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Isospin
❖ Strong force between quarks independent of quark flavor

❖ Can represent u and d as two states of the light quark  

❖ Similar in concept to n and p being two states of the nucleon  
 

❖ Similar in concept to spin up and down being two states of the spin-1/2 
particle  

❖ u and d quark masses are similar but not equal, electric charges are not the 
same and EM interaction is smaller than strong but not zero ⇒ Isospin an 
approximate symmetry
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Isospin doublets

❖ Perfect isospin symmetry: interchange a u and d quark 
to get a new particle with the same mass

❖ In practice there are small mass differences
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−ū) (minus sign historical convention)



FYS3500 Spring 2019 Alex Read, U. Oslo, Dept. Physics

Isospin mathematics
❖ Same multiplets as spin and angular momentum!  

!4



FYS3500 Spring 2019 Alex Read, U. Oslo, Dept. Physics

Isospin mathematics
❖ Same multiplets as spin and angular momentum!  

!4

I = max I3, I3 = − I, − I + 1, . . . , I − 1, I



FYS3500 Spring 2019 Alex Read, U. Oslo, Dept. Physics

Isospin mathematics
❖ Same multiplets as spin and angular momentum!  

!4

I = max I3, I3 = − I, − I + 1, . . . , I − 1, I  e.g. I =
3
2

, I3 = −
3
2

, −
1
2

,
1
2

,
3
2



FYS3500 Spring 2019 Alex Read, U. Oslo, Dept. Physics

Isospin mathematics
❖ Same multiplets as spin and angular momentum!  

❖ Same rules for addition as spin and angular momentum!  
 

!4

I = max I3, I3 = − I, − I + 1, . . . , I − 1, I  e.g. I =
3
2

, I3 = −
3
2

, −
1
2

,
1
2

,
3
2



FYS3500 Spring 2019 Alex Read, U. Oslo, Dept. Physics

Isospin mathematics
❖ Same multiplets as spin and angular momentum!  

❖ Same rules for addition as spin and angular momentum!  
 

!4

I = max I3, I3 = − I, − I + 1, . . . , I − 1, I  e.g. I =
3
2

, I3 = −
3
2

, −
1
2

,
1
2

,
3
2

Ia + Ib = | Ia − Ib | , | Ia − Ib | + 1, . . . , | Ia + Ib | − 1, | Ia + Ib >



FYS3500 Spring 2019 Alex Read, U. Oslo, Dept. Physics

Isospin mathematics
❖ Same multiplets as spin and angular momentum!  

❖ Same rules for addition as spin and angular momentum!  
 

!4

I = max I3, I3 = − I, − I + 1, . . . , I − 1, I  e.g. I =
3
2

, I3 = −
3
2

, −
1
2

,
1
2

,
3
2

Ia + Ib = | Ia − Ib | , | Ia − Ib | + 1, . . . , | Ia + Ib | − 1, | Ia + Ib >  e.g. 1 + 1 = 0, 1, 2



FYS3500 Spring 2019 Alex Read, U. Oslo, Dept. Physics

Isospin mathematics
❖ Same multiplets as spin and angular momentum!  

❖ Same rules for addition as spin and angular momentum!  
 

❖ Same sum-rule for third (“z”) component! Constant in isospin-
conserving strong interactions:  
 

!4

I = max I3, I3 = − I, − I + 1, . . . , I − 1, I  e.g. I =
3
2

, I3 = −
3
2

, −
1
2

,
1
2

,
3
2

Ia + Ib = | Ia − Ib | , | Ia − Ib | + 1, . . . , | Ia + Ib | − 1, | Ia + Ib >  e.g. 1 + 1 = 0, 1, 2



FYS3500 Spring 2019 Alex Read, U. Oslo, Dept. Physics

Isospin mathematics
❖ Same multiplets as spin and angular momentum!  

❖ Same rules for addition as spin and angular momentum!  
 

