (more precisely, it is  )

tPl ∼ 5 × 10−44s tU ∼ 4.2 × 1017s →
tU
tPl

∼ 1061

mPl ∼ 1.2 × 1019 GeV mH ∼ 125 GeV →
mH

mPl
∼ 10−17

Tcmb ∼ 2.7K TPl ∼ 1.4 × 1032K
→

Tcmb

TPl
∼ 10−32 → nγ ∼ T3 ∼ 10−96

→ 10−96/(10−33 cm)3 ∼ 1000 cm−3 310 cm−3



Simplication 
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 Unification



Spherical Cow Approximation
Simplification



Effective Field Theory



Multipole expansion of electric potential
Legendre Polynomials

Φ(cos θ) =
1

|r − r′￼|
=

1
r

∞

∑
l=0

Pl(cos θ)(
r′￼

r
)l ≃

1
r (1 + 𝒪(

r′￼

r
))

r′￼ ≪ r



Questions 

& 

Answers



Why do we see visible light?

• Surface temperature of the sun ~ 6,000 K and     
the sun emits visible lights dominantly


• Life evolving in the solar system would get benefits 
by detecting the dominant EM fields the sun emits


• How to verify it? Stars with different surface 
temperatures and the planetary systems with 
different light detection would do it





Color Temperature



sun light = visible light?



Over the Rainbow



UV Catastrophe:unnatural



Light Quanta by Planck
nν(T) =

1

ehν
kT − 1

Eν = hνnν(T) ≃ kT (hν ≪ kT)
Eν ≃ hνe− hν

kT (hν ≫ kT)

Quantum

Mechanics



Cambrian Explosion
4�billion�years���vs��������0.5�billion�years�
��Pre-cambrian����vs���Cambrian�explosion
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The Standard Model
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Figure 2. Two views of a cuckoo clock: real and mirror image. Can we tell the real from the
mirror image?

2. Helicity

Let’s consider a spinning body in movement and project the spinning on the direction of
movement (we only care about the spinning in the direction of movement). Helicity is the
projection of the spin along the direction of movement: it is right-handed if it is paralell to the
movement; left-handed otherwise. Figure 3 illustrates the concept of helicity.

Figure 3. The direction of the spinning is defined by the right hand rule: when holding the body
with the right hand with the fingers following the spinning the thumb points in the direction of
the spinning. The left figure shows a body moving to the right (with momentum p represented
by the green arrow) and spinning in the same direction of its movement: it has right-handed
helicity. The figure on the right shows a body also moving to the right (green arrow) but with
the spinning in the opposit direction: it has left-handed helicity.

If we are moving in the same direction as the spinning body we can see the body moving
forward, if it is going faster, or backwards, if it is going slower, or not moving at all if if we
are moving at the same speed. The spinning does not change though. Helicity will then be
right-handed or left-handed1 , depending on the frame of reference. Helicity is not an intrinsic
property!

1
If the reference system is moving in the same direction as the body and at the same speed then there is no

helicity at all.

Fermions in chiral rep.

are massless

h

W

Z



Parity violation of 

weak interaction C.S.Wu(1956)

GENERAL ARTICLE

Figure 5. Schematic show-
ing the two (symmetric) pos-
sible orientations of the elec-
tron spin/helicity in cobalt
decay. (From [6])

and negative helicity in the second case (indicated by the downward-
pointing right thumb in the schematic). In both the cases, the
electron’s helicity is opposite to that of the anti-neutrino’s. Of the
two particles, only the electron is observed in the experiment.

The decay of Co60 can be expressed as:

Co60 → Ni60 + e− + νe ,

analogous to neutron beta decay. To test parity non-conservation,
a ‘preferred direction in space’ was needed, with respect to which
the asymmetry could be measured. The obvious choice was the
application of an external magnetic field "B that would align the
spins; see Figure 5. In a frame where the cobalt is at rest (so that
the heavy nickel nucleus is also practically at rest), the electron
and the anti-neutrino will have equal and opposite momenta, as
shown.

The Co60 nucleus has unpaired protons and neutrons so that it
has a net spin +5 in the ground state. When placed in an external
magnetic field, therefore, the spins will line up along the direction
of the magnetic field. The daughter nucleus, Ni60, has a net spin
of +4 — one less than that of cobalt. Hence for spin conservation,
the final state electron and the anti-neutrino must have spin +1/2
each, so that the spins of the electron and anti-neutrino adds up
to +1. So in both the possibilities shown on the right of Figure 5,
the spins of both the emitted leptons are pointed upwards.
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(νL) = (ν̄)R

(νR) = (ν̄)L

νL
CPT

νR

e−
L (e−

L ) = (e+)R

e−
R (e−

R ) = (e+)L

No right-handed neutrino!

(no flip for the massless neutrino)



Weak 
interaction

QL = (u
d)L

uR
dR

LL = ( ν
e−)L e−

R

Mass term is forbidden

QLuR

electromagnetic

interaction

strong

interaction

q

q’

q

q’

g



Grand Unified Theory



10 =

0 uc
3 −uc

2 −u1 −d1

−uc
3 0 uc

1 −uc
2 −d2

uc
2 −uc

1 0 −u3 −d3

u1 u2 u3 0 −ec

d1 d2 d3 ec 0

5̄ =

dc
1

dc
2

dc
3

e
−νe

(dc, L)

(Q, uc, ec)

The Standard Model in SU(5)



The Standard Model in SO(10)



Higgs Mechanism



Higgs mechanism
DμϕDμϕ → g2⟨ϕ⟩2AμAμDμ =

∂
∂xμ

+ igAμ



Higgs mechanism
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facility. This programme involves essential interaction 
between experiment and theory.

