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Fifty Years of Discoveries
in High-Energy Physics

-- From quarks to the Higgs boson



Our Fascinating World …
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Microscopic

The complexity: DNA , life, society …

Cosmic microwave 
backgrounds

Macroscopic

(black hole)

2020 Nobel Prize



Human being’s curiosity 
about Nature drives the 

development of 
physics & basic science!

Science is to
• Ask fundamental questions, quest for the nature
• Seek for answers
• Advance human knowledge
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Quest for Nature …

Physics is to
• Understand Laws of Nature 
• Matter, space, time of the Universe



Accelerated !-particles bombard a Gold foil target

(1908)
in chem.

Coulomb scattering for 
two point-like charges: 

d� / (↵Z1Z2)2

(q2)2

⇡ (↵Z1Z2)2

4E2 sin4 ✓/2

Rutherford discovered the planetary atom, the nucleus < 10-8 m

Rontgen’s X-ray (1895)

Bequerel & Curie’s radioactivity: ",#-particles  (1896)
Thomson’s cathode rays: the “electrons” (1897)

100 years back: Sub-atomic Particles

Rutherford’s experiments (1908-1913)

(1901)

(1903)

(1906)

V = - α / r

(q2 the momentum-transfer)
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What Is the “Proton” ?

• Its magnetic moment (2.79!) deviates from point-like fermion
• Panofsky (1953, SLAC): spatial distribution ~ 10-15 m

• Deeply In-elastic Scattering (1968-’70, SLAC):
“scaling behavior” at higher energies

à structureless / point-like constituents! (1990)

d� / (↵Z1Z2)2

(q2)2
4M2

p

q2 + 4M2
p

Feynman’s “partons”

Rutherford named the hydrogen nucleus the “Proton” 
(Greek for the “first”) the building block for all nuclei.

I-A. Colliders and Detectors

(0). A Historical Count:

Rutherford’s experiments were the first

to study matter structure: α
Gold foil target

α

discover the point-like nucleus:
dσ

dΩ
=

(αZ1Z2)2

4E2 sin4 θ/2

SLAC-MIT DIS experiments
e

Proton target
e′

discover the point-like structure of the proton:
dσ

dΩ
=

α2

4E2 sin4 θ/2

(

F1(x,Q2)

mp
sin2 θ

2
+

F2(x,Q2)

E − E′ cos2
θ

2

)

QCD parton model ⇒ 2xF1(x,Q
2) = F2(x,Q

2) =
∑

i

xfi(x)e
2
i .

Rutherford’s legendary method continues to date!
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M. Gell-Mann et al (1963):  
Nucleons (p, n) ≈ 3 quarks: 
2 “up” + 1 “down” quarks

“Quarks” as the constituents

(1969)

There are more quarks …

(1976)Heavy quark “charm”:
1974 November revolution

Heavy quark “bottom/beauty”:
1977 @ FNAL

B-Factories@SLAC/KEK:
CP violation

(Belle II Pitt involvement) 

(2008)
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Strong force binds them to “hadrons”

There are more quarks …

(1976)Heavy quark “charm”:
1974 November revolution

Heavy quark “bottom/beauty”:
1977 @ FNAL

B-Factories@SLAC/KEK:
CP violation

(Belle II Pitt involvement) 

(2008)

(1932-2019)

November revolution: Heavy quark “charm” mass ~ 1.5 mp
Opened up a new window to understand strong/weak forces.  

There are more quarks …

(1976)Heavy quark “charm”:
1974 November revolution

Heavy quark “bottom/beauty”:
1977 @ FNAL

B-Factories@SLAC/KEK:
CP violation

(Belle II Pitt involvement) 

(2008)

(1976)

J/!



And last, 1995@Fermilab

Still a mystery: top quark mass ~ 175 mp
as heavy as a gold atom!

Even more:
3rd generation quarks
Heavy quark “bottom/beauty”

1977 @ Fermilab
mass ~ 5 mp Lederman
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(1988)
(for muon neutrino)



Why no free quarks seen?!
Electromagnetism vs. Strong force

V = - αem/r V = - αs/r + k r
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E = mc2 :  Energy input on QQ
à more hadrons π0, π±, p+, n…

_ (2008)

Nambu



• At short distances/high energies asymptotically free 
(anti-screening effects)

The strong force can be “weak”: 
Quantum Chromo-Dynamics

• Quantum field theory at work!
• Perturbative, predictable at high energies: 

- Crucial for HEP
- early Universe cosmology …

↵s(Q2) =
12⇡

(33� 2nf ) ln(Q2/⇤2)

Asymptotic freedom

Gross, Wilczek, Politzer
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(2004)
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What about the “weak force” ?
Beta decay n à p+ e- ν

• Fermi’s “neutrino” (1934): 
Inspired by EM current-current interactions, 
4-fermion interaction was proposed:

• Pauli’s “neutron” (1930): a little neutral 
particle escaping from detection.