❖ Same sum-rule for third (“z”) component! Constant in isospin-
conserving strong interactions:  
 

!4

I = max I3, I3 = − I, − I + 1, . . . , I − 1, I  e.g. I =
3
2

, I3 = −
3
2

, −
1
2

,
1
2

,
3
2

Ia + Ib = | Ia − Ib | , | Ia − Ib | + 1, . . . , | Ia + Ib | − 1, | Ia + Ib >  e.g. 1 + 1 = 0, 1, 2

I3 = ∑
i

Ii
3, where I3(u, d̄) =

1
2
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Quantum numbers (strong int.)
❖ Hypercharge  
 

❖ Isospin  
 

❖ Can show that (in fact this came before quarks)  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Y, I  Quantum numbers (quarks)
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Quark B Y Q I I3

u 1/3 1/3 2/3 1/2 1/2

d 1/3 1/3 -1/3 1/2 -1/2

c 1/3 4/3 2/3 0 0

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

t 1/3 4/3 2/3 0 0

b 1/3 -2/3 -1/3 0 0

Y = B + S + C + B̃ + T
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Y, I  Quantum numbers (quarks)

❖ For antiquarks I is same but the rest change sign

!6

Quark B Y Q I I3

u 1/3 1/3 2/3 1/2 1/2

d 1/3 1/3 -1/3 1/2 -1/2

c 1/3 4/3 2/3 0 0

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

t 1/3 4/3 2/3 0 0

b 1/3 -2/3 -1/3 0 0

ū -1/3 -1/3 -2/3 1/2 -1/2

Y = B + S + C + B̃ + T
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Hadrons with
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C = B̃ = T = 0

Hadrons Quarks S I

Baryons

qqq 0 3/2, 1/2
qqs -1 1, 0
qss -2 1/2
sss -3 0

Mesons

1 1/2
 0 0

0 1, 0
-1 1/2

ss̄
qs̄

qq̄
q̄s

1
2

+
1
2

+
1
2

= (0,1) +
1
2

=
1
2

,
1
2

,
3
2

1
2

+
1
2

= (0,1)Isospin states:
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The Σ(1189 Mev) particles

❖ “Easy” to produce ⇒ strong interaction
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The Σ(1189 Mev) particles

❖ “Easy” to produce ⇒ strong interaction

❖ Must be a strange baryon with zero hypercharge:  
 

❖ Should belong to I=1 multiplet with 3 particles

!8

K− + p → π− + Σ+
(C = B̃ = T = 0) → (C = B̃ = T = 0)

B = 1,S = − 1 ⇒ Y = B + S = 0
I3 = Q − Y/2 = 1 − 0 = 1

(S = − 1, B = + 1) → (S = − 1, B = + 1)

I3 = 1,0, − 1 = Q ⇒ Σ+, Σ0, Σ−



FYS3500 Spring 2019 Alex Read, U. Oslo, Dept. Physics

The Σ(1189 Mev) particles

!9

K− + p → π− + Σ+



FYS3500 Spring 2019 Alex Read, U. Oslo, Dept. Physics

The Σ(1189 Mev) particles

!9

K− + p → π− + Σ+

K− + p → π0 + Σ0 ✅



FYS3500 Spring 2019 Alex Read, U. Oslo, Dept. Physics

The Σ(1189 Mev) particles

!9

K− + p → π− + Σ+

K− + p → π0 + Σ0

K− + p → π+ + Σ−
✅

✅



FYS3500 Spring 2019 Alex Read, U. Oslo, Dept. Physics

The Σ(1189 Mev) particles

❖ No doubly charged states observed, as expected in the 
quark model
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K− + p → π− + Σ+

K− + p → π0 + Σ0

K− + p → π+ + Σ−
✅

✅

Σ++, Σ−− ❌
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Light meson nonets (9)
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JP = 0− "Pseudoscalars" JP = 1− "Vectors"
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Light meson nonets (9)
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Quark content JP=0- 

pseudosclar
Mass 

(MeV)
JP=1- 

vector
Mass 

(MeV)140 768
 135 768

140 768
494 892
498 896
498 896
494 892

ud̄
(uū − dd̄)/ 2

dū

π+

π−
π0

ρ+

ρ0

ρ−

K−
K*0

K+

K0
K0

K*+

K*0

K*−

us̄

ds̄

sd̄
sū
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❖ The quark contents of the K’s, 𝜋’s and 𝜌’s are unambiguous
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Light meson nonets (9)