This Review surveys the Higgs boson physics with an 
outlook to future experiments. We start by discussing the 
role of the Higgs boson in the origin of mass, then review 
the discovery and early measurements of the Higgs  
boson’s properties and continue with the Higgs coupling  
to fermions. Next, we summarize the status of measure-
ment of the Higgs boson’s properties and interactions 
in comparison with the predictions for the Higgs boson 
described by the SM. We discuss Higgs self- coupling 
and then focus on searches for any extra Higgs states or 
possible new charge- parity (CP) violation in the Higgs 
sector. We describe open theoretical issues connected 
to the Higgs boson in particle physics and cosmology 
and we end with a description of future measurements 
that might shed light on these questions and the role 
of the Higgs in understanding the deep structure of the 
Universe.

Higgs boson and massive gauge bosons
The Higgs story begins with the interplay between 
mass and gauge invariance. Taken alone, mass terms 
for gauge bosons break the underlying gauge symme-
try. For example, consider particles (fermions or scalar 
bosons) χ interacting with a spin- one gauge field Aρ with 
the system invariant under the local gauge transforma-
tions χ → eiωχ and →A A + ∂ ωρ ρ g ρ

1 . Here ω is the gauge 
symmetry parameter, ∂ =ρ x

∂
∂ ρ  is a partial derivative, and 

g is the coupling of Aρ to χ; ρ denotes the Lorentz index. 
Introducing a mass term m2AρAρ violates the gauge 
symmetry without extra ingredients.

This problem is resolved through the Brout–Englert–
Higgs (BEH) mechanism (see REFS18–21 and related work 
in REFS22,23). The gauge symmetry of the underlying the-
ory can be hidden in the ground state. The symmetry 
parameter ω freezes out to a particular value, with all 
possible values being degenerate. This process, known 
as spontaneous symmetry breaking, generates mass-
less Goldstone modes — one for each generator of the 
symmetry. For local gauge symmetries these massless 
Goldstone modes combine with the gauge bosons to 
generate new longitudinal modes of the gauge fields, 
conserving the total number of degrees of freedom. The 
transverse and longitudinal components of the spin- one 

gauge field acquire non- zero mass, which is the same 
for both components. In addition, a new scalar boson 
is produced with finite coupling to the massive gauge 
fields — the Higgs boson.

In the SM of particle physics, besides giving mass to 
the W and Z gauge bosons, the BEH mechanism also 
has a vital role, ensuring a consistent very high- energy 
behaviour of scattering amplitudes. The Higgs boson, 
with mass 125 GeV, guarantees the unitarity of high- 
energy collisions involving massive W and Z bosons, 
with the Higgs boson cancelling terms from the longi-
tudinal component of the W and Z bosons that would 
otherwise violate perturbative unitarity (meaning that 
scattering probabilities calculated using Feynman dia-
grams would grow larger than one)24–27. The Higgs boson 
is also essential for the renormalizability of the theory, 
namely to ensure a consistent treatment of the ultra-
violet divergences, which appear in Feynman diagrams 
involving loops28–30.

To understand the BEH mechanism, consider the 
coupling of the gauge field Aρ to a complex scalar field 
ϕ via the gauge covariant derivative with coupling con-
stant g, namely Dρϕ = [∂ρ + igAρ]ϕ. Under the local gauge 
transformation ϕ → eiωϕ, Dρϕ → eiωDρϕ with the par-
tial derivative acting on ω compensated by the gauge 
transformation of Aρ.

The scalar field is taken with potential:

.V ϕ μ ϕ λϕ( ) = 1
2

+ 1
4

(1)2 2 4

Here the self- coupling λ ≥ 0 so the potential has  
a finite minimum, as required for vacuum stability.

If μ2 > 0 the potential describes a particle with mass μ. 
When μ2 < 0 the potential has a minimum at:

∣ ∣ ≡ .ϕ v μ
λ2

= −
2

(2)
2

This potential is illustrated in FIG. 1. Excitations 
around the degenerate minima of the potential — the 
bottom of the ‘Mexican hat’ shape — correspond to a 
massless Goldstone mode. Gauge freedom allows us 
to choose v as the VEV of the real part of ϕ with all 
choices of vacuum state being degenerate and physi-
cally equivalent. Expanding the scalar field about this 
minimum of the potential, the Goldstone mode is 
‘eaten’ to become the longitudinal mode of Aν, which 
now acquires mass g2v2. The Higgs boson H with mass 
squared m λv= 2H

2 2 corresponds to excitations up the rim 
of the potential.

The consistency of massive gauge bosons with gauge 
invariance was first solved by Philip W. Anderson31  
in the context of massive ‘photons’, called plasmons, in  
superconductors31. The photon behaves as a wave on a 
sea of Bardeen–Cooper–Schrieffer (BCS) Cooper pairs, 
which in this case act as the scalar field ϕ, condensing in 
the ground state. The order parameter is not rigid with 
zero momentum Cooper pairs, but fluctuates in the 
longitudinal component to preserve the trans lational 
symmetry of the electron gas. The plasmon’s transverse 
component is a modification of a real photon propagat-
ing in the plasma, whereas the longitudinal mode is an 

Key points

r�The discovery of the Higgs boson was a major milestone in particle physics, confirming 
the standard model.

r�Direct tests of the couplings of the Higgs boson to fermions confirmed the mechanism 
that gives mass to the W and Z bosons, thus making the electroweak interaction short 
range. A recent highlight is the direct observation of the Higgs boson coupling to muons.

r�The observed properties of the Higgs boson put the standard model vacuum 
intriguingly close to the border between stable and metastable. Further connections 
to the open questions pertaining to baryogenesis, the nature of dark matter and dark 
energy and cosmic inflation mean that the Higgs boson is central to our understanding 
of the Universe.

r�Precision measurements of the Higgs boson to further probe its interactions and possible 
deeper origin and structure are an essential part of the High- Luminosity Large Hadron 
Collider programme and were recently identified by the European Strategy for 
Particle Physics to be the highest priority for the next high- energy collider facility.