• Chadwick discovered the neutron (1932)
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The Weak force: Quark & Lepton Flavor Transitions
Beta decay n à p+ e- ν➔ Charged current interaction:
W±

Lweak = �GFp
2

Jµ(p+n)Jµ(e�⌫)

force range ⇠
p

GF ⇠M�1
W ⇠ 10�18m

Inspired by EM current-current interactions,
Fermi proposed (1934)

à

“weak” coupling GF ~ 1.15x10-5 GeV-2 

Remains to be a good description.



More surprise! CP Violation
Charge-Parity symmetry violation was discovered 

Cronin   Fitch • In K0 system
• B-Factories @ SLAC/KEK; 
• LHCb Congratulations!

2008

Three discrete transformations in QFT: 
Space reflection (P); Time reversal (T); particleàanti-particle (C)

Electromagnetic & gravitational forces respect these, 
but parity is violated in weak interaction

The Wu expt. (1956)

1957

1980
• Flavor mixing established:
Cabibbo-Kobayashi-Maskawa
• Matter-antimatter asymm.
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Kobayashi
Maskawa
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“The most tiny quantity of reality ever  imagined by a human being”

(1988)

Most elusive particles: Neutrinos

Neutrinos have tiny masses & they oscillate

Davis, Koshiba, Giacconi (2002)

McDonald,  Kajita (2015)

• From the sun
• From the atmosphere 
• From reactors
• From accelerators

Reines

Breakthrough Prize

νe: 1956 Cowen-Reines

ν!: 1962 Lederman-Schwartz-Steinberger

ν": 2000, “DONUT” collaboration, FNAL

(1995)
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Why the weak force so “weak”?
(or neutrinos so elusive?)

Lweak = �GFp
2

Jµ(p+n)Jµ(e�⌫)

force range ⇠
p

GF ⇠M�1
W ⇠ 10�18m

suppression owing to a heavy particle?

(1979)



(1984)

Weak bosons W+-, Z0 discovered
@ CERN, as estimated M < 100 GeV

Rubbia & van de Meer
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“If a LOCAL gauge symmetry is spontaneously broken, then the 
gauge boson acquires a mass by absorbing the Goldstone mode.”
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Gauge symmetries prevent the mass terms:
All elementary particle masses are forbidden! 

The Higgs Magic (1964) !

Kibble, Guralnik, Hagen, Englert, BroutPeter Higgs

Gauge bosons massless? A Goldstone scalar? 
No No! à Two diseases cured each other! 



v = (
p

2GF )�1/2 ⇡ 246 GeV
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You are here

mH ≈ 126 GeV 	

Question 1: The Nature of EWSB ?	

V (|�|) = �µ
2�†� + �(�†�)2

) µ
2
H

2 + �vH
3 +

�

4
H

4

Fully determined at the weak scale:	
v = (

p
2GF )�1/2 ⇡ 246 GeV

m2
H

= 2µ2 = 2�v2 ) µ ⇡ 89 GeV, � ⇡ 1
8
.

In the SM:	

24	

It is a weakly coupled new force, 
underwent a 2nd order phase transition.	

Is there anything else?	

You are here	

<|Φ|> =

Thus, where ever is mass, there will be H!
The couplings to SM particles: m ! m(1 + H

v
)

And its own mass and self-couplings (vacuum quantum #):
V (|�|) ⇠ �v

2
H

2 + �vH
3 + �

4H
4

A new vacuum state, 
with H as the excitation.

The vacuum (ground state) we live

Shake the vacuum up!



Large Hadron Collider (LHC)
• proton-proton collider  at 

CERN, Geneva

• 14 TeV energy by design 

• Protons move slower than 
the speed of light by 3.1 m/s

• Beam kinetic energy: aircraft 
carrier at 15 knot = 30 km/h!