❖ The quark contents of the K’s, 𝜋’s and 𝜌’s are unambiguous
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Quark content JP=0- 

pseudosclar
Mass 

(MeV)
JP=1- 

vector
Mass 

(MeV)140 768
 135 768

140 768
494 892
498 896
498 896
494 892

ud̄
(uū − dd̄)/ 2

dū
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ρ0

ρ−

K−
K*0
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K*+

K*0

K*−
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ds̄

sd̄
sū

ϕ(1020) = ss̄, ω(782) = (uū + dd̄)/ 2
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Light meson nonets (9)

❖ The quark contents of the K’s, 𝜋’s and 𝜌’s are unambiguous

❖❖

!13

Quark content JP=0- 

pseudosclar
Mass 

(MeV)
JP=1- 

vector
Mass 

(MeV)140 768
 135 768

140 768
494 892
498 896
498 896
494 892

ud̄
(uū − dd̄)/ 2

dū

π+

π−
π0

ρ+

ρ0

ρ−

K−
K*0

K+

K0
K0

K*+

K*0

K*−

us̄

ds̄

sd̄
sū

ϕ(1020) = ss̄, ω(782) = (uū + dd̄)/ 2 but         linear combinations η, η′�
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Light baryon multiplets (L12=L3=0)
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Light baryon multiplets (L12=L3=0)

!14

I3-1 1/2-1/2 0 1

n p

Ξ− Ξ0

Σ+Σ− Σ0

Λ

S = Y − B
0

-1

-2

-3

Δ0 Δ+

Ξ*−

Σ*+Σ*− Σ*0

Δ++Δ−

Ξ*0

I3-1 1/2-1/2 0 1 3/2-3/2

Λ* ?

ddd− ? uuu++ ?

sss− ? Ω−

P = PqPqPq(−1)L12+L3=0 = 13 ⋅ 1 = 1J = L + S = 0 + S =
1
2

+
1
2

+
1
2

=
1
2

,
1
2

,
3
2

JP =
1
2

+
JP =

3
2

+

What’s going  
on here?!
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Baryon quark-spin wave functions
❖ One elegant way to explain this pattern is to assume 

that the wavefunction for identical quarks (fermions) is 
symmetric - exactly the opposite of what we expect for 
identical fermions (The Pauli Principle)!

❖ Since L12=L3=0 makes the space part of the 
wavefunction symmetric, the spin part must also be 
symmetric (under this curious assumption).

!15

Ψ = ψspace( ⃗r)χspin
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Spin 1/2+1/2 wavefunctions

!16

⇑1 ⇑2 (S = 1,Sz = 1)
⇑1 ⇓2 + ⇓1 ⇑2

2
(S = 1,Sz = 0)

⇓1 ⇓2 (S = 1,Sz = − 1)

⇑1 ⇓2 − ⇓1 ⇑2

2
(S = 0,Sz = 0)

S=1 symmetric
under 1⟷2

S=0 anti-symmetric  
under 1⟷2

All pairs of identical quarks in the baryon must be in S=1!

Stotal =
1
2

+
1
2

= 0,1
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Baryon quark-spin wavefunctions
❖ For                                            the only way to make all 

pairs spin-symmetric is with all 3 spins parallel, i.e. 
J=3/2, i.e. no J=1/2 states. 

!17

⇑a ⇑a ⇑a

Δ++(uuu), Δ−(ddd), Ω−(sss)
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❖ For                                            the only way to make all 
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Baryon quark-spin wavefunctions
❖ For                                            the only way to make all 

pairs spin-symmetric is with all 3 spins parallel, i.e. 
J=3/2, i.e. no J=1/2 states. 