Naturalness
The theoretical idea that 
dimensionless ratios of mass 
scales in a physical theory 
should be of order one. That is, 
without fine tuning, a mass 
parameter can only be much 
smaller than the others if 
setting it zero increases the 
symmetry of the theory.

Gauge freedom
With gauge symmetry, we are 
free to choose the gauge 
symmetry parameters to make 
the physics look simplest,  
with all choices of gauge 
parameters being physically 
equivalent and degenerate.
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to the open questions pertaining to baryogenesis, the nature of dark matter and dark 
energy and cosmic inflation mean that the Higgs boson is central to our understanding 
of the Universe.

r�Precision measurements of the Higgs boson to further probe its interactions and possible 
deeper origin and structure are an essential part of the High- Luminosity Large Hadron 
Collider programme and were recently identified by the European Strategy for 
Particle Physics to be the highest priority for the next high- energy collider facility.

Naturalness
The theoretical idea that 
dimensionless ratios of mass 
scales in a physical theory 
should be of order one. That is, 
without fine tuning, a mass 
parameter can only be much 
smaller than the others if 
setting it zero increases the 
symmetry of the theory.

Gauge freedom
With gauge symmetry, we are 
free to choose the gauge 
symmetry parameters to make 
the physics look simplest,  
with all choices of gauge 
parameters being physically 
equivalent and degenerate.

NATURE REVIEWS | PHYSICS

REV IEWS

  VOLUME 3 | SEPTEMBER 2021 | 609

0123456789();: 

facility. This programme involves essential interaction 
between experiment and theory.

This Review surveys the Higgs boson physics with an 
outlook to future experiments. We start by discussing the 
role of the Higgs boson in the origin of mass, then review 
the discovery and early measurements of the Higgs  
boson’s properties and continue with the Higgs coupling  
to fermions. Next, we summarize the status of measure-
ment of the Higgs boson’s properties and interactions 
in comparison with the predictions for the Higgs boson 
described by the SM. We discuss Higgs self- coupling 
and then focus on searches for any extra Higgs states or 
possible new charge- parity (CP) violation in the Higgs 
sector. We describe open theoretical issues connected 
to the Higgs boson in particle physics and cosmology 
and we end with a description of future measurements 
that might shed light on these questions and the role 
of the Higgs in understanding the deep structure of the 
Universe.

Higgs boson and massive gauge bosons
The Higgs story begins with the interplay between 
mass and gauge invariance. Taken alone, mass terms 
for gauge bosons break the underlying gauge symme-
try. For example, consider particles (fermions or scalar 
bosons) χ interacting with a spin- one gauge field Aρ with 
the system invariant under the local gauge transforma-
tions χ → eiωχ and →A A + ∂ ωρ ρ g ρ

1 . Here ω is the gauge 
symmetry parameter, ∂ =ρ x

∂
∂ ρ  is a partial derivative, and 

g is the coupling of Aρ to χ; ρ denotes the Lorentz index. 
Introducing a mass term m2AρAρ violates the gauge 
symmetry without extra ingredients.

This problem is resolved through the Brout–Englert–
Higgs (BEH) mechanism (see REFS18–21 and related work 
in REFS22,23). The gauge symmetry of the underlying the-
ory can be hidden in the ground state. The symmetry 
parameter ω freezes out to a particular value, with all 
possible values being degenerate. This process, known 
as spontaneous symmetry breaking, generates mass-
less Goldstone modes — one for each generator of the 
symmetry. For local gauge symmetries these massless 
Goldstone modes combine with the gauge bosons to 
generate new longitudinal modes of the gauge fields, 
conserving the total number of degrees of freedom. The 
transverse and longitudinal components of the spin- one 

gauge field acquire non- zero mass, which is the same 
for both components. In addition, a new scalar boson 
is produced with finite coupling to the massive gauge 
fields — the Higgs boson.

In the SM of particle physics, besides giving mass to 
the W and Z gauge bosons, the BEH mechanism also 
has a vital role, ensuring a consistent very high- energy 
behaviour of scattering amplitudes. The Higgs boson, 
with mass 125 GeV, guarantees the unitarity of high- 
energy collisions involving massive W and Z bosons, 
with the Higgs boson cancelling terms from the longi-
tudinal component of the W and Z bosons that would 
otherwise violate perturbative unitarity (meaning that 
scattering probabilities calculated using Feynman dia-
grams would grow larger than one)24–27. The Higgs boson 
is also essential for the renormalizability of the theory, 
namely to ensure a consistent treatment of the ultra-
violet divergences, which appear in Feynman diagrams 
involving loops28–30.

To understand the BEH mechanism, consider the 
coupling of the gauge field Aρ to a complex scalar field 
ϕ via the gauge covariant derivative with coupling con-
stant g, namely Dρϕ = [∂ρ + igAρ]ϕ. Under the local gauge 
transformation ϕ → eiωϕ, Dρϕ → eiωDρϕ with the par-
tial derivative acting on ω compensated by the gauge 
transformation of Aρ.

The scalar field is taken with potential:

.V ϕ μ ϕ λϕ( ) = 1
2

+ 1
4

(1)2 2 4

Here the self- coupling λ ≥ 0 so the potential has  
a finite minimum, as required for vacuum stability.

If μ2 > 0 the potential describes a particle with mass μ. 
When μ2 < 0 the potential has a minimum at:

∣ ∣ ≡ .ϕ v μ
λ2

= −
2

(2)
2

This potential is illustrated in FIG. 1. Excitations 
around the degenerate minima of the potential — the 
bottom of the ‘Mexican hat’ shape — correspond to a 
massless Goldstone mode. Gauge freedom allows us 
to choose v as the VEV of the real part of ϕ with all 
choices of vacuum state being degenerate and physi-
cally equivalent. Expanding the scalar field about this 
minimum of the potential, the Goldstone mode is 
‘eaten’ to become the longitudinal mode of Aν, which 
now acquires mass g2v2. The Higgs boson H with mass 
squared m λv= 2H

2 2 corresponds to excitations up the rim 
of the potential.

