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How many elementary particles do we know?

Fundamental Particles
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Hint: did you think about colors…

Hint: did you think about antimatter…
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Fundamental Fermions

A. 6 

B. 12

C. 24

D. 48

E. 56 

Hint: did you think about colors…

Hint: did you think about antimatter…

3 × 6 + 6 = 24

2 × (3 × 6 + 6) = 48

How many fundamental fermions do we know?



The Matter and the Forces
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(Antiparticles are often taken for granted)



A.  boson 

B.  boson 

C. Top quark 

D. Tau neutrino 

E. Tau lepton 

Z

W

t

ντ

τ

Which fundamental particle was the final one 
discovered in the 20th century?

Discoveries of the 20th Century 

the notable exception that the mass of the particles involved increases
with generation number; e.g. the particles in generation III have a
greater mass than the corresponding particles in generation II.
Similarly, the mass of the particles in generation II exceeds those in
generation I. Of course, an obvious question is “Why should this be?”
This points to the study of mass as the obvious variable that needs fur-
ther investigation.
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Figure 5.1 Modern Periodic Table in which all known subatomic particles
are shown. All of the phenomena that you observe can be explained by these
few constituents. (Figure courtesy of Fermilab.)
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Which fundamental particle was the final one 
discovered in the 20th century?

Discoveries of the 20th Century 

2000  (at Fermilab)

1995  (at Fermilab)

1983  (at CERN)

1983  (at CERN)

1975  (at SLAC)

Note: The 21st century began on January 1, 2001



DONUT experiment  
Direct observation of the nu tau — DONUT

Tevatron p + Target → D±
s + X

D+
s (cs̄) → τ+ + ντ

τ+ → ν̄τ + X

Detection of :ντ ντ + N → τ− + X

Production of :ντ

article in Symmetry 

(2000)

getting blasted apart. An example of this type of collision is shown in
Figure 4.28.

In 1973, the Gargamelle experiment headed by Andre Lagarrigue,
which was a bubble chamber experiment at CERN, observed the

196 u n d e r s t a n d i n g  t h e  u n i v e r s e

Figure 4.27 Feynman diagram of neutrino scattering in which a W boson is
emitted. The neutrino is converted into a charged lepton which can be
observed. This is the so-called charged current scattering.

Figure 4.28 Feynman diagram of neutrino scattering in which a Z boson is
emitted. The neutrino stays a neutrino, thus the outgoing state cannot be
observed. This is the so-called neutral current scattering.
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https://www.symmetrymagazine.org/article/a-tasty-celebration-of-the-tau-neutrino


Fundamental Particles

graviton

2 G

Discovered in the 20th century 
  Discovered in 
the 21st century 

(  in 1897, almost 20th century, but  in 1932)e− e+

Probably beyond 
   21st century…



Fundamental Bosons
How many elementary bosons do we know?



Photon
mγ = 0
Qγ = 0
Sγ = 1ℏ

mass

charge

spin

— boson (not a matter particle)

— real photons must travel with the speed of light (it is light)

— can also be a virtual particle — appears briefly 

then does not have to travel with the speed of light 
the uncertainty principle allows shift of energy E2 ≠ (pc)2

E = hν



A Virtual Particle
E = mc2

E2 = (mc2)2 + (pc)2

— for a particle at rest

— for a moving particle

E2 ≠ (mc2)2 + (pc)2 — for a virtual particle

E2 = (minvc2)2 + (pc)2

ΔE ∼
ℏ
Δt

valid for a brief moment  :Δt

While the situation discussed above is technical and only moder-
ately interesting (although critical for accurate calculations), when one
collides electrons and positrons (anti-electrons) together, something
similar (but far more interesting) occurs. While an electron and
positron can scatter in the simple way discussed earlier, the fact that an
electron and positron are matter/antimatter pairs means that they can
annihilate into pure energy (i.e. a photon) and then the energy can
reappear as another matter/antimatter pair (although the new pair
can be electron/positron, muon/anti-muon, quark/antiquark, etc.). It is
this property (the conversion of matter to pure energy and then back
to a new form of matter) that allows us to create matter and antimatter
in the laboratory. For instance, a !± decays in 2.6"10#8 seconds, so if
we want to make a !± beam, we need to create them from the energy
carried by a beam of stable particles. The two Feynman diagrams that
go into electron/positron exchange are given in Figure 4.14.