❖ For udd, uud the two like quarks must be in S=1. Adding 
the third quark:  
 

❖ which gives us: 

!17

⇑a ⇑a ⇑a

S = 1 +
1
2

=
1
2

,
3
2

n, p (J =
1
2

) and Δ0, Δ+ (J =
3
2

)

Δ++(uuu), Δ−(ddd), Ω−(sss)
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Baryon quark-spin wavefunctions
❖ For uss, dss, the ss must be in S=1. Adding the third 

quark:

❖ which gives us:  
 
 
 
 
 

!18

S = 1 +
1
2

=
1
2

,
3
2

Ξ−, Ξ0 (J =
1
2

) and Ξ*−, Ξ*0 (J =
3
2

)
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Baryon quark-spin wavefunctions
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Baryon quark-spin wavefunctions
❖ For uus, dds, the non-s must be in S=1. Adding the s quark:

❖ which gives us:  
 

❖ The uds state has the ud in S=1 by isospin symmetry. 
Adding the s quark gives us  
 
 

!19

S = 1 +
1
2

=
1
2

,
3
2

Σ−, Σ+ (J =
1
2

) and Σ*−, Σ*+ (J =
3
2

)

Σ0 (J =
1
2

) and Σ*0 (J =
3
2

)
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❖ An orthognal uds state has the ud in S=0. Adding the s quark:

Baryon quark-spin wavefunctions
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❖ An orthognal uds state has the ud in S=0. Adding the s quark:

❖ which gives us only:  
 

Baryon quark-spin wavefunctions

!20

S = 0 +
1
2

=
1
2

Λ(J =
1
2

)
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❖ An orthognal uds state has the ud in S=0. Adding the s quark:

❖ which gives us only:  
 

❖ We have now explained 
the pattern 
 
 
 

Baryon quark-spin wavefunctions

!20

S = 0 +
1
2

=
1
2

Λ(J =
1
2

)

I3

- 1-1 0 1

n p

Ξ− Ξ0

Σ+Σ− Σ0

Λ

S = Y − B

0

-

-

-

Δ0 Δ+

Ξ*−

Σ*+Σ*− Σ*0

Δ++Δ−

Ξ*0

I3
- 1-1 0 1 3-3

Ω−



FYS3500 Spring 2019 Alex Read, U. Oslo, Dept. Physics

Heavy quark states (b,c)
❖ Similar patterns of allowed 

states for J=0,1 mesons, 
J=1/2, 3/2 baryons with 1,2,3 
heavy quarks. Not yet all 
are seen but LHCb and 
other experiments are 
slowly but steadily finding 
them.

❖ Work out the quark content 
of the mesons to the right. 

!21

I31/2-1/2 0

D*0 D*+

D*+
s

Y = S + C
2

1

I31/2-1/2 0

D0 D+

D+
s

Y = S + C
2

1

JP = 0−

JP = 1−
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Color wavefunction
❖ Greenberg (1964) proposed to extend the wavefunction 

with a color wavefunction  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Color wavefunction
❖ Greenberg (1964) proposed to extend the wavefunction 

with a color wavefunction  
 

❖ Quarks have 3 color states  
(guess which) associated to  
charges called color  
hypercharge       and  
color isospin
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Color wavefunction
❖ Greenberg (1964) proposed to extend the wavefunction 

with a color wavefunction  
 

❖ Quarks have 3 color states  
(guess which) associated to  
charges called color  
hypercharge       and  
color isospin

!22

Ψ = ψspace( ⃗r)χspin χcolor

YC

IC
3

IC
3 YC

r
g
b

r + g + b

State
 1/2  1/3
-1/2  1/3

0 -2/3
0 0

IC
3 YC

r̄
ḡ
b̄

r̄ + ḡ + b̄

State
-1/2 -1/3
 1/2 -1/3

0  2/3
0 0

Ĉ(qr) = q̄r̄

P.S. Typo in M&S Table 6.13
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Color confinement 18.03.2019
❖ Hypothesis that hadrons have no net color charge  

