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Historical topics for reading
J. Chyla: Quarks, partons and quantum chromodynamics, chapter 3 - The road to quarks

Strong interaction
• first observed in the Rutherford experiment with hydrogen
• Why hydrogen? The closest approach of incoming α particles

Eα = 5 MeV implies rmin ∼ 3 fm (ex. 2.3)

rmin =
αZαZp

Eα

mα +mp

mp

• energy Eα controlled by passing through Al foils of different
thicknesses
• energy expressed in terms of length of flight of α in the air

ϑ

Al foil
H2 target

• for particles with 4 cm length of flight, the recoiled hydrogen nuclei followed Coulomb’s law
• at full energy (7 cm length of flight), an increase by factor of 30 in cross section observed
• Rutherford (wrongly) interpreted the result as the efect of nuclei deformations

• Chadwick and Beiler repeated the experiment and correctly interpreted the result as an effect of new

(strong) force
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Why we call strong interaction strong?
Hydrogen atom size
• atom finite (non-zero) size is due to quantum effects
• we can get the size estimate from Heisenberg uncertainty relation

σx · σp ≥
h̄

2

• typical momentum of particle confined in sphere of radius R is

p ∼ 1
R

• corresponding electron kinetic energy is Ek = p2

2me
: Ek ∼ p2

me
∼ 1

meR2

+

−electron

proton

R

• note that kinetic energy rises faster with decreasing R than Coulomb’s potential Ep = α/R

• if electron is localized in too tiny space, Coulomb’s force is not able to keep it there
after a while electron must escape this confined space
⇒ hydrogen size rH is determined from condition Ek ∼ Ep

α

rH
∼ 1

mer2H
⇒ rH ∼

1
αme

⇒ rH ∼
137

0.511 MeV
197 MeV· fm ∼ 140

0.5 MeV
200 MeV· fm ∼ 56 pm ∼ 53 pm

−2%

−2%

−2% −6%

Bohr radius
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Why we call strong interaction strong?

Strong force
• proton is about 2000× heavier than electron
• Coloumb force can keep it in a sphere of radius

53 pm
2000

∼ 30 fm

• Rutherford experiment on hydrogen shows that

rHe ∼ 1− 2 fm

• force that keeps proton in nucleus must be at least an order
of magnitude stronger than electromagnetic force
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Neutron / Neutrina - Pauli (1930)

Chadwick: discovery of neutron in α +9Be→12C + n (1932)
Anderson: discovery of positron (1932) - Dirac equation (QFT)
Fermi: 4-fermion (QF) theory of β-decay (1933)
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Strong interaction - Yukawa potential

• limited reach ∼ 2 fm, Yukawa potential V (r) =
g

r
exp(−mr)

• this is non-relativistic limit of QFT with interaction through massive scalar field φ

• derivation of Yukawa potencial
◦ scattering amplitude in QFT: Mif ∼ 1

q2−m2 ∼
1

q20−|~q|2−m2

◦ in non-relativistic limit q0 � m: 1
q20−|~q|2−m2

→ −1
|~q|2+m2

◦ integral V (~r) ∼ g
∫ 1
|~q|2+m2 exp(i~q ·~r) d3~q quite difficult

◦ we already know from exercise 2.4 the Fourier transform of
α

r
exp(−µr) → f(q) =

2µα
|~q|2 + µ2

1
|~q|2 + µ2

→ V (r) ∼ 1
r

exp(−µr)

• interaction between proton and neutron - exchange of
charged scalar π±

LY = g (p̄nφ? + n̄pφ)

• reach ∼ 2 fm implies mφ ≈ 100 MeV

k k′

q = k − k′

A

B
Mif ∼ 1

q2−m2

L = g(ψ̄AψBφ
∗+ h.c.)
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Historical topics for reading - Isospin
• 1935-38: 3H and 4He bounding energies + first scattering exp.: pp ∼ nn ∼ (pn+ np)

• Isospin doublet

(
p
n

)
in analogy with spin

(
↑
↓

)

J3/T310−1

|↑↑〉
pp

|↓↓〉
nn

|↑↓〉
pn

|↓↑〉
np

=
J3/T310−1

|↑↑〉
pp

|↓↓〉
nn

|↑↓〉+ |↓↑〉
np+ pn

⊕
J3/T30

|↑↓〉 − |↓↑〉
pn− np

22⊗ 22 = 33s ⊕ 11a

• Kemmer (1938) - isospin formulation of strong interaction

LY = g (p̄nφ? + n̄pφ) = gψ̄ (σ1φ1 + σ2φ2)ψ, with ψ =

(
ψp
ψn

)
,

φ1 = φ+ φ?

φ2 = φ− φ?

• generalization to Lint = gψ̄ (σ1φ1 + σ2φ2 + σ3φ3)ψ, φ3 . . . neutral ’meson’

• Pauli matrices σi are generators of SU(2)
• Lagrangian SU(2) invariant for field transformations (see ex. 3.17)

ψ → ψ′ = exp(iαiσi)ψ, φ→ φ′ = exp(iαiFi)φ, with (F i)jk = −ifijk (adjoint repr.)

