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Spectroscopy

Hadron physics
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Outline

▪ Lecture 1: Baryon spectroscopy

▪ Lecture 2: Meson spectroscopy

▪ Lecture 3: How to discover a particle



The Bible
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Latest information about particles (masses, widths, decays)
Common information

http://pdg.lbl.gov/

http://pdg.lbl.gov/


Standard Model
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States in Standard model



Electromagnetic force
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Atom Molecule

𝑒+𝑒+

𝑝𝑝

positronium

hydrogen

Photon couples to charge
Two charge neutral objects
Residual force



Strong force
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“Atom” analogue
Molecule analogue

ത𝑞

meson

Gluon couples to charge
Mesons, baryons…. 
Colour components bound 
by colour force

Two colour-neutral objects
Residual force
(meson-meson, meson baryon, baryon-
baryon molecules)
All nuclei are molecules

ത𝑞

𝑞𝑞

𝑔

deuteron



Forces
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R       ecent microscopic chiral quark models    + 
hidden colour

Recent microscopic chiral quark models    + 
hidden colour

Half-integer spin (Fermion)

     e.g. Proton, neutron, electron,..

Pauli exclusion principle: 

Identical Fermions cannot occupy 
the same quantum state

Integer spin (Boson)

          e.g. Photon, pi-meson, d*

Bose-Einstein Condensate: 

Identical Bosons want to occupy 
same quantum state !! 

Spin

o Particles have spin – consequences for how they can assemble 



Spin

Fermions

(Half-integer spin)
Bosons

Integer spin



Particles and antiparticles

Quark 𝐽𝑃 =
1

2

+
Antiquark 𝐽𝑃 =?
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𝑆𝑝𝑖𝑛𝑃𝑎𝑟𝑖𝑡𝑦



Particles and antiparticles

Quark 𝐽𝑃 =
1

2

+
Antiquark 𝐽𝑃 =

1

2

−
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𝑆𝑝𝑖𝑛𝑃𝑎𝑟𝑖𝑡𝑦

Lepton 𝐽𝑃 =
1

2

+
Antilepton 𝐽𝑃 =

1

2

−

Electron ( 𝑒−)   𝐽𝑃 =
1

2

+
Positron (𝑒+) 𝐽𝑃 =

1

2

−

Mass(particle)=Mass(antiparticle)
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Baryon spectroscopy



Types of particles/resonances

color anticolor

white

Meson Baryon
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Quarks

• fermions
• 3 colors
• Parity +1  
• Constituent quarks:

• 𝑀𝑢/𝑑~300 𝑀𝑒𝑉

• 𝑀𝑠~500 𝑀𝑒𝑉
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Constituent quarks
Flavour B J 𝑰 𝑰𝟑 s Q/e

u 1/3 1/2 1/2
+

1

2

0
+

2

3
d 1/3 1/2 1/2

−
1

2

0
−

1

3
s 1/3 1/2 0 0 -1

−
1

3

B – baryon number
J – spin
I – isospin
𝐼3- z-projection of isospin
s- strangeness
Q - charge 
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u u

d

uഥ𝒅



Quark states in SU(3) symmetry
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𝑢
𝑑
𝑠

Baryons: 3 ⊗ 3 ⊗ 3 = 3 ⊗ 6 ⊕ ത3 =

=10𝑆 ⊕ 8𝑀,𝑆 ⊕ 8𝑀,𝐴 ⊕ 1𝐴

3 ⊗ 3 = 6 ⊕ ത3 :
𝟔 ഥ𝟑

𝑢𝑢

1

√2
𝑢𝑑 + 𝑑𝑢

1

√2
𝑢𝑑 − 𝑑𝑢

𝑑𝑑

1

√2
𝑢𝑠 + 𝑠𝑢

1

√2
𝑢𝑠 − 𝑠𝑢

𝑠𝑠

1

√2
𝑑𝑠 + 𝑠𝑑

1

√2
𝑑𝑠 − 𝑠𝑑

symmetric antisymmetric



Quark states in SU(3) symmetry
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𝑢
𝑑
𝑠