The consistency of massive gauge bosons with gauge 
invariance was first solved by Philip W. Anderson31  
in the context of massive ‘photons’, called plasmons, in  
superconductors31. The photon behaves as a wave on a 
sea of Bardeen–Cooper–Schrieffer (BCS) Cooper pairs, 
which in this case act as the scalar field ϕ, condensing in 
the ground state. The order parameter is not rigid with 
zero momentum Cooper pairs, but fluctuates in the 
longitudinal component to preserve the trans lational 
symmetry of the electron gas. The plasmon’s transverse 
component is a modification of a real photon propagat-
ing in the plasma, whereas the longitudinal mode is an 
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attribute of the system. Massive plasmons are manifest 
through the exponential decrease of the magnetic field 
inside the superconductor (the Meissner effect).

The extension of this physics to relativistic 
dynamics18–21 has been introduced to provide a consist-
ent model of weak interactions in particle physics32–35. 
Contrary to the BCS case, the weak interaction requires 
the introduction of an additional fundamental scalar 
field. A dynamic explanation of the Higgs mechanism 
using BCS theory would be a major breakthrough and 
is one of the fundamental motivations to measure with 
the highest possible precision the properties of the 
Higgs particle. For a more detailed history of theoretical 
developments, see REF.36.

For weak interactions the gauge group is SU(2). There 
are three massless Goldstone modes, which combine to 
form the massive W charged bosons and the massive Z.  
The massless photon and neutral Z boson are linear 
combinations of the neutral weak SU(2) gauge boson 
and a U(1) gauge boson called hypercharge. Within 
the SM, the BEH mechanism is also important for the 
fermion masses, something required by parity viola-
tion of weak interactions37. The weak interaction gauge 
bosons couple to SU(2) doublets of left- handed leptons 
and quarks, whereas right- handed fermions are weak 
interaction neutral. Singlet mass terms for the charged 
fermions are constructed by contracting the left- handed 
fermion doublets with the SU(2) Higgs doublet, includ-
ing the VEV, and then multiplying by the right- handed 
fermion. The SM particle masses are:

.

′m g v m g g v

m y v m λv

= 1
4

, = 1
4

( + ) ,

=
2

, = 2
(3)

W
2 2 2

Z
2 2 2 2

f f H
2 2

Here g and ′g  are the SU(2) and U(1) gauge coupl-
ings and yf denotes the fermion Yukawa coupling to the 
Higgs boson. Without considering the tiny neutrino 
masses, the SM has 18 parameters: 3 gauge couplings 
and 15 in the Higgs sector (6 quark masses, 3 charged 
leptons, 4 quark mixing angles including 1 CP- violating 
complex phase, the W and Higgs masses). There is a 

wide range of masses with mW = 80 GeV, mZ = 91 GeV, 
mH = 125 GeV and the charged fermion masses ranging 
from 0.5 MeV for the electron up to 173 GeV for the 
top quark. The Higgs VEV v = 246 GeV. In natural units 
v G= ( 2 )F

−1
2 , where GF is the Fermi coupling constant 

of weak interactions.
Small changes in the Higgs couplings and particle 

masses can lead to a very different Universe, assuming 
that the vacuum remains stable. One example is that 
small changes in the light- quark masses can prevent Big 
Bang nucleosynthesis38. Once radiative corrections are 
taken into account, the stability of the Higgs vacuum is 
very sensitive to the value of the top quark mass. Vitally, 
the Higgs boson cannot be too heavy to do its job of 
maintaining perturbative unitarity. If the Higgs boson 
had not been found at the LHC, new strong dynam-
ics would have been needed in the energy range of the 
experiments, for example, involving strongly interacting 
W+W− scattering with the Higgs boson replaced by some 
broad resonance in the WW system39.

In contrast to particle physics, where the Higgs boson 
is treated as an elementary particle, in condensed matter 
systems, the Higgs boson forms as a collective mode40. 
Following the Higgs boson discovery in high- energy 
physics, collective Higgs states have been observed in 
superconductors41; for discussion see REFS42–44.

Discovery and first measurements
More than 40 years after the original postulation of the 
electroweak symmetry breaking through the BEH mech-
anism, the first potential experimental observation of 
its predictions was announced by the ATLAS and CMS 
experiments on 4 July 2012. The LHC is a circular parti-
cle accelerator, colliding proton beams at centre- of- mass 
energies of 7 TeV and 8 TeV (in run 1, 2010−2012) and 
13 TeV (in run 2, 2015−2018) to search for new parti-
cles and phenomena45. The ATLAS46 and CMS47 experi-
ments are two general- purpose detectors making use of 
the highest luminosities (high rates of collision events) 
at the LHC.

The announcement from ATLAS and CMS was 
based on the data collected in run 1, which was suffi-
cient for both experimental collaborations to claim inde-
pendently the observation of a new particle, that is, with 
a significance of the result of more than five standard 
deviations, or 5σ, away from a background- only result, 
meaning that the chance of this result being due to a 
fluctuation of the background is less than 1 in 3,500,000. 
Measurements that give a significance above 3σ are 
considered as evidence.