Note that the “switched scatter” Feynman diagram (Figure 4.13)
cannot occur because it stemmed from the fact that a particular out-
going electron could have been either of the two original incoming

176 u n d e r s t a n d i n g  t h e  u n i v e r s e

Figure 4.14 Two different ways in which an electron and positron can inter-
act. While they can scatter in the traditional way by exchanging a photon,
because they are identical forms of matter and antimatter, they can annihi-
late into energy before re-emerging as a new electron/positron pair.
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Gluons
mg = 0
Qg = 0
Sg = 1ℏ

mass

EM charge

spin

— boson (not a matter particle)

— appears briefly as a virtual particle

does not have to travel with the speed of light 
the uncertainty principle allows shift of energy E2 ≠ (pc)2

Strong charge: 
rḡ, gr̄, rb̄, br̄, gb̄, bḡ,

1

2
(rr̄ − gḡ),

1

6
(rr̄ + gḡ−2bb̄)

8 gluons

8 options



Z boson

mZ = 91.2 GeV
QZ = 0
SZ = 1ℏ

mass

EM charge

spin

 boson is like a heavy photon:Z

— boson (not a matter particle)

— appears briefly as a virtual particle

very massive and decays quickly! 

Large  mass → large energy shift → unlikely → weak interactionZ

Discovered: 1983



W bosons

mW = 80.4 GeV
QW = ± 1
SW = 1ℏ

mass

EM charge

spin

Two bosons:  and W+ W−

— boson (not a matter particle)

— appears briefly as a virtual particle

very massive and decays quickly! 

2 bosons: , W+ W−

Large  mass → large energy shift → unlikely → weak interactionW

Discovered: 1983
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D. 61

E. 62

How many elementary particles do we know?

Fundamental Particles



How many elementary particles do we know?

— elementary fermions 

— elementary bosons

— if counting graviton, 
     but we do not know

Fundamental Particles

2 × (6+3 × 6)+4 + 8+1

A. 48

B. 52

C. 60

D. 61

E. 62



Fundamental Particles
Discovered in the 20th century 

  Discovered in 
the 21st century 

(  in 1897, almost 20th century, but  in 1932)e− e+



Masses of Elementary Particles  
Why such spread
in fermion masses? 

Why some bosons 

are massless 
and others massive? 

mνe
< 0.8 eV/c2

mt ≈ 1.7 × 1011 eV/c2

Why each generation 
much heavier than 
the preceding one.

(force carriers)

(matter particles)



mf c2 =
yf v

2
mW c2 =

1
2

g v

Why such spread
in fermion masses? 

Why some bosons 
are massless 
and others massive? 

Higgs
 field

mHc2 = 2λ v

Masses of Elementary Particles  



Big Questions 
Why are there exactly 3 generations of fermions?

Why do masses span huge ranges (e.g. top vs electron)?

Why are neutrino masses so tiny, are neutrinos special?

Why is the Higgs mass so small compared to to the Planck MPl

Why is ?v = 246 GeV

Why does the Universe contain more matter than antimatter?

Why are there 4 forces and why is their strength what it is?

Why are there leptons and quarks, pairs in each generation?

What is dark matter, dark energy, what caused inflation ?..



Big Answers? 
We have no answers to these questions
— but we are looking for answers

(1) obtain experimental data to challenge Standard Model
(2) propose new Models which 

— consistent with existing data
— explains existing puzzles
— has predictive power



Big Ideas 
Symmetry as the organizing principle
example: Spontaneous symmetry breaking → generates masses

Grand Unification Theories (GUTs)
— all forces unify at high energy

Supersymmetry (SUSY)
— every particle has a partner (fermion ↔ boson)

Extra dimensions
— warped extra dimensions of space beyond 3 familiar ones

String theory
— particles = vibrating strings



Big Ideas, Part 2 

Anthropic principle (multiverse)
— parameters vary across universes, ours are compatible with life

Emergence / deeper principles
— what we think is fundamental may not be fundamental

https://www.youtube.com/watch?v=om2lIWXLLN4&t=3s 

https://www.youtube.com/watch?v=om2lIWXLLN4
https://www.youtube.com/watch?v=om2lIWXLLN4&t=3s
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Fundamental Parameters

Example: mass of an electron 

How many fundamental parameters do we need?

A. 5

B. 6

C. 20

D. 26

E. 61



Mass of each quark is a parameter which we cannot predict 

Counting Parameters: Quarks

— may be there is a deeper theory 
     which will make predictions / relationship  

— for now 6 parameters of the theory
     which we must measure in experiment 

md, mu, ms, mc, mb, mt

Masses of particle and antiparticle are equal

6 parameters:

— fundamental CPT theorem…



4 parameters which describe transition:

Counting Parameters: Quarks

d, s, b
W∓

u, c, tVij

— Matrix  must preserve probability, described byVij

— 3 angles  and 1 phase which can tell matter from antimatter
(responsible for CP or Time symmetry violation)

(
u
c
t) ↔

d′￼

s′￼

b′￼

= VCKM (
d
s
b) =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb
(

d
s
b)



Nobel Prize in Physics 2008
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The only known source of CP violation (difference matter-antimatter)
— in the Quark sector (completion of the Standard Model in this sector)

(
u
c
t) ↔

d′￼

s′￼

b′￼

= VCKM (
d
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b) =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb
(

d
s
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Mass of each lepton is a parameter which we cannot predict 