Baryons: 3 ⊗ 3 ⊗ 3 = 3 ⊗ 6 ⊕ ത3 =

=10𝑆 ⊕ 8𝑀,𝑆 ⊕ 8𝑀,𝐴 ⊕ 1𝐴

3 ⊗ 3 = 6 ⊕ ത3 :
𝟔 ഥ𝟑

𝑢𝑢

1

√2
𝑢𝑑 + 𝑑𝑢

1

√2
𝑢𝑑 − 𝑑𝑢

𝑑𝑑

1

√2
𝑢𝑠 + 𝑠𝑢

1

√2
𝑢𝑠 − 𝑠𝑢

𝑠𝑠

1

√2
𝑑𝑠 + 𝑠𝑑

1

√2
𝑑𝑠 − 𝑠𝑑

symmetric antisymmetric



Quark states in SU(3) symmetry
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𝑢
𝑑
𝑠

Baryons: 3 ⊗ 3 ⊗ 3 = 3 ⊗ 6 ⊕ ത3 = 10𝑆 ⊕ 8𝑀,𝑆 ⊕ 8𝑀,𝐴 ⊕ 1𝐴
6 ⊗ 3 = 10 ⊕ 8 :

𝟏𝟎

𝑢𝑢𝑢

1

√3
𝑢𝑢𝑑 + 𝑢𝑑𝑢 + 𝑑𝑢𝑢

1

√3
𝑢𝑑𝑑 + 𝑑𝑢𝑑 + 𝑑𝑑𝑢

𝑑𝑑𝑑

1

√3
𝑢𝑢𝑠 + 𝑢𝑠𝑢 + 𝑠𝑢𝑢

1

√3
𝑢𝑠𝑠 + 𝑠𝑢𝑠 + 𝑠𝑠𝑢

𝑠𝑠𝑠

1

√3
𝑑𝑑𝑠 + 𝑑𝑠𝑑 + 𝑠𝑑𝑑

1

√3
𝑑𝑠𝑠 + 𝑠𝑑𝑠 + 𝑠𝑠𝑑

1

√6
𝑢𝑑𝑠 + 𝑢𝑠𝑑 + 𝑑𝑢𝑠 + 𝑠𝑢𝑑 + 𝑠𝑑𝑢 + 𝑑𝑠𝑢

symmetric mixed

𝟖

1

√6
𝑢𝑑 + 𝑑𝑢 𝑢 − 2𝑢𝑢𝑑

1

√6
𝑢𝑑 + 𝑑𝑢 𝑑 − 2𝑑𝑑𝑢

1

√6
𝑢𝑠 + 𝑠𝑢 𝑢 − 2𝑢𝑢𝑠

1

√6
𝑑𝑠 + 𝑠𝑑 𝑑 − 2𝑑𝑑𝑠

1

√6
𝑢𝑠 + 𝑠𝑢 𝑠 − 2𝑠𝑠𝑢

1

√6
𝑑𝑠 + 𝑠𝑑 𝑠 − 2𝑠𝑠𝑑

1

2
𝑑𝑠 − 𝑠𝑑 𝑢 + 𝑢𝑠 − 𝑠𝑢 𝑑

1

√12
2 𝑢𝑑 − 𝑑𝑢 𝑠 + 𝑢𝑠 − 𝑠𝑢 𝑑 + 𝑠𝑑 − 𝑑𝑠 𝑢



Quark states in SU(3) symmetry
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𝑢
𝑑
𝑠

Baryons: 3 ⊗ 3 ⊗ 3 = 3 ⊗ 6 ⊕ ത3 =

=10𝑆 ⊕ 8𝑀,𝑆 ⊕ 8𝑀,𝐴 ⊕ 1𝐴

Decuplet
↑↑↑

Octet
↑↑↓+↑↓↑+ ↓↑↑𝑱𝑷 =

𝟑

𝟐

+

𝑱𝑷 =
𝟏

𝟐

+
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Hyperfine splitting, ↑↓ vs ↑↑
• E-M force, magnetic moment interaction: Δ𝐸 = 𝜇 ⋅ 𝐵

=
2

3
𝜇𝑖𝜇𝑗 Ψ 0 2 =

2𝜋

3
⋅

𝛼

𝑚𝑖𝑚𝑗
Ψ 0 2𝜎𝑖𝜎𝑗 

Pauli matrixes, spin
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Hyperfine splitting, ↑↓ vs ↑↑
• E-M force, magnetic moment interaction: Δ𝐸 = 𝜇 ⋅ 𝐵