According to the SM, a Higgs boson with mass about 
125 GeV produced in a proton−proton collision has a 
lifetime of only about 1.6 × 10−22 seconds, after which 
it disintegrates into particles that are recorded by the 
detectors. The 2012 ATLAS and CMS data showed that 
the new particle had a mass of around 125 GeV (about 
133 times the mass of a proton) and decayed into vector 
bosons, namely a pair of photons, W bosons or Z bos-
ons, exactly as predicted by the SM theory, and there-
fore was labelled ‘a Higgs boson candidate’. The observed 
decay into two photons meant that the new particle 
could not have spin one, according to the Landau−Yang 

a b

Re (ϕ)

Im (ϕ)

V (ϕ)
Higgs
potential

Higgs
ȮGNF

Our
vacuum

Stable

?
Metastable

Fig. 1 | The Higgs potential and its sensitivity to quantum corrections. a | The Higgs 
potential V(ϕ) for the scalar field ϕ for mass parameter μ2 < 0; see equation (1). Choosing 
any of the points at the bottom of the potential spontaneously breaks the rotational U(1) 
symmetry. b | Quantum corrections can change the shape of the Higgs potential. Here 
the minimum of “our vacuum” is taken at ϕ = v

2
∣ ∣  with v = 246 GeV. When quantum 

corrections to standard model couplings are included, the vacuum may develop  
a second minimum, leading to vacuum metastability. Panel a © 2015–2021 CERN  
(License: CC-BY-4.0). Panel b reprinted with permission from REF.208, APS Physics.
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facility. This programme involves essential interaction 
between experiment and theory.

This Review surveys the Higgs boson physics with an 
outlook to future experiments. We start by discussing the 
role of the Higgs boson in the origin of mass, then review 
the discovery and early measurements of the Higgs  
boson’s properties and continue with the Higgs coupling  
to fermions. Next, we summarize the status of measure-
ment of the Higgs boson’s properties and interactions 
in comparison with the predictions for the Higgs boson 
described by the SM. We discuss Higgs self- coupling 
and then focus on searches for any extra Higgs states or 
possible new charge- parity (CP) violation in the Higgs 
sector. We describe open theoretical issues connected 
to the Higgs boson in particle physics and cosmology 
and we end with a description of future measurements 
that might shed light on these questions and the role 
of the Higgs in understanding the deep structure of the 
Universe.

Higgs boson and massive gauge bosons
The Higgs story begins with the interplay between 
mass and gauge invariance. Taken alone, mass terms 
for gauge bosons break the underlying gauge symme-
try. For example, consider particles (fermions or scalar 
bosons) χ interacting with a spin- one gauge field Aρ with 
the system invariant under the local gauge transforma-
tions χ → eiωχ and →A A + ∂ ωρ ρ g ρ

1 . Here ω is the gauge 
symmetry parameter, ∂ =ρ x

∂
∂ ρ  is a partial derivative, and 

g is the coupling of Aρ to χ; ρ denotes the Lorentz index. 
Introducing a mass term m2AρAρ violates the gauge 
symmetry without extra ingredients.

This problem is resolved through the Brout–Englert–
Higgs (BEH) mechanism (see REFS18–21 and related work 
in REFS22,23). The gauge symmetry of the underlying the-
ory can be hidden in the ground state. The symmetry 
parameter ω freezes out to a particular value, with all 
possible values being degenerate. This process, known 
as spontaneous symmetry breaking, generates mass-
less Goldstone modes — one for each generator of the 
symmetry. For local gauge symmetries these massless 
Goldstone modes combine with the gauge bosons to 
generate new longitudinal modes of the gauge fields, 
conserving the total number of degrees of freedom. The 
transverse and longitudinal components of the spin- one 

gauge field acquire non- zero mass, which is the same 
for both components. In addition, a new scalar boson 
is produced with finite coupling to the massive gauge 
fields — the Higgs boson.

In the SM of particle physics, besides giving mass to 
the W and Z gauge bosons, the BEH mechanism also 
has a vital role, ensuring a consistent very high- energy 
behaviour of scattering amplitudes. The Higgs boson, 
with mass 125 GeV, guarantees the unitarity of high- 
energy collisions involving massive W and Z bosons, 
with the Higgs boson cancelling terms from the longi-
tudinal component of the W and Z bosons that would 
otherwise violate perturbative unitarity (meaning that 
scattering probabilities calculated using Feynman dia-
grams would grow larger than one)24–27. The Higgs boson 
is also essential for the renormalizability of the theory, 
namely to ensure a consistent treatment of the ultra-
violet divergences, which appear in Feynman diagrams 
involving loops28–30.

To understand the BEH mechanism, consider the 
coupling of the gauge field Aρ to a complex scalar field 
ϕ via the gauge covariant derivative with coupling con-
stant g, namely Dρϕ = [∂ρ + igAρ]ϕ. Under the local gauge 
transformation ϕ → eiωϕ, Dρϕ → eiωDρϕ with the par-
tial derivative acting on ω compensated by the gauge 
transformation of Aρ.

The scalar field is taken with potential:

.V ϕ μ ϕ λϕ( ) = 1
2

+ 1
4

(1)2 2 4

Here the self- coupling λ ≥ 0 so the potential has  
a finite minimum, as required for vacuum stability.

If μ2 > 0 the potential describes a particle with mass μ. 
When μ2 < 0 the potential has a minimum at:

∣ ∣ ≡ .ϕ v μ
λ2

= −
2

(2)
2

This potential is illustrated in FIG. 1. Excitations 
around the degenerate minima of the potential — the 
bottom of the ‘Mexican hat’ shape — correspond to a 
massless Goldstone mode. Gauge freedom allows us 
to choose v as the VEV of the real part of ϕ with all 
choices of vacuum state being degenerate and physi-
cally equivalent. Expanding the scalar field about this 
minimum of the potential, the Goldstone mode is 
‘eaten’ to become the longitudinal mode of Aν, which 
now acquires mass g2v2. The Higgs boson H with mass 
squared m λv= 2H

2 2 corresponds to excitations up the rim 
of the potential.