17



18

Requires detectors of unprecedented scales
• Two large multi-purpose 

detectors

• ATLAS has 8 times the 
volume of CMS
(IHEP, Tsinghua, SJTU …)

• CMS is 12,000 tons 

(2 x’s ATLAS)

(IHEP, PKU …)



The discovery:          
A neutral boson decay to two photons

Phys. Lett. B716, 30 (2012)Phys. Lett. B716, 1 (2012)

The combined signal significance:
ATLAS: 5.9σ CMS: 5.0σ 

At λ ≈ 10-9 nm.

July 4th, 2012
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François Englert and Peter W. Higgs (2013)
"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"

July 4th, 2012:
A milestone discovery
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The EW Unification: The “Standard Model”

(the Standard Model)

Glashow    Salam    Weinberg

(Renormalizbility)

Veltmen ‘t Hooft

~ 50 years from quarks to the Higgs boson!

(1999)(1979)



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)

With the Higgs discovery, completion of the SM:
A relativistic, QM, renormalizable, self-consistent theory, 

valid up to an exponentially high scale! … MPl ?

22



23

1. Electroweak Super-Conductivity
More puzzles …

We are living in an EW superconducting phase!
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It’s like Landau-Ginzburg Theory:

F = ↵(T )| |2 + �(T )

2
| |4

| |2 = �↵(T )
�(T )

A mean-field phenomenological theory to describe 
Type-I superconductivity for a second order phase 
transition, by an “order parameter”   

It is --
• an effective phenomenological theory near the 

phase transition; an “order parameter” description.
• BCS (Bardeen-Cooper-Schrieffer) theory, 

to understand the underlying mechanisms.



v = (
p

2GF )�1/2 ⇡ 246 GeV
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It’s NOT Landau-Ginzburg Theory
In the SM, with a scalar field theory, 

mH ≈ 126 GeV 	

Question 1: The Nature of EWSB ?	

V (|�|) = �µ
2�†� + �(�†�)2

) µ
2
H

2 + �vH
3 +

�

4
H

4

Fully determined at the weak scale:	
v = (

p
2GF )�1/2 ⇡ 246 GeV

m2
H

= 2µ2 = 2�v2 ) µ ⇡ 89 GeV, � ⇡ 1
8
.

In the SM:	
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It is a weakly coupled new force, 
underwent a 2nd order phase transition.	

Is there anything else?	

You are here	

<|Φ|> = mH =
p
2�v = 125 GeV

The Universe underwent a cross-over phase change; 
The vacuum is a Type II  EW superconductor.

 ⌘ penetration depth
coherence length = mH

MW

⇡ 1.5

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

• The Higgs boson weakly coupled, 
a very narrow resonance:  width/mh ≈ 10-5.  

• Elementary up to a scale >1000 GeV!
What is the underlying theory, a new BCS theory? 
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à We need to probe the next scale !

à New strong force:
“Technicolor”

à New week force: 
“Super Symmetry”

2. The Higgs boson IS new physics!

H0 ?
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Cancelation in perspective:
mH

2 = 36,127,890,984,789,307,394,520,932,878,928,933,023
−36,127,890,984,789,307,394,520,932,878,928,917,398

= (125 GeV)2 ! ?

a. The Higgs Mass Puzzle:
The Higgs potential: V = -µ2 |ϕ|2 + λ|ϕ|4
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How much “tune” is fine-tuned?

Nuclear physics? 

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

Solar eclipses:

Earth Moon
Sun

rm/dm= 0.5583; rs/ds
=0.5450 at perigee 
à δθ/θ~2.10-2

rather unnatural!



The Higgs potential: V = -µ2 |ϕ|2 + λ|ϕ|4

• In the SM, λ is a free parameter, now measured: 
λ = mH

2 / 2v2 ≈ 0.13 

• In composite/strong dynamics, harder to make λ
big enough. (due to the loop suppression by design) 

It represents a weakly coupled new force (a 5th force):

• In Supersymmetry, it is related to the gauge couplings
tree-level: λ = (gL

2 + gY
2)/8 ≈ 0.3/4 ß a bit too small

Measured mH already put constraints on theory:
too light to be heavy (new dynamics);

too heavy to be light (SUSY)

b. λ: a “New Force’’?

Is it fundamental? Or induced? 
Landau-Ginzburg<->BCS? Van der Waals<->Coulomb?
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These possibilities are associated 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 theoretical implications for naturalness, the hierarchy problem and the
structure of quantum field theory.