=
2

3
𝜇𝑖𝜇𝑗 Ψ 0 2 =

2𝜋

3
⋅

𝛼

𝑚𝑖𝑚𝑗
Ψ 0 2𝜎𝑖𝜎𝑗 

Pauli matrixes, spin

Atoms (Na doublet)

Nuclear

Threshold
2.2 MeV

deuteron
p n

p n”Demon deuteron”

Quarks
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Hyperfine splitting, ↑↓ vs ↑↑

Nuclear

Pion exchange 𝑱𝑷 = 𝟎−

Same for 𝑱𝑷 = 𝟎−, 𝑱𝑷 = 𝟏+

Photon/Gluon

𝑱𝑷 = 𝟎+, 𝑱𝑷 = 𝟏−

𝒔𝟏/𝟐

𝒑𝟏/𝟐

𝒑𝟑/𝟐

𝒔𝟏/𝟐

𝒑𝟑/𝟐

𝒑𝟏/𝟐

𝑱𝑷 = 𝟐+

𝒅𝟓/𝟐
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Hyperfine splitting, ↑↓ vs ↑↑
• 𝑚𝑢 ≈ 𝑚𝑑 = 𝑚𝑛 = 363 𝑀𝑒𝑉

• 𝑚𝑠 = 538 𝑀𝑒𝑉

•
𝐾

𝑚𝑛
2 = 50 𝑀𝑒𝑉

• Δ𝐸Δ = +3
𝐾

𝑚𝑛
2

Δ𝐸N = −3
𝐾

𝑚𝑛
2  

• Δ+(𝑢 ↑ 𝑢 ↑ 𝑑 ↑), 𝑀 = 1232 𝑀𝑒𝑉

•  𝑝(𝑢 ↑ 𝑢 ↓ 𝑑 ↑),𝑀 =  939 𝑀𝑒𝑉

d
u
u

1
0

8
9

 M
e

V

𝑀Δ = 1232 𝑀𝑒𝑉

𝑀N = 939 𝑀𝑒𝑉
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Scales and interactions

𝑀𝐵 = 5279 𝑀𝑒𝑉
𝑀𝐷 = 1870 𝑀𝑒𝑉
𝑀𝐾 =  494 𝑀𝑒𝑉
𝑀𝜋 =  140 𝑀𝑒𝑉

W. Weise „The QCD vacuum and its hadronic excitations “
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Baryon summary table, PDG

Baryon 2004 2020

𝑁∗ 15 21

Δ 10 12

Λ 14 14

Σ 10 9*

Ξ 6 6

Ω 2 2

Number of 3- and 4-
star Resonances

*Σ 2250  was downgraded



Baryons 
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Octet: 𝑁∗, 𝚲∗, 𝚺∗, 𝚵∗

Decuplet:  Δ∗, 𝚺∗, 𝚵∗, 𝛀∗

LQCD* 
(𝑴 < 𝟐𝑴𝛀)

“Observed”, PDG Counting based on N*’s

𝑁∗ 62 21 21

Δ∗ 38 12 21

𝚲∗ 71 14 21

𝚺∗ 66 9 42

𝚵∗ 73 6 42

𝛀∗ 36 2 21

*R.G. Edwards et al, Phys.Rev.D 87 (2013) 5, 054506
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Excitations



The early days

• Baryons are 3 quark systems
• Mesons are quark-antiquark systems

Murray Gell Mann 1964

“A schematic model of baryons and mesons”
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Excited states?

Shell model

33



Nucleon excited states?