The consistency of massive gauge bosons with gauge 
invariance was first solved by Philip W. Anderson31  
in the context of massive ‘photons’, called plasmons, in  
superconductors31. The photon behaves as a wave on a 
sea of Bardeen–Cooper–Schrieffer (BCS) Cooper pairs, 
which in this case act as the scalar field ϕ, condensing in 
the ground state. The order parameter is not rigid with 
zero momentum Cooper pairs, but fluctuates in the 
longitudinal component to preserve the trans lational 
symmetry of the electron gas. The plasmon’s transverse 
component is a modification of a real photon propagat-
ing in the plasma, whereas the longitudinal mode is an 

Key points

r�The discovery of the Higgs boson was a major milestone in particle physics, confirming 
the standard model.

r�Direct tests of the couplings of the Higgs boson to fermions confirmed the mechanism 
that gives mass to the W and Z bosons, thus making the electroweak interaction short 
range. A recent highlight is the direct observation of the Higgs boson coupling to muons.

r�The observed properties of the Higgs boson put the standard model vacuum 
intriguingly close to the border between stable and metastable. Further connections 
to the open questions pertaining to baryogenesis, the nature of dark matter and dark 
energy and cosmic inflation mean that the Higgs boson is central to our understanding 
of the Universe.

r�Precision measurements of the Higgs boson to further probe its interactions and possible 
deeper origin and structure are an essential part of the High- Luminosity Large Hadron 
Collider programme and were recently identified by the European Strategy for 
Particle Physics to be the highest priority for the next high- energy collider facility.

Naturalness
The theoretical idea that 
dimensionless ratios of mass 
scales in a physical theory 
should be of order one. That is, 
without fine tuning, a mass 
parameter can only be much 
smaller than the others if 
setting it zero increases the 
symmetry of the theory.

Gauge freedom
With gauge symmetry, we are 
free to choose the gauge 
symmetry parameters to make 
the physics look simplest,  
with all choices of gauge 
parameters being physically 
equivalent and degenerate.
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the third and most massive fermion generation. First 
evidence for decays to the third fermion generation, tau 
leptons and b- quarks, has been reported already from 
the run 1 data. The couplings to the second fermion gen-
eration, the muon and the charm and strange quarks, 
are more challenging. The LHC is unlikely to be able 
to test couplings to the first generation with the present 
methods, and such a test remains the aim of a future, 
very intense Higgs factory.

Below, we focus on the Higgs boson coupling to the 
top quark. This is special because the top quark is heav-
ier than the Higgs boson and its Yukawa coupling to the 
Higgs boson is yt ≈ 1. Next, we will discuss measurements 
of the Higgs boson couplings to the tau lepton, the bot-
tom quark and the lighter mass fermions, including a 
recent experimental highlight: observation of the Higgs 
boson to muon coupling.

The Higgs boson to top quark Yukawa coupling. The 
top quark is the heaviest known fundamental fermion 
in nature; its measured mass62 of 172.76 ± 0.30 GeV 
means that the top quark Yukawa coupling is very large, 
strikingly close to one. The precise measurement of 
this coupling plays an essential part in the energy- scale 
dependence of the Higgs boson self- coupling, which 
in turn is essential to understanding the stability of the 
particle physics Higgs vacuum: does the current VEV 
of the BEH field correspond to the real minimum of the 
Higgs potential?

The Yukawa coupling of the Higgs boson to the top  
quark also allows for a fundamental check of the quan-
tum consistency of the theory by comparison with 
indirect measurement through the main gluon fusion 
production process discussed above, which necessar-
ily proceeds through quantum loop corrections and is 

therefore potentially sensitive to contributions from 
other, yet unobserved, states.

A direct measurement can be made through the 
associated production of the Higgs boson with a pair 
of tt (top plus antitop) quarks. The topologies of such 
events (the combination of particle interactions leading 
to them) are complex and typically contain many jets, 
among which two at least originate from b- quarks, elec-
trons or muons, and the decay products of the Higgs 
boson itself; see FIG. 2a. The first direct observation 
of the Yukawa coupling of the Higgs boson to the top 
quark was achieved only with a large, but partial, run 
2 dataset and using all Higgs boson decay channels 

τ τbb, , WW , ZZ* *+ −  and γγ by ATLAS and CMS63,64. 
The respective signal strengths for ttH production were 
found to be 1.32 ± 0.39 (ATLAS) and 1.26 ± 0.31 (CMS), 
in agreement with the SM expectation.

With the entire dataset, the diphoton channel 
alone provides an unambiguous observation of the 

→pp ttH production process65,66; see FIG. 2b. The other 
Higgs boson decay channels are more challenging for 
precision measurements and improving their sensitivity 
relies on progress in the theoretical predictions for the 
backgrounds.

The presence of the Higgs boson with a large 
top- quark Yukawa coupling can also be indirectly meas-
ured through production processes where the Higgs 
boson does not appear in the final state, but contributes 
as an exchange particle in the intermediate state of the 
reaction. These indirect measurements have been car-
ried out in top- pair production processes, including the 
spectacular four- top channel for which first evidence has 
been observed, but are so far not competitive with the 
constraints from the direct observation of the associated 
production of a Higgs boson with a top- quark pair.

Diphoton channel
(Higgs) particle production with 
two photons in the final state.
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Fig. 2 | Top quark production in Higgs boson decays. a | A 3D event display of a candidate H → γγ in the →pp ttH  
production mode, exemplifying the complex topologies of events where in addition to the two isolated photons (in green 
in the lower part of the detector), six jets are present, among which one is tagged as originating from a b- quark (blue 
cone). b | The distribution of the invariant mass of the diphoton system (mγγ) for events selected in ttH- specific topologies. 
The inset in the figure also displays the measurement’s likelihood as a function of the strength of signal, indicating the 
subdominant impact of systematic uncertainties in this channel. SM, standard model; Stat, statistical error; Syst, systematic 
error; S, signal; and B, background. Panel a photograph: ATLAS Collaboration; copyright: CERN; panel b reprinted from 
REF.65, CC BY 4.0.
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to Zγ pairs89. The final precision for Higgs boson cou-
pling measurements at the LHC in the future will mostly 
be limited by the precision of theoretical predictions of 
signal and background processes.

