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Extension of flavour SU(2) to include the s quark

Qq = +2/3
<latexit sha1_base64="ekYq8eOfUbsJ5sGEh5hp2Kne2ZY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBZBEGqSCnoRil48tmA/oA1ls920SzebdHcjlNA/4cWDIl79O978N27bHLT1wcDjvRlm5vkxZ0rb9reVW1vf2NzKbxd2dvf2D4qHR00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aP7md96olKxSDzqSUy9EA8ECxjB2kjtem98e+FeVnrFkl2250CrxMlICTLUesWvbj8iSUiFJhwr1XHsWHsplpoRTqeFbqJojMkID2jHUIFDqrx0fu8UnRmlj4JImhIazdXfEykOlZqEvukMsR6qZW8m/ud1Eh3ceCkTcaKpIItFQcKRjtDsedRnkhLNJ4ZgIpm5FZEhlphoE1HBhOAsv7xKmm7ZqZTd+lWpepfFkYcTOIVzcOAaqvAANWgAAQ7P8Apv1th6sd6tj0VrzspmjuEPrM8fcOuO6w==</latexit>

Qq = �1/3
<latexit sha1_base64="OFrVqcSKCGwJJpioT7dTATjrqns=">AAAB73icbVBNS8NAEJ3Ur1q/oh69LBbBizVpBb0IRS8eW7Af0Iay2W7apZtNursRSuif8OJBEa/+HW/+G7dtDtr6YODx3gwz8/yYM6Ud59vKra1vbG7ltws7u3v7B/bhUVNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uh+5reeqFQsEo96ElMvxAPBAkawNlK73hvfXriXlZ5ddErOHGiVuBkpQoZaz/7q9iOShFRowrFSHdeJtZdiqRnhdFroJorGmIzwgHYMFTikykvn907RmVH6KIikKaHRXP09keJQqUnom84Q66Fa9mbif14n0cGNlzIRJ5oKslgUJBzpCM2eR30mKdF8YggmkplbERliiYk2ERVMCO7yy6ukWS65lVK5flWs3mVx5OEETuEcXLiGKjxADRpAgMMzvMKbNbZerHfrY9Gas7KZY/gD6/MHcnOO7A==</latexit>

✓
u
d

◆

<latexit sha1_base64="NJ9pupX1mClXCw3XuyfTWT3VHnI=">AAACGnicbVBNS8NAEN34bfyqevSyWAS9lKQKeix68VjBVqEpZbOZtEs3m7A7EUvwd3jxr3jxoIg38eK/cVuD+PVg4fHezOzMCzMpDHreuzM1PTM7N7+w6C4tr6yuVdY32ibNNYcWT2WqL0NmQAoFLRQo4TLTwJJQwkU4PBn7F1egjUjVOY4y6Casr0QsOEMr9Sp+ICHGXTcIoS9UkTDU4vrGzWkQuJEbgIq+tECL/gD3epWqV/MmoH+JX5IqKdHsVV6DKOV5Agq5ZMZ0fC/DbsE0Ci7Bzs0NZIwPWR86liqWgOkWk9Nu6I5VIhqn2j6FdKJ+7yhYYswoCW2l3XNgfntj8T+vk2N81C2EynIExT8/inNJMaXjnGgkNHCUI0sY18LuSvmAacbRpunaEPzfJ/8l7XrN36/Vzw6qjeMyjgWyRbbJLvHJIWmQU9IkLcLJLbknj+TJuXMenGfn5bN0yil7NskPOG8fNuWgXA==</latexit>

mu,d ⇡ 5MeV
<latexit sha1_base64="wdfFa3EqMTrVibxVVRHgZm0AxVA=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCh1KSquix6MWLUMG2QhPCZrNpl+4mYXcjlpCTF/+KFw+KePU3ePPfuG1z0NYHA4/3ZpiZ5yeMSmVZ30ZpYXFpeaW8Wllb39jcMrd3OjJOBSZtHLNY3PlIEkYj0lZUMXKXCIK4z0jXH16O/e49EZLG0a0aJcTlqB/RkGKktOSZ+9zL0lqQOyhJRPwAT50azBzB4TXp5NAzq1bdmgDOE7sgVVCg5ZlfThDjlJNIYYak7NlWotwMCUUxI3nFSSVJEB6iPulpGiFOpJtN3sjhoVYCGMZCV6TgRP09kSEu5Yj7upMjNZCz3lj8z+ulKjx3MxolqSIRni4KUwZVDMeZwIAKghUbaYKwoPpWiAdIIKx0chUdgj378jzpNOr2cb1xc1JtXhRxlMEeOABHwAZnoAmuQAu0AQaP4Bm8gjfjyXgx3o2PaWvJKGZ2wR8Ynz/K+pgI</latexit>