𝑃 = −1 𝐿

P – parity
L – angular momentum

34



Excited states - expectation

1𝑝

1𝑠1/2

1𝑝3/2

1𝑝1/2

u d u 𝑵 𝟗𝟒𝟎 , 𝑱𝑷 =
𝟏

𝟐

+
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Excited states - expectation

1𝑝

1𝑠1/2

1𝑝3/2

1𝑝1/2

u d u 𝑵 𝟗𝟒𝟎 , 𝑱𝑷 =
𝟏

𝟐

+

1𝑝

1𝑠1/2

1𝑝3/2

1𝑝1/2

u d

u 𝑵∗(𝟏𝟓𝟐𝟎), 𝑱𝑷 =
𝟑

𝟐

−

36



Excited states - expectation

1𝑝

1𝑠1/2

1𝑝3/2

1𝑝1/2

u d u 𝑵 𝟗𝟒𝟎 , 𝑱𝑷 =
𝟏

𝟐

+

1𝑝

1𝑠1/2

1𝑝3/2

1𝑝1/2

u d

u 𝑵∗(𝟏𝟓𝟐𝟎), 𝑱𝑷 =
𝟑

𝟐

−

1𝑝

1𝑠1/2

1𝑝3/2

1𝑝1/2

u d

u
𝑵∗(𝟏𝟓𝟑𝟓), 𝑱𝑷 =

𝟏

𝟐

−
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Excited states - expectation

𝑵 𝟗𝟒𝟎 , 𝑱𝑷 =
𝟏

𝟐

+

1𝑝

𝑵∗(𝟏𝟓𝟐𝟎), 𝑱𝑷 =
𝟑

𝟐

−

1𝑝

1𝑠1/2

1𝑝3/2

1𝑝1/2

u

d u

𝑵∗(𝟏𝟓𝟑𝟓), 𝑱𝑷 =
𝟏

𝟐

−

1𝑠

𝟓𝟗𝟎 𝑴𝒆𝑽

𝑵∗ ? ? ? , 𝑱𝑷 =
𝟏

𝟐

+
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Excited states - expectation

𝑵 𝟗𝟒𝟎 , 𝑱𝑷 =
𝟏

𝟐

+

1𝑝

𝑵∗(𝟏𝟓𝟐𝟎), 𝑱𝑷 =
𝟑

𝟐

−

1𝑝

1𝑠1/2

1𝑝3/2

1𝑝1/2

u

d u

𝑵∗(𝟏𝟓𝟑𝟓), 𝑱𝑷 =
𝟏

𝟐

−

1𝑠

𝟓𝟗𝟎 𝑴𝒆𝑽

? ? ? 𝑵∗ 𝟗𝟒𝟎 + 𝟐 ∗ 𝟓𝟗𝟎 = 𝟐𝟏𝟐𝟎 , 𝑱𝑷 =
𝟏

𝟐

+
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Excited states - reality

𝑵 𝟗𝟒𝟎 , 𝑱𝑷 =
𝟏

𝟐

+

1𝑝
𝑵∗(𝟏𝟓𝟐𝟎), 𝑱𝑷 =

𝟑

𝟐

−

1𝑝

1𝑠1/2

1𝑝3/2

1𝑝1/2

u

d u

𝑵∗(𝟏𝟓𝟑𝟓), 𝑱𝑷 =
𝟏

𝟐

−

1𝑠

𝑵∗ 𝟏𝟒𝟒𝟎 , 𝑱𝑷 =
𝟏

𝟐

+
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Hyperons

𝑵 𝟗𝟒𝟎 , 𝑱𝑷 =
𝟏

𝟐

+

𝑵∗(𝟏𝟓𝟐𝟎), 𝑱𝑷 =
𝟑

𝟐

−

1𝑝

1𝑠1/2

1𝑝3/2

1𝑝1/2

u d s

𝑵∗(𝟏𝟓𝟑𝟓), 𝑱𝑷 =
𝟏

𝟐

−

𝑵∗ 𝟏𝟒𝟒𝟎 , 𝑱𝑷 =
𝟏

𝟐

+

𝚲 𝟏𝟏𝟏𝟔 , 𝑱𝑷 =
𝟏

𝟐

+

𝟏𝟕𝟔 𝑴𝒆𝑽
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Excited hyperons?