The width of the Higgs particle, which is a measure 
of its lifetime and is expected to be 4.1 MeV, cannot be 
extracted from the observed experimental resonance 
lineshape owing to limited experimental resolution 
of the detectors. Instead, an indirect method is used, 
that compares the production rate of the on- mass shell 
Higgs boson with the production of the Higgs boson 
far off- mass shell, where it acts as a propagator in the 
production of a pair of vector bosons (W and Z, both 
on- mass shell). Although the on- mass shell rate depends 
on the Higgs boson’s width, the off- mass shell rates 
do not and so comparing the rates of the two regimes 
gives an estimate of the Higgs boson’s natural width. 
This method assumes that the energy dependence of 
the Higgs boson couplings do not deviate significantly 
from those expected from the SM. CMS extracted 
with 80.2 fb−1 of data a central value of the width to be  
constrained to 3.2 .

.±2 2
2 8  MeV at 68% CL, and a range con-

strained to [0.08, 9.16] MeV at 95% CL100. The ATLAS 
experiment reported an upper limit of 14.4 MeV, based 
on 36 fb−1 of data101. It is interesting that new results 
also provide a lower limit of the allowed range width of 
the Higgs boson, but the measurement is currently still 
statistics- limited. Since the ultimate LHC data sample 
will have 20- fold higher statistics, this method is most 
promising to experimentally verify the Higgs boson’s 
width within the next 15 years. Note, however, that 
there is a model- dependent assumption underlying this 
method: that no extra new particles contribute to the 
off- shell mass rate (that is to the rate or luminosity times 

cross- section of Higgs particles with mass larger than 
180 GeV), which would invalidate this width extraction.

Pinning down the Higgs boson’s width provides a 
probe beyond the SM because it accounts for possible 
invisible decays into particles that do not interact in the 
detectors, such as the dark matter candidates discussed in 
REFS102,103. In the SM such decays are expected from neu-
trinos in the final state (from Z boson decays) and are rare, 
with a branching fraction of approximately 10−3. Invisible 
Higgs boson decays can be directly searched for in event 
topologies with significant missing transverse momen-
tum. Both ATLAS and CMS have performed searches for 
these decays in all the main production modes, already 
yielding stringent constraints on the invisible decay 
width104 of about 20%. This constraint can be translated 
into limits on dark matter searches as shown104,105 in FIG. 6. 
The comparison is performed in the context of Higgs por-
tal models106. The translation of the H → invisible result 
into a weak interacting massive particle (WIMP)- nucleon 
scattering cross- section σWIMP- N relies on an effective field 
theory approach under the assumption that an invisible 
Higgs boson decay to a pair of WIMPs is kinematically 
possible and that the WIMP is a scalar or a fermion107–109. 
The excluded σWIMP- N values range down to 2 × 10−46 cm2 
in the fermion WIMP scenario, probing a new exclusion 
region for masses below 10 GeV. When extrapolated  
to the full LHC dataset, including the high luminosity 
phase, a projected sensitivity of 2.5% should be reached.

Higgs boson self- coupling
In its SM form of equation (1), the self coupling λ is 
related to the Higgs boson’s mass and VEV, as indicated 
in equation (3), and induces three Higgs and four Higgs 
boson interaction vertices after the spontaneous breaking 
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Fig. 5 | Summary of measured Higgs boson properties. a | Negative log- likelihood contours at 68% and 95% confidence 
level (CL) for the SM coupling modifiers in the (κV, κF) plane for the individual decay modes and their combination, assuming 
the coupling strengths to fermions and vector bosons to be positive. No contributions from invisible or undetected Higgs 
boson decays are assumed. The best- fit value for each measurement is indicated by a cross and the standard model (SM) 
hypothesis is indicated by a star. b | The best- fit estimates for the reduced coupling modifiers extracted for fermions and 
weak bosons from the resolved κ- framework compared with their corresponding prediction from the SM. The error bars 
represent 68% CL intervals for the measured parameters. In the lower panel, the ratios of the measured coupling modifiers 
values to their SM predictions are shown. Panel a reprinted from REF.93, CC BY 4.0; panel b reprinted from REF.79, CC BY 4.0.

Mass shell
Physical particles with the 
correct energy−momentum 
relation are called on- shell or 
on- mass shell; otherwise, they 
are called off- shell or off- mass 
shell. Off- shell particles are 
virtual and can exist in 
interaction processes.
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Higgs mechanism

Chronic Hierarchy Problem Slide 
¾Hierarchy problem dominated model building 

for last 30 years.  
 
    Why is the weak force so much stronger than gravity? 

 
 

 

m2
h = m2

h0 + δm2
h

m2
h ≪ Λ2It is unnatural to have

It implies new effective theory at TeV scale
supersymmetry, composite Higgs, technicolor, etc.



Why gravity is so weak compared to the others?

FGravity = GN
m2

r2
FCoulomb = k

q2

r2

For the electron,
FGravity

FCoulomb
=

GNm2
e

kq2e
⇠ 10�48

Why is Higgs so light?