ms ⇡ 100MeV
<latexit sha1_base64="2RBTLzcNy0beR0/2URZv2lLxInw=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEmqoMuiGzdCBfuAJoTJdNIOnZmEmYlYQlZu/BU3LhRx6ze482+ctllo64ELh3Pu5d57woRRpR3n21pYXFpeWS2tldc3Nre27Z3dlopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8Grst++JVDQWd3qUEJ+jvqARxUgbKbAPeJCp3ENJIuMH6DqOdwIzT3J4Q1o5DOyKU3UmgPPELUgFFGgE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvZSRRKEh6hPuoYKxInys8kbOTwySg9GsTQlNJyovycyxJUa8dB0cqQHatYbi/953VRHF35GRZJqIvB0UZQyqGM4zgT2qCRYs5EhCEtqboV4gCTC2iRXNiG4sy/Pk1at6p5Wa7dnlfplEUcJ7INDcAxccA7q4Bo0QBNg8AiewSt4s56sF+vd+pi2LljFzB74A+vzB3g4l9I=</latexit>

mc ⇡ 1.2GeV
<latexit sha1_base64="KjbWvY9nRg5/EO+LdrbrrXiV9+g=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEiqoMuiC11WsA9oQphMJ+3QmWSYmYgldOXGX3HjQhG3foM7/8Zpm4W2HrhwOOde7r0nEowq7brf1sLi0vLKammtvL6xubVt7+w2VZpJTBo4ZalsR0gRRhPS0FQz0haSIB4x0ooGV2O/dU+komlyp4eCBBz1EhpTjLSRQvuAhzke+UgImT5Az6n6JzD3JYfXpDmCoV1xHXcCOE+8glRAgXpof/ndFGecJBozpFTHc4UOciQ1xYyMyn6miEB4gHqkY2iCOFFBPnljBI+M0oVxKk0lGk7U3xM54koNeWQ6OdJ9NeuNxf+8TqbjiyCnicg0SfB0UZwxqFM4zgR2qSRYs6EhCEtqboW4jyTC2iRXNiF4sy/Pk2bV8U6d6u1ZpXZZxFEC++AQHAMPnIMauAF10AAYPIJn8ArerCfrxXq3PqatC1Yxswf+wPr8AVU2l7w=</latexit>

mb ⇡ 4.8GeV
<latexit sha1_base64="c0cnx3bxEbPkSv+fFvscUOpCylY=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEhqwS6LLnRZwT6gCWEynbRDZ5IwMxFLyMqNv+LGhSJu/QZ3/o3TNgttPXDhcM693HtPkDAqlW1/G0vLK6tr66WN8ubW9s6uubfflnEqMGnhmMWiGyBJGI1IS1HFSDcRBPGAkU4wupr4nXsiJI2jOzVOiMfRIKIhxUhpyTePuJ8FuYuSRMQPsGbV3TOYuYLDa9LOoW9WbMueAi4SpyAVUKDpm19uP8YpJ5HCDEnZc+xEeRkSimJG8rKbSpIgPEID0tM0QpxIL5u+kcMTrfRhGAtdkYJT9fdEhriUYx7oTo7UUM57E/E/r5eqsO5lNEpSRSI8WxSmDKoYTjKBfSoIVmysCcKC6lshHiKBsNLJlXUIzvzLi6RdtZxzq3pbqzQuizhK4BAcg1PggAvQADegCVoAg0fwDF7Bm/FkvBjvxsesdckoZg7AHxifP2G4l8Q=</latexit>

mt ⇡ 170GeV
<latexit sha1_base64="qft8Fa7di0AacInDEGglmv6ynxE=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhZSkCnVZdKHLCvYBTQiT6bQdOjMJMxOxhGzc+CtuXCji1n9w5984bbPQ1gMXDufcy733hDGjSjvOt1VYWl5ZXSuulzY2t7Z37N29looSiUkTRyySnRApwqggTU01I51YEsRDRtrh6Grit++JVDQSd3ocE5+jgaB9ipE2UmAf8iDVmYfiWEYP0K053ilMPcnhNWllgV12Ks4UcJG4OSmDHI3A/vJ6EU44ERozpFTXdWLtp0hqihnJSl6iSIzwCA1I11CBOFF+Ov0ig8dG6cF+JE0JDafq74kUcaXGPDSdHOmhmvcm4n9eN9H9Cz+lIk40EXi2qJ8wqCM4iQT2qCRYs7EhCEtqboV4iCTC2gRXMiG48y8vkla14p5Vqrfn5fplHkcRHIAjcAJcUAN1cAMaoAkweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8ARwHl6o=</latexit>