The leading di↵erence between these possibilities shows up in the cubic
Higgs self-coupling. In the SM, minimizing the potential gives v2 = 2|m|

2/�.
Expanding around this minimum h = (v + H)/

p
2 gives V (H) = 1

2m
2
H

H2 +
1
6µH3 + · · · , with m2

H
= �v2 and µSM = 3(m2

H
/v). Consider the example

with the quartic balancing against a sextic and, for the sake of simplicity to
illustrate the point, let’s take the limit where the m2 term in the potential
can be neglected. The potential is now minimized for 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 SM. In the case with the non-analytic
(h†h)2 log(h†h) potential, the cubic self-coupling is µ = (5/3)µSM .

Even larger departures from the standard picture 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. Is the elec-
troweak transition a cross-over, or might it have been strongly first-order
instead? And how do we attack this question experimentally? This question
is another obvious next step following the Higgs discovery: having understood

17

30

All we know:

à Could lead to order 1 modification on λhhh,
leading to strong 1st order EW phase transition!
Significant impact on early universe cosmology!

à We need an answer !

With new physics near the EW scale could modify 
the Higgs potential:

2. The Electroweak Phase Transition

2.1. General Remarks

For decades, particle physics has been driven by the question of what
breaks the electroweak symmetry. With the discovery of the Higgs, we have
discovered the broad outlines of the answer to this question: the symmetry
breaking is associated with at least one weakly coupled scalar field. However,
this gives us only a rough picture of the physics, leaving a number of zeroth
order questions wide open that must be addressed experimentally, but can-
not be definitively settled at the LHC. These questions include what is the
shape of the symmetry breaking potential, and how is electroweak symmetry
restored at high scales.

The SM picture for electroweak symmetry breaking follows the Landau-
Ginzburg parametrization of second-order phase transitions,

V (h) = m2
h
h†h +

1

2
�(h†h)2, (5)

with m2
h

< 0 and � > 0. This is the simplest picture theoretically, and the
one we would expect on the grounds of e↵ective field theory, in which we
include the leading relevant and marginal operators to describe low energy
physics. On the other hand, as we will review in more detail in our discussion
of naturalness, this picture is far from innocuous or “obviously correct” —
for instance it is precisely this starting point that leads to the all vexing
mysteries of the hierarchy problem!

The central scientific program directly continuing from the discovery of
the Higgs must thus explore whether this simplest parametrization of elec-
troweak symmetry breaking is actually the one realized in Nature. And while
we have discovered the Higgs, we are very far from having confirmed this pic-
ture experimentally. As illustrated in Fig. 8, the LHC will only probe the
small, quadratic oscillations around the symmetry breaking vacuum, without
giving us any idea of the global structure of the potential. For example, the
potential could trigger symmetry breaking by balancing a negative quartic
against a positive sextic [14, 15, 16], i.e.

V (h) ! m2
h
(h†h) +

1

2
�(h†h)2 +

1

3!⇤2
(h†h)3, (6)

with � < 0. The potential might not even be well-approximated by a poly-
nomial function, and may instead be fundamentally non-analytic, as in the
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early Coleman-Weinberg proposal for symmetry breaking [17]:

V (h) !
1

2
�(h†h)2log


(h†h)

m2

�
. (7)

These possibilities are associated 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 theoretical implications for naturalness, the hierarchy problem and the
structure of quantum field theory.

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.

The leading di↵erence between these possibilities shows up in the cubic
Higgs self-coupling. In the SM, minimizing the potential gives v2 = 2|m|

2/�.
Expanding around this minimum h = (v + H)/

p
2 gives

V (H) =
1

2
m2

H
H2+

1

6
µH3+· · · , with m2

H
= �v2 and µSM = 3(m2

H
/v). (8)

Consider the example with the quartic balancing against a sextic 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 potential is now minimized

for v2 = 2|�|⇤2, and we find

m2
H

= �v2, µ = 7m2
H

/v = (7/3)µSM , (9)

giving an O(1) deviation in the cubic Higgs coupling relative to the SM. In the
case with the non-analytic (h†h)2 log(h†h) potential, the cubic self-coupling
is µ = (5/3)µSM .
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3. Nature of the EW Phase Transition

(Coleman-Weinberg potential)

mH ≈ 126 GeV 	

Question 1: The Nature of EWSB ?	

V (|�|) = �µ
2�†� + �(�†�)2

) µ
2
H

2 + �vH
3 +

�

4
H

4

Fully determined at the weak scale:	
v = (

p
2GF )�1/2 ⇡ 246 GeV

m2
H

= 2µ2 = 2�v2 ) µ ⇡ 89 GeV, � ⇡ 1
8
.