𝑵 𝟗𝟒𝟎 , 𝑱𝑷 =
𝟏

𝟐

+

𝑵∗(𝟏𝟓𝟐𝟎), 𝑱𝑷 =
𝟑

𝟐

−

1𝑝

1𝑠1/2

1𝑝3/2

1𝑝1/2

u

d

s𝑵∗(𝟏𝟓𝟑𝟓), 𝑱𝑷 =
𝟏

𝟐

−

𝑵∗ 𝟏𝟒𝟒𝟎 , 𝑱𝑷 =
𝟏

𝟐

+

𝚲 𝟏𝟏𝟏𝟔 , 𝑱𝑷 =
𝟏

𝟐

+

𝟏𝟕𝟔 𝑴𝒆𝑽

𝚲∗ 𝟏𝟕𝟎𝟎? , 𝑱𝑷 =
𝟑

𝟐

−

𝟏𝟕𝟎𝟎 = 𝟏𝟓𝟐𝟎 + 𝟏𝟕𝟔

42



Excited hyperons - reality

𝑵 𝟗𝟒𝟎 , 𝑱𝑷 =
𝟏

𝟐

+

𝑵∗(𝟏𝟓𝟐𝟎), 𝑱𝑷 =
𝟑

𝟐

−

𝑵∗(𝟏𝟓𝟑𝟓), 𝑱𝑷 =
𝟏

𝟐

−

𝑵∗ 𝟏𝟒𝟒𝟎 , 𝑱𝑷 =
𝟏

𝟐

+

𝚲 𝟏𝟏𝟏𝟔 , 𝑱𝑷 =
𝟏

𝟐

+

𝟏𝟕𝟔 𝑴𝒆𝑽

𝚲 𝟏𝟒𝟎𝟓 , 𝑱𝑷 =
𝟏

𝟐

−

𝚲 𝟏𝟓𝟐𝟎 , 𝑱𝑷 =
𝟑

𝟐

−
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Excited hyperons - reality