SU(2)

mu,d,s ⌧ mc,b,t
<latexit sha1_base64="p0jS0Lvhy1qBspudnGWuIya1pOk=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJQyUwVdFt24rGAf0A5DJpNpQ5PMkGSEMs7CX3HjQhG3/oY7/8a0nYW2Hrhwcs695N4TJIwq7TjfVmlldW19o7xZ2dre2d2z9w86Kk4lJm0cs1j2AqQIo4K0NdWM9BJJEA8Y6Qbjm6nffSBS0Vjc60lCPI6GgkYUI20k3z7ifpbWwprKB4xB88C1oKZz3646dWcGuEzcglRBgZZvfw3CGKecCI0ZUqrvOon2MiQ1xYzklUGqSILwGA1J31CBOFFeNts/h6dGCWEUS1NCw5n6eyJDXKkJD0wnR3qkFr2p+J/XT3V05WVUJKkmAs8/ilIGdQynYcCQSoI1mxiCsKRmV4hHSCKsTWQVE4K7ePIy6TTq7nm9cXdRbV4XcZTBMTgBZ8AFl6AJbkELtAEGj+AZvII368l6sd6tj3lrySpmDsEfWJ8/QxyVnA==</latexit>

The mass of the s quark is smaller than the masses of the c, b and t quarks and the 
typical binding energies of hadrons. But                   . 

Flavour SU(3) symmetry is less good than flavour SU(2)

ms > mu,d
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Flavour SU(3)
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!Fig. 9.9 The qq isospin triplet and singlet states.

doublet (in the language of group theory the quark doublet is a fundamental repre-
sentation of SU(2) and the antiquark doublet is the conjugate representation). The
action of the isospin raising and lowering operators on the φ (0, 0) state both give
zero, confirming that it is indeed a singlet state.

9.6 SU(3) $avour symmetry

The SU(2) flavour symmetry described above is almost exact because the difference
in the masses of the up- and down-quarks is small and the Coulomb interaction
represents a relatively small contribution to the overall Hamiltonian compared to
the strong interaction. It is possible to extend the flavour symmetry to include the
strange quark. The strong interaction part of the Hamiltonian of (9.2) treats all
quarks equally and therefore possesses an exact uds flavour symmetry. However,
since the mass of the strange quark is different from the masses of the up- and
down-quarks, the overall Hamiltonian is not flavour symmetric. Nevertheless, the
difference between ms and mu/d, which is of the order 100 MeV, is relatively small
compared to the typical binding energies of baryons, which are of order 1 GeV. It is
therefore possible to proceed as if the overall Hamiltonian possessed a uds flavour
symmetry. However, the results based on this assumption should be treated with
care as, in reality, the symmetry is only approximate.

The assumed uds flavour symmetry can be expressed by a unitary transformation
in flavour space




u′

d′

s′


 = Û




u
d
s


 =




U11 U12 U13

U21 U22 U23

U31 U32 U33







u
d
s


 .

In general, a 3 × 3 matrix can be written in terms of nine complex numbers, or
equivalently 18 real parameters. There are nine constraints from requirement of
unitarity, Û†Û = I. Therefore Û can be expressed in terms of nine linearly inde-
pendent 3 × 3 matrices. As before, one of these matrices is the identity matrix
multiplied by a complex phase and is not relevant to the discussion of transforma-
tions between different flavour states. The remaining eight matrices form an SU(3)

Extend quark flavour rotations (3x3 matrices)

9x2=18 real parameters

but unitarity imposes 9 constraints 

out of the 9 matrices, one is the identity: we need to build 8 generators.

Third component of isospin is now

T3 =
�3
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group and can be expressed in terms of the eight independent Hermitian generators
T̂i such that the general SU(3) flavour transformation can be expressed as

Û = eiα·T̂.