Large Hadron Collider



Higgs discovery machine : 

Large Hadron Collider

CERN at Geneva, Swiss

27km, 100m deep, 14 TeV


~1983, first collision at 2010

Higgs discovery at 2012



Large Hadron Collider

ATLAS CMS



From the talk of Alex Pomarol

preferred

preferred

Supersymmetry

125 GeV



New Physics



Supersymmetry
Symmetry between fermions and bosons
Couplings are unified at the GUT scale

WIMP is predicted to be a dark matter

and there were many other theories…



A Strumia



Proxima Centauri
4.22 lyr
20,000 AU



Supersymmetry
Composite Higgs
Technicolor
Extra dimensions

S Dimopoulos







New Ideas



50

Coleman-Weinberg Higgs : 

alternative benchmark for Ginzburg-Landau potential

V (�) = m2�†�+ �(�†�)2

m2 = 0

Spontaneous	symmetry	breaking		can	occur

by	radiative	corrections. 2
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FIG. 1: Upper plot: In the plane (ζ, λ), the green line corre-
sponds to the condition V ′′(0) = 0, the red to V (v) = V (0)
and the blue to V ′′(v) = 0. Black solid lines correspond to
the indicated values of Mh. Lower plot: Potential for ζ = 1.0
and different values of λ (or Mh) as marked on the vertical
line in upper plot.

with the presence of a tachyonic mass at the ori-
gin, as in the SM. Instead it is triggered by radia-
tive corrections via the mechanism of dimensional
transmutation.

The minimum at the origin becomes a maximum at the
green line. In fact the green line corresponds to the con-
formal case where m2 = 0 and electroweak breaking pro-
ceeds by pure dimensional transmutation (see also [9]).
iv) Finally, in the region above the green line the origin
is a maximum as in the SM, with m2 < 0.

Notice that, while λ > 0 is required in the SM case
(ζ = 0 axis), now λ < 0 is accessible for sufficiently large
ζ. The shape of the potential for the different cases is il-
lustrated by the lower plot of Fig. 1, where ζ = 1 has been
fixed and we vary λ as indicated by the vertical line in the
upper plot of Fig. 1. From bottom-up the potentials have
decreasing values of λ. The lowest potential corresponds
to λ = 0.01 and has the conventional maximum at the
origin. The green potential corresponds to the conformal
case where m2 = 0 (in this particular example also λ is
zero!). The next line corresponds to λ = −0.02 with a
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FIG. 2: Green: Effective potential for the conformal case.
Black: running λ̃ and λ̂, with Q = Mt(h).

barrier between the origin and the electroweak minimum
while for the red potential the two minima become de-
generate. The next line corresponds to the potential for
λ = −0.04 where the electroweak minimum is already
a false minimum, which becomes an inflection point at
the blue line where Mh = 0. Finally the highest line
corresponds to λ = −0.08 and the electroweak extremal
is a maximum (the potential has a minimum somewhere
else, for some 〈h〉 > v. If ζ2 were smaller, ζ2 <

∼ h2
t /2, the

potential would instead be destabilized due to λ < 0.).
In order to have a better understanding of the phe-

nomenon of radiative electroweak breaking by dimen-
sional transmutation in this setting consider the confor-
mal case with m2 = 0. Then improve the one-loop effec-
tive potential of Eq. (2) by including the running with the
renormalization scale of couplings and wave functions.
We use for that the SM renormalization group equations
(RGEs) supplemented by the effects of Si loops plus the
RGEs for the new couplings to the hidden sector (see [10]
for details). The RGE-improved effective potential is
scale independent and we can take advantage of that to
take Q = Mt(h) as a convenient choice to evaluate the
potential at the field value h (with all couplings ran to
that particular renormalization scale). This results in a
“tree-level” approximation V $ (1/4)λ̂h4 with [11]

λ̂ ≡ λ +
∑

α

Nακ2
α

64π2

[

ln
κα

h2
t
− Cα

]

, (3)

where the κα’s are coupling constants, defined by the
masses as M2

α = (1/2)καh2. The behavior of the one-loop
potential as a function of h is captured by the “tree-level”
approximation above through the running of λ̂ with the
renormalization scale, linked to a running with h by the
choice Q = Mt(h). To illustrate this, we show in Fig. 2
the effective potential for this conformal case (green lines
in Fig. 1) with m2 = 0 and ζ = 1, together with the
effective quartic coupling λ̂(h). We can see that the scale
of dimensional transmutation is related to the scale at
which the potential crosses through zero. The structure

If	the	quartic	changes

sign	at	low	energy,

nontrivial	minimum	

is	developed

Strong	1st	order	
electroweak	phase	
transition	is	possible
Espinosa	and	Quiros,	PRD	(2007)

Chway	Dermisek	Jung	HDK,	PRL	(2014)



Cosmological Constant



Cosmological Constant



Dark Energy: accelerated 
expansion of the universe

Nobel prize in physics 2011

Perlmutter Schmidt Riess



Landscape/Multiverse



There is nothing new to be discovered in physics now.
All that remains is more and more precise measurement.

At the end of the 19th century



At the end of the 19th century

It seems probable that most of the grand underlying principles have now 
been firmly established and that further advances are to be sought chiefly in 
the rigorous application of these principles to all the phenomena which 
come under our notice…. An eminent physicist has remarked that the future 
truths of physical science are to be looked for in the sixth place of decimals.

Albert Michelson, 1894

The more important fundamental laws and facts of physical science have all 
been discovered, and these are so firmly established that the possibility of 
their ever being supplanted in consequence of new discoveries is 
exceedingly remote…. Instances might be cited, but these will suffice to 
justify the statement that "our future discoveries must be looked for in the 
sixth place of decimals”.

Albert Michelson, 1903



The most notorious problems 
in fundamental physics

m2
h

M2
Pl

∼ 10−32

Λcc

M4
Pl

∼ 10−123



V = m2
H |H |2 + λ |H |4 + ⋯

[m2
H] = 2 [λ] = 0

S = ∫ d4x −g [ M2
Pl

2
R − Λcc]

[Λcc] = 4

μ ≫ m

μ ∼ m

μ ≪ m

relevant operator! marginal operator!

irrelevant operators!

relevant operator!

Higgs mass

cosmological constant
relevant operators


are important



Conclusion
• Naturalness has been a long time proven concept 

and guided physics revolution in the history


• It predicted new physics at the weak scale 
stabilizing the Higgs mass and miserably failed


• The cosmological constant is incomprehensible


• Is it doomed or dawn to new revolution?