Counting Parameters: Leptons

In the original Standard Model neutrinos have no mass  mν = 0
— would bring only 3 parameters:  me, mμ, mτ

— no ”CKM” matrix

mνe
= mνμ

= mντ
= 0



Nobel Prize in Physics 2015
Discovery of neutrino “oscillations”    ⇒ mν ≠ 0

νe
νμ
ντ

= VMNS

ν1
ν2
ν3

from two experiments:

Super-Kamiokande (Japan)

Sudbury Neutrino Observatory
 (SNO, in Canada)

conclusive result in 2001

interact propagate



Mass of each lepton is a parameter which we cannot predict 

10 parameters:    6 masses

In original Standard Model neutrinos have no mass  mν = 0
— would bring only 3 parameters:  me, mμ, mτ

However, it was discovered that neutrinos have mass

e, μ, τ
W∓

ν1, ν2, ν3VMNS

3 angles and 1 phase

Counting Parameters: Leptons

me, mμ, mτ, m1, m2, m3



How many fundamental parameters do we need 
to describe fundamental fermions?

Fundamental Parameters

A. 5

B. 6

C. 20

D. 26

E. 61



How many fundamental parameters do we need 
to describe fundamental fermions?

Fundamental Parameters

me, mμ, mτ, m1, m2, m3

νe
νμ
ντ

= VMNS

ν1
ν2
ν3

md, mu, ms, mc, mb, mt

d′￼

s′￼

b′￼

= VCKM (
d
s
b)6 + 4 + 6 + 4

A. 5

B. 6

C. 20

D. 26

E. 61



One could (naively) define boson masses as parameters, but:

Counting Parameters: Bosons

mγ = 0
mg = 0

mZ = 91.2 GeV
mW+ = mW− = 80.4 GeV
mH = 125 GeV

a different approach is taken…

because boson masses 
are derived, e.g. mW c2 =

1
2

g v



3 parameters of strength 

Strength of Interactions

W±γg

gs e g

strong interactions electromagnetic weak interactions

1 parameter that describes CP (Time) symmetry violation 
in strong interactions  θQCD

no evidence of non-zero value…

(why did we skip the  boson ?..)Z



Electroweak Interactions

W−, W0, W+B0

g’ g

There are four “original” bosons:  and B0 W−, W0, W+

(Z
γ) = (cos θW −sin θW

sin θW cos θW ) (W0

B0 )
Electroweak symmetry breaks (recall Higgs mechanism) 

— one boson remains massless (  )γ
— three bosons acquire mass (  )Z, W+, W−



mf c2 =
yf v

2
mW c2 =

1
2

g vHiggs
 field

mHc2 = 2λ v

The Higgs Mechanism 

This idea was around since 1964-67

— gave explanation to all elementary particle masses
— why no Nobel Prize for nearly 50 years?

Needed to prove its predictive power

— H discovered in 2012, Nobel Prize in 2013 



How many fundamental parameters do we need 
to describe fundamental bosons (interactions)?

Fundamental Parameters

A. 5

B. 6

C. 20

D. 26

E. 61



A. 5
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C. 20
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E. 61

How many fundamental parameters do we need 
to describe fundamental bosons (interactions)?

Fundamental Parameters

= 3 + 1 + 2

— Higgs boson self-coupling λ
— Higgs field expectation value (vev) v

— three strengths g ,g’,g s
— strong CP parameter θQCD



How many fundamental parameters do we need?

Fundamental Parameters

A. 5

B. 6

C. 20

D. 26

E. 61



Fundamental Parameters

= 20 + 6

20 parameters describe fundamental fermions
6 parameters describe fundamental bosons

How many fundamental parameters do we need?

A. 5

B. 6

C. 20

D. 26

E. 61



Fundamental Parameters
We need  fundamental parameters in Subatomic World26

If we add gravity (General relativity), 2 more parameters:

— if neutrinos are special, may be even more

— Newton’s constant    (strength of gravity)GN

— Cosmological constant   (vacuum / dark energy density)Λ

MPl =
ℏc
GN

≈ 1.22 × 1019 GeVPlanck mass:

v = 2.46 × 102 GeVcompared to weak scale:



Fundamental Physics
 fundamental particles &  fundamental parameters 61(+1) 26(+2)

explain all measurements across the vast range of temperatures 

Why do these  parameters have the values that they have?26
— what if they were different? 

— Chemistry (“complicated Atomic Physics”) 

— Biology (“complex Chemistry”) 

— Astronomy (“large-scale Physics”) 

— Cosmology (“Universe-level Astronomy”) 

and cover all familiar phenomena by complexity and scale:

— Physics (from Elementary Particles to Classical Physics)



Credits



YouTube channel with Don Lincoln:

https://www.youtube.com/watch?v=SiImGVTuwGM