• strong interaction preserve isospin
• π± (1947, Powell, in cosmic rad.), π0 (1950, in p+N in Brookhaven)
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Strangeness (1947-1955)

• 1947 - discovery of strange
hadrons in cosmic rays

(Butler and Rochester)

• strange behaviour - production rates similar to π0 but much slower decay
π0 : 25 nm, K0S : 2.7 cm, K0L : 15 m, Λ0 : 7.9 cm

• experiments on pion beams at BNL confirmed the suspicion that the strange hadrons are born in pairs
• new quantum number, strangeness (S), conserved by strong interaction (Gell-Mann, Pais, Nishijima)

π−p → K0 Λ0

S : +1 − 1
π−p → K+ Σ−

S : +1 − 1

π−p 6→ K− Σ+

S : 0 + 0 = −1 + 1

I3 : −1 + 1
2 6= −12 + 1
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Eightfold way (1961-1962)

CERN, July 1962

http://ati.tuwien.ac.at

SU(3)

Ne’eman

Gell-Mann

Zweig
→ discovery of Ξ?

→ Gell-Mann’s predicion of Ω−

→ Ω− discovered in 1964 (Samios)

K−p→ K+K0Ω−

• baryons (qqq): 3⊗ 3⊗ 3 = 10⊕ 8⊕ 8⊕ 1

• mesons (qq̄): 3⊗ 3̄ = 8⊕ 1
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Quark models of hadrons

F. Hanzel, A. Martin: Quarks & Leptons

Nishijima (1954), Gell-Mann (1955)

Hypercharge Y (T8 =
√
3
2 Y )
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Hadron SU(3) multiplets

J. Chýla: Quarks, Partons, and Quantum Chromodynamics
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Meson multiplets

F. Hanzel, A. Martin: Quarks & Leptons

• P = −(−1)L (q and q̄ have opposite intrinsic parity)
• neutral mesons: C = −(−1)S+1(−1)L (exchange of q ↔ q̄, positions and spins)

- (−) - fermion exchange
- (−1)S+1 - symetry of spin state (2⊗ 2 = 3S ⊕ 1A)
- (−1)L - space symetry
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Baryon wave functions
• 3⊗ 3⊗ 3 =? (exercise 3.12)

• 3⊗ 3 = 6s ⊕ 3̄a

• 6s ⊗ 3 = 10s ⊕ 8̄m,s
u

• 3̄a ⊗ 3 = 8m,a ⊕ 1a
|1a〉 = uds+ dsu+ sud− dus− usd− sdu (follows from Eα |1〉 = 0)
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Baryon wave functions
• 3⊗ 3⊗ 3 = 10s ⊕ 8m,s ⊕ 8m,a ⊕ 1a in analogy with 2⊗ 2⊗ 2 = 4s ⊕ 2m,s ⊕ 2m,a

• baryons with spin 3/2 are forming decuplet
• their wave function is symmetric (!)

10s(flavour)⊗ 4s(spin) :
∣∣∆++, 3/2〉 = |uuu〉 |↑↑↑〉

• contradition with Pauli exclusion principle
• solution - quarks are in three (color) states
• hadrons are colorless - SU(3) singlets

• symmetric octet: |8s〉 = 8m,s ⊗ 2m,s + 8m,a ⊗ 2m,a
• or guessed as |2m,s〉 = (↑↓ + ↓↑) ↑ −2 ↑↑↓ and |2m,a〉 = (↑↓ − ↓↑) ↑

|p ↑〉 =
1√
18

[|uud〉 |(↑↓ + ↓↑) ↑ −2 ↑↑↓〉+ cycl. per.]
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Baryon magnetic momens (ex. 4.1)
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Baryon magnetic momens

J. Chýla: Quarks, Partons, and Quantum Chromodynamics

A. Kupčo, Quarks, Partons, and Quantum Chromodynamics Lect 4 / Page 16



Forbiden decays - Zweig rule (ex. 4.5)
• consider decays φ→ K+K−, φ→ K0K̄0, and φ→ %π

mφ = 1020 MeV, mK± = 494 MeV, mK0 = 498 MeV, m% = 770 MeV, m% = 140 MeV

• φ→ %π should be kinematically favoured, yet
Br(φ→ K+K−) ≈ 49%, Br(φ→ K0K̄0) ≈ 34%, Br(φ→ %π) ≈ 15%

• Zweig developed quark model to understand this peculiarities

Zweig rule (phenomenological observation)
Only process with connected planar flow diagrams
are allowed, disconnected diagrams are forbiden.
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For reading and for exercises
• For reading (J. Chyla textbook)
◦ Whole chapter 3 (The road to quarks)
◦ Chapter 4 - Quark Model: sections 4.1-4.4
• Exercises 3.12, 3.17, 4.1, 4.2, and 4.5
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