𝑵 𝟗𝟒𝟎 , 𝑱𝑷 =
𝟏

𝟐

+

𝑵∗(𝟏𝟓𝟐𝟎), 𝑱𝑷 =
𝟑

𝟐

−

𝑵∗(𝟏𝟓𝟑𝟓), 𝑱𝑷 =
𝟏

𝟐

−

𝑵∗ 𝟏𝟒𝟒𝟎 , 𝑱𝑷 =
𝟏

𝟐

+

𝚲 𝟏𝟏𝟏𝟔 , 𝑱𝑷 =
𝟏

𝟐

+

𝟏𝟕𝟔 𝑴𝒆𝑽

𝚲 𝟏𝟒𝟎𝟓 , 𝑱𝑷 =
𝟏

𝟐

−

𝚲 𝟏𝟓𝟐𝟎 , 𝑱𝑷 =
𝟑

𝟐

−
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𝚲 𝟏𝟒𝟎𝟓 from Lattice QCD

53



Molecular states

54



Molecular states. Mesons

𝜎 500 :  𝜋 − 𝜋 molecule

𝑓0/𝑎0 980 :  𝐾 − 𝐾 molecule

𝜅 700 :  𝐾 − 𝜋 molecule

55



Molecular states. Baryons

𝑁∗ 1440 :  𝑁 − 𝜎 molecule: |𝑢𝑢𝑑 + ത𝑢𝑑 + ൿ𝑢 ҧ𝑑

Λ 1405 :  𝑁 − ഥ𝐾 molecule: | ൿ𝑢𝑑𝑑 + 𝑠 ҧ𝑑

N∗ 1535 :  Σ − 𝐾 molecule: | ۧ𝑢𝑑𝑠 + 𝑑 ҧ𝑠

56



Excited hyperons - reality

𝑵 𝟗𝟒𝟎 , 𝑱𝑷 =
𝟏

𝟐

+

𝑵∗(𝟏𝟓𝟑𝟓), 𝑱𝑷 =
𝟏

𝟐

−

𝚲 𝟏𝟏𝟏𝟔 , 𝑱𝑷 =
𝟏

𝟐

+

𝟏𝟕𝟔 𝑴𝒆𝑽

𝚲 𝟏𝟒𝟎𝟓 , 𝑱𝑷 =
𝟏

𝟐

−

58

N∗ 1535 :  Σ − 𝐾 molecule: | ۧ𝑢𝑑𝑠 + 𝑑 ҧ𝑠

Λ 1405 :  N − 𝐾 molecule: | ൿ𝑢𝑢𝑑 + 𝑠 ҧ𝑑



Excited hyperons - reality

𝑵 𝟗𝟒𝟎 , 𝑱𝑷 =
𝟏

𝟐

+

𝑵∗(𝟏𝟓𝟑𝟓), 𝑱𝑷 =
𝟏

𝟐

−

𝚲 𝟏𝟏𝟏𝟔 , 𝑱𝑷 =
𝟏

𝟐

+

𝟏𝟕𝟔 𝑴𝒆𝑽

𝚲 𝟏𝟒𝟎𝟓 , 𝑱𝑷 =
𝟏

𝟐

−

59

N∗ 1535 :  Σ − 𝐾 molecule: | ۧ𝑢𝑑𝑠 + 𝑑 ҧ𝑠

Λ 1405 :  N − 𝐾 molecule: | ൿ𝑢𝑢𝑑 + 𝑠 ҧ𝑑

2 s-quarks

1 s-quark

𝑀N∗(1535) − 𝑀Λ(1405) = 130 𝑀𝑒𝑉



Excited states

1𝑝

1𝑠1/2

1𝑝3/2

1𝑝1/2

u d

u
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Single quark excitations are expensive 
(in terms of  Energy ~ 700 MeV)

u d u ҧ𝑑 u Adding extra particle is cheap (140 MeV)

Low energy spectrum is dominated by molecular states!
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Baryon summary table, PDG

Baryon 2004 2020

𝑁∗ 15 21

Δ 10 12

Λ 14 14

Σ 10 9*

Ξ 6 6

Ω 2 2

Number of 3- and 4-star 
Resonances

*Σ 2250  was downgraded
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Conclusion
• 3q states – a lot of progress

• Large splitting
• Dominated by molecules
• mixing

• Molecules
• Some thresholds have states
• Some thresholds do not.
• Shapes (production/decay channels)

• Hybrid baryons?
• Pentaquarks vs meson-baryon molecules?
• Precise, high stats experiments are the key 
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Questions 
▪ Problem tasks:

1. The Roper resonance, 𝑁∗ 1440 , has a quantum numbers 𝐽𝑃 =
1

2

+
 and a pole 

position 𝑀 = 1395 𝑀𝑒𝑉. Deduce what could be its SU(3) multiplet companions in 
single and double-strange sector and what could be their masses (might not be 
discovered yet)? . Hint: you can consider that  Roper resonance is an interplay 
between 𝑁𝜎 and Δ𝜋 components

2. Perform similar research for the 𝑁∗ 1535

3. For the light 𝑁∗ spectrum calculate possible meson-baryon thresholds which 
might be relevant and confront them with known states

4. For the meson baryon molecular states, calculate the quantum numbers of 
possible generated resonances (use two lowest lying baryon multiplets – octet and 
decuplet and two lowest meson nonets) 
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Mesons
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Two lightest multiplets
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Vector: ↑↑ 𝐽𝑃 = 1−
Pseudoscalar: ↓↑  𝐽𝑃 = 0−

𝜌 =
1

2
(𝑢 ത𝑢 + 𝑑 ҧ𝑑)

𝜔=  
1

2
𝑢 ത𝑢 − 𝑑 ҧ𝑑

𝜙= 𝑠 ҧ𝑠



Pion multiplet
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Particle Quarks S Isospin 
𝑰, 𝑰𝟑

𝑱𝑷𝑪 Mass 
[MeV]

𝐾+ 𝑢 ҧ𝑠 +1 1/2, +1/2 0− + 494

𝐾0 𝑑 ҧ𝑠 +1 1/2, -1/2 0− + 498

𝜋+ 𝑢 ҧ𝑑 0 1,+1 0− + 140

𝜋0 1

2
(𝑢 ത𝑢 + 𝑑 ҧ𝑑)

0 1,0 0− + 135

𝜋− 𝑑 ത𝑢 0 1,-1 0− + 140

𝜂 1

2
(𝑢 ത𝑢 − 𝑑 ҧ𝑑)

0 0,0 0− + 548

𝜂′ 𝑠 ҧ𝑠 0 0,0 0− + 958

𝐾0 𝑠 ҧ𝑑 -1 1/2, +1/2 0− + 498

𝐾− 𝑠 ത𝑢 -1 1/2, -1/2 0− + 494



Rho multiplet
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Particle Quarks S Isospin 
𝑰, 𝑰𝟑