The eight generators are written in terms of eight λ-matrices with

T̂ =
1
2
λ,

where the matrices act on the SU(3) representations of the u, d and s quarks

u =




1
0
0


 , d =




0
1
0


 and s =




0
0
1


 . (9.30)

The SU(3) uds flavour symmetry contains the subgroup of SU(2) u ↔ d flavour
symmetry. Hence, three of the λ-matrices correspond to the SU(2) ud isospin sym-
metry and have the Pauli spin-matrices in the top left 2×2 block of the 3×3 matrix
with all other entries zero,

λ1 =




0 1 0
1 0 0
0 0 0


 , λ2 =




0 −i 0
i 0 0
0 0 0


 and λ3 =




1 0 0
0 −1 0
0 0 0


 .

The third component of isospin is now written in terms of the operator

T̂3 =
1
2λ3,

such that

T̂3u = + 1
2 u, T̂3d = − 1

2 d and T̂3s = 0.

As before, isospin lowering and raising operators are defined as T± = 1
2 (λ1 ± iλ2).

The remaining λ-matrices can be identified by realising that the SU(3) uds flavour
symmetry also contains the subgroups of SU(2) u ↔ s and SU(2) d ↔ s flavour
symmetries, both of which can also be expressed in terms of the Pauli spin-matrices.
The corresponding 3 × 3 λ-matrixes for the u↔ s symmetry are

λ4 =




0 0 1
0 0 0
1 0 0


 , λ5 =




0 0 −i
0 0 0
i 0 0


 and λX =




1 0 0
0 0 0
0 0 −1


 ,

and for the d↔ s symmetry they are

λ6 =




0 0 0
0 0 1
0 1 0


 , λ7 =




0 0 0
0 0 −i
0 i 0


 and λY =




0 0 0
0 1 0
0 0 −1


 .
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with all other entries zero,

λ1 =




0 1 0
1 0 0
0 0 0


 , λ2 =




0 −i 0
i 0 0
0 0 0


 and λ3 =




1 0 0
0 −1 0
0 0 0


 .

The third component of isospin is now written in terms of the operator

T̂3 =
1
2λ3,

such that

T̂3u = + 1
2 u, T̂3d = − 1

2 d and T̂3s = 0.

As before, isospin lowering and raising operators are defined as T± = 1
2 (λ1 ± iλ2).

The remaining λ-matrices can be identified by realising that the SU(3) uds flavour
symmetry also contains the subgroups of SU(2) u ↔ s and SU(2) d ↔ s flavour
symmetries, both of which can also be expressed in terms of the Pauli spin-matrices.
The corresponding 3 × 3 λ-matrixes for the u↔ s symmetry are

λ4 =




0 0 1
0 0 0
1 0 0


 , λ5 =




0 0 −i
0 0 0
i 0 0


 and λX =




1 0 0
0 0 0
0 0 −1


 ,

and for the d↔ s symmetry they are

λ6 =




0 0 0
0 0 1
0 1 0


 , λ7 =




0 0 0
0 0 −i
0 i 0


 and λY =




0 0 0
0 1 0
0 0 −1


 .
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group and can be expressed in terms of the eight independent Hermitian generators
T̂i such that the general SU(3) flavour transformation can be expressed as

Û = eiα·T̂.

The eight generators are written in terms of eight λ-matrices with

T̂ =
1
2
λ,

where the matrices act on the SU(3) representations of the u, d and s quarks

u =




1
0
0


 , d =




0
1
0


 and s =




0
0
1


 . (9.30)

The SU(3) uds flavour symmetry contains the subgroup of SU(2) u ↔ d flavour
symmetry. Hence, three of the λ-matrices correspond to the SU(2) ud isospin sym-
metry and have the Pauli spin-matrices in the top left 2×2 block of the 3×3 matrix
with all other entries zero,

λ1 =




0 1 0
1 0 0
0 0 0


 , λ2 =




0 −i 0
i 0 0
0 0 0


 and λ3 =




1 0 0
0 −1 0
0 0 0


 .

The third component of isospin is now written in terms of the operator

T̂3 =
1
2λ3,

such that

T̂3u = + 1
2 u, T̂3d = − 1

2 d and T̂3s = 0.

As before, isospin lowering and raising operators are defined as T± = 1
2 (λ1 ± iλ2).