In the SM:	

24	

It is a weakly coupled new force, 
underwent a 2nd order phase transition.	

Is there anything else?	

You are here	



• Particle mass hierarchy

4. The “Flavor Puzzle”: muchn harder problem

• New CP-violation 
sources?

m⌫ ⇠ 
hH0i2

M

31

whale

tiger

cat

mosquito

Non-Higgs mass:
The “seesaw” 
mechanism



5. Dark Matter: 25% of mass?
what is the nature of particle dark matter? 

6. Matter–Antimatter asymmetry
Where is the anti-matter? 

7. E&M + Weak + Strong à single force?
Grand Unification? proton instability?

8. Larger space-time symmetry? 
Super-symmetry at EW scale? 

9. Cosmology: inflation, dark energy …
Does the Higgs play a role?

10. Quantum gravity? 
… … We need answers !
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The list of puzzles continues …
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The High Luminosity LHC Project:
(operation 2026-2037)

HL-LHC is the top priority of the European Strategy for Particle 
Physics in its 2013 update. It is formally approved by CERN 
Council in June 2016.

“No doubt that future high energy colliders are extremely challenging projects.

However, the correct approach, as scientists, is not to abandon our
exploratory spirit, nor give in to financial and technical challenges. The correct
approach is to use our creativity to develop the technologies needed to make
future projects financially and technically affordable.”

Fabiola Gianotti, DG CERN

HL-LHC

14

The groundbreaking ceremony for the 
launch of the civil engineering works 
took place on Friday 15 June 2018 
with the presence of the CERN 
management, the French and Swiss 
Authorities and the CERN Council.

HL-LHC

• 3-4E34→5E34 cm-2s-1(or maybe 
even 7-7.5E34 cm-2s-1)

• 250 fb-1/year (300-350 fb-1)
• 3000-4000 fb-1

• 25 → 140 (200) pileup

Future Energy Frontier
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“European Strategy for Particle Physics”
FCC (future circular collider): CERN

S. Su 11

HE-LHC 
27 km, 20T

33 TeV

 FCC-hh
80 /100 km, 16/20T 

100 TeV

FCC-ee
80/100 km

90 - 400 GeV

S. Su 11

HE-LHC 
27 km, 20T

33 TeV

 FCC-hh
80 /100 km, 16/20T 

100 TeV

FCC-ee
80/100 km

90 - 400 GeV
S. Su 11

HE-LHC 
27 km, 20T

33 TeV

 FCC-hh
80 /100 km, 16/20T 

100 TeV

FCC-ee
80/100 km

90 - 400 GeV
S. Su 11

HE-LHC 
27 km, 20T

33 TeV

 FCC-hh
80 /100 km, 16/20T 

100 TeV

FCC-ee
80/100 km

90 - 400 GeV
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CEPC (circular e-e+)/SppC: China
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���+X]KRX��=KHMLDQJ��3URYLQFH��6WDUWHG�LQ�0DUFK������
���&KXDQJFKXQ��-LOLQ�3URYLQFH��6WDUWHG�LQ�0D\������
���&KDQJVKD��+XQDQ�3URYLQFH��6WDUWHG�LQ�'HF�������

+XDQJKH�&RPSDQ\�SDUWLFLWDWHG

�

Please join the exciting journey ahead! 



Human being’s curiosity about Nature drives the 
development of physics & basic science!

HEP & Society

The outcome may have huge impacts on society.
Technology: 

• Quantum mechanics à MRI, electronics in your hands
• General Relativity à GPS/Google Map 
• Accelerators à 30,000 in operation (other than HEP)!
• Big data à WWW (Tim Berners-Lee, 1990, CERN) 

& IT Neural Network, 
Machine Learning … 
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HEP & Society

• The CERN model à established after WWII for
international collaboration: cultural, financial, scientific.

• Workforce training à a PhD investment 10x in return.

CERN (1954) FNAL (1967)

Fermilab’s founding director, Robert Wilson, responded to the question 
of how the laboratory would help defend the United States: 
“… It has nothing to do directly with defending our country except to 
make it worth defending.”
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☛
Particle mass generation!

Electroweak phase transition?

Today’s puzzles:
DM, baryogenesis…

Next scale: under 
the Higgs lamppost?

☛

Concluding Remarks

Future of High Energy Physics Is Bright.
Future of Basic Science Is Bright.

Uninterrupted discoveries in the past 50 years led us to …
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