❖ Mesons consist of color-anticolor states e.g.      , i.e. mesons are 
“dark”

❖ Baryons consist of 3 quarks in states             , i.e. baryons are 
“white”

❖ Totally antisymmetric color wavefunction  
(in fact required by color confinement) under
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IC
3 = YC = 0

χC
B =

1

6
(r1g2b3 − g1r2b3 + b1r2g3 − b1g2r3 + g1b2r3 − r1b2g3)

rr̄

1 2

3

r, g, b
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Quark combinations allowed by color
❖ Color wave function for arbitrary collection of quarks and antiquarks  

❖ Number of quarks and antiquarks 

❖ Confinement condition (no net color charge)  
 

❖ Allowed numbers of quarks and antiquarks

!24

χC = rαgβbγr̄ᾱḡβ̄b̄γ̄

IC
3 =

(α − ᾱ)
2

−
(β − β̄)

2
YC =

(α − ᾱ)
2

+
(β − β̄)

2
−

2(γ − γ̄)
3

mq − nq̄ = (α − ᾱ) + (β − β̄) + (γ − γ̄)

(α − ᾱ) = (β − β̄) = (γ − γ̄) ≡ p ⟹ mq − nq̄ = 3p
⟹ (3q)p(qq̄)n (p, n ≥ 0)
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❖ Could be bound states of quarks and antiquarks or could be hadronic 
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❖ Would expect multiplets with exotic quantum numbers, e.g.

!25

(3q)p(qq̄)n (p, n ≥ 0) ⟶ (3q̄)l(3q)p(qq̄)n (l, p, n ≥ 0)

qqq̄q̄ qqqqq̄, q̄q̄q̄q̄q

MM, MB, MB̄

uuuud̄, uuuus̄ (Q = 3, S = 0,1)*
* Can you find the mistake on M&S p. 181?
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❖ Growing evidence for exotic hadrons with heavy quarks

❖ Some discussion about whether they are molecules or not

❖ LHCb recently determined that the X(3872) has JPC=2++  
 
 

 

 

!26

B+ → X + π+

X → J/Ψ + π+ + π−

Uses invariant mass!
Could be tetraquark or DD*
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http://lhcb-public.web.cern.ch/lhcb-public/Welcome.html#X3872
http://lhcb-public.web.cern.ch/lhcb-public/Images2013/X(3872).jpg


FYS3500 Spring 2019 Alex Read, U. Oslo, Dept. Physics

Exotic Z⁻(4430) confirmed by LHCb

!27

http://lhcb-public.web.cern.ch/lhcb-public/Welcome.html#Z(4430)
http://lhcb-public.web.cern.ch/lhcb-public/Welcome.html#Z(4430)


FYS3500 Spring 2019 Alex Read, U. Oslo, Dept. Physics

Exotic Z⁻(4430) confirmed by LHCb

❖ More studies needed to distinguish tetraquark from 
hadronic molecule

!27

http://lhcb-public.web.cern.ch/lhcb-public/Welcome.html#Z(4430)
http://lhcb-public.web.cern.ch/lhcb-public/Welcome.html#Z(4430)


FYS3500 Spring 2019 Alex Read, U. Oslo, Dept. Physics

Exotic Z⁻(4430) confirmed by LHCb

❖ More studies needed to distinguish tetraquark from 
hadronic molecule
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Ser dere et problem med figuren på venstre siden?

http://lhcb-public.web.cern.ch/lhcb-public/Welcome.html#Z(4430)
http://lhcb-public.web.cern.ch/lhcb-public/Welcome.html#Z(4430)
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❖ What about the non- JPC=1— states?

❖ Radiative decays

❖ 𝛾𝛾-collisions

❖ Proton-(anti)proton collisions
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Martin and Shaw, Particle Physics, 4th ed., Figure 6.10

χb → Υ(1S,2S)γ
Υ(1S,2S) → μ+μ−

χb(1P)

χb(2P)

Evidence for              !χb(3P)