𝑱𝑷𝑪 Mass 
[MeV]

𝐾∗+ 𝑢 ҧ𝑠 +1 1/2, +1/2 1− − 892

𝐾∗0 𝑑 ҧ𝑠 +1 1/2, -1/2 1− − 892

𝜌+ 𝑢 ҧ𝑑 0 1,+1 1− − 770

𝜌0 1

2
(𝑢 ത𝑢 + 𝑑 ҧ𝑑)

0 1,0 1− − 770

𝜌− 𝑑 ത𝑢 0 1,-1 1− − 770

𝜔 1

2
(𝑢 ത𝑢 − 𝑑 ҧ𝑑)

0 0,0 1− − 782

𝜙 𝑠 ҧ𝑠 0 0,0 1− − 1020

𝐾∗0 𝑠 ҧ𝑑 -1 1/2, +1/2 1− − 892

𝐾∗− 𝑠 ത𝑢 -1 1/2, -1/2 1− − 892



Clebsch-Gordan coefficients

69From PDG (particle data group)
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Baryons
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Two lightest multiplets

71

Decuplet: ↑↑↑ 𝐽𝑃 =
3

2

+

Octet:↑↓↑  𝐽𝑃 =
1

2

+



Nucleon octet

72

Particle Quarks S Isospin 
𝑰, 𝑰𝟑

𝑱𝑷𝑪 Mass 
[MeV]

𝑝 𝑢𝑢𝑑 0 1/2, +1/2 1 /2 + 938

𝑛 𝑢𝑑𝑑 0 1/2, -1/2 1 /2 + 939

Σ+ 𝑢𝑢𝑠 -1 1,+1 1 /2 + 1189

Σ0 𝑢𝑑𝑠 -1 1,0 1 /2 + 1193

Σ− 𝑑𝑑𝑠 -1 1,-1 1 /2 + 1197

Λ 𝑢𝑑𝑠 -1 0,0 1 /2 + 1116

Ξ0 𝑢𝑠𝑠 -2 1/2, +1/2 1 /2 + 1315

Ξ− 𝑑𝑠𝑠 -2 1/2, -1/2 1 /2 + 1322



Delta decuplet

73

Particle Quarks S Isospin 
𝑰, 𝑰𝟑

𝑱𝑷𝑪 Mass 
[MeV]

Δ++ 𝑢𝑢𝑢 0 3/2, +3/2 3/2+ 1232

Δ+ 𝑢𝑢𝑑 0 3/2, +1/2 3/2+ 1232

Δ0 𝑢𝑑𝑑 0 3/2, -1/2 3/2+ 1232

Δ− 𝑑𝑑𝑑 0 3/2, -3/2 3/2+ 1232

Σ+ 𝑢𝑢𝑠 -1 1,+1 3/2+ 1385

Σ0 𝑢𝑑𝑠 -1 1,0 3/2+ 1385

Σ− 𝑑𝑑𝑠 -1 1,-1 3/2+ 1385

Ξ0 𝑢𝑠𝑠 -2 0,0 3/2+ 1530

Ξ− 𝑑𝑠𝑠 -2 0,0 3/2+ 1530

Ω 𝑠𝑠𝑠 -3 1/2, +1/2 3/2+ 1672
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  𝚲  (  𝟏 𝟒 𝟎 𝟓 ) ,    𝑱 𝑷 =    𝟏 𝟐 −


  𝚲  (  𝟏 𝟓 𝟐 𝟎 ) ,    𝑱 𝑷 =    𝟑 𝟐 −


  𝚲  (  𝟏 𝟒 𝟎 𝟓 )
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   N ∗  (  1440 ) :     N − 𝜎


  | u u d +  u - d +   u  d - ⟩
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  |   u d d + s  d - ⟩
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  𝚲  (  𝟏 𝟒 𝟎 𝟓 ) ,    𝑱 𝑷 =    𝟏 𝟐 −


   N ∗  (  1535 ) :     Σ − K


  |   u d s + d  s - ⟩


  Λ  (  1405 ) :     N − K


  |   u u d + s  d - ⟩
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