The remaining λ-matrices can be identified by realising that the SU(3) uds flavour
symmetry also contains the subgroups of SU(2) u ↔ s and SU(2) d ↔ s flavour
symmetries, both of which can also be expressed in terms of the Pauli spin-matrices.
The corresponding 3 × 3 λ-matrixes for the u↔ s symmetry are

λ4 =




0 0 1
0 0 0
1 0 0


 , λ5 =




0 0 −i
0 0 0
i 0 0


 and λX =




1 0 0
0 0 0
0 0 −1


 ,

and for the d↔ s symmetry they are

λ6 =




0 0 0
0 0 1
0 1 0


 , λ7 =




0 0 0
0 0 −i
0 i 0


 and λY =




0 0 0
0 1 0
0 0 −1


 .
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group and can be expressed in terms of the eight independent Hermitian generators
T̂i such that the general SU(3) flavour transformation can be expressed as

Û = eiα·T̂.

The eight generators are written in terms of eight λ-matrices with

T̂ =
1
2
λ,

where the matrices act on the SU(3) representations of the u, d and s quarks

u =




1
0
0


 , d =




0
1
0


 and s =




0
0
1


 . (9.30)

The SU(3) uds flavour symmetry contains the subgroup of SU(2) u ↔ d flavour
symmetry. Hence, three of the λ-matrices correspond to the SU(2) ud isospin sym-
metry and have the Pauli spin-matrices in the top left 2×2 block of the 3×3 matrix
with all other entries zero,

λ1 =




0 1 0
1 0 0
0 0 0


 , λ2 =




0 −i 0
i 0 0
0 0 0


 and λ3 =




1 0 0
0 −1 0
0 0 0


 .

The third component of isospin is now written in terms of the operator

T̂3 =
1
2λ3,

such that

T̂3u = + 1
2 u, T̂3d = − 1

2 d and T̂3s = 0.

As before, isospin lowering and raising operators are defined as T± = 1
2 (λ1 ± iλ2).

The remaining λ-matrices can be identified by realising that the SU(3) uds flavour
symmetry also contains the subgroups of SU(2) u ↔ s and SU(2) d ↔ s flavour
symmetries, both of which can also be expressed in terms of the Pauli spin-matrices.
The corresponding 3 × 3 λ-matrixes for the u↔ s symmetry are

λ4 =




0 0 1
0 0 0
1 0 0


 , λ5 =




0 0 −i
0 0 0
i 0 0


 and λX =




1 0 0
0 0 0
0 0 −1


 ,

and for the d↔ s symmetry they are

λ6 =




0 0 0
0 0 1
0 1 0


 , λ7 =




0 0 0
0 0 −i
0 i 0


 and λY =




0 0 0
0 1 0
0 0 −1


 .

But SU(3) � SU(2)
<latexit sha1_base64="ZyB6wi2iR4P3wX4Q3ncDZjNXR+o=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2AR2k2ZaQVdFt24rGgf0A4lk2ba0ExmSDJCGQr+ihsXirj1O9z5N6btLLT1wIWTc+4l9x4/5kxpx/m2cmvrG5tb+e3Czu7e/oF9eNRSUSIJbZKIR7LjY0U5E7Spmea0E0uKQ5/Ttj++mfntRyoVi8SDnsTUC/FQsIARrI3Ut0/um6VaGaGeSmJFNULmXS337aJTceZAq8TNSBEyNPr2V28QkSSkQhOOleq6Tqy9FEvNCKfTQi9RNMZkjIe0a6jAIVVeOl9/is6NMkBBJE0Jjebq74kUh0pNQt90hliP1LI3E//zuokOrryUiTjRVJDFR0HCkY7QLAs0YJISzSeGYCKZ2RWREZaYaJNYwYTgLp+8SlrVilurVO8uivXrLI48nMIZlMCFS6jDLTSgCQRSeIZXeLOerBfr3fpYtOasbOYY/sD6/AGjI5NY</latexit>

Pauli matrices

224 Symmetries and the quark model

group and can be expressed in terms of the eight independent Hermitian generators
T̂i such that the general SU(3) flavour transformation can be expressed as

Û = eiα·T̂.

The eight generators are written in terms of eight λ-matrices with

T̂ =
1
2
λ,

where the matrices act on the SU(3) representations of the u, d and s quarks

u =




1
0
0


 , d =




0
1
0


 and s =




0
0
1


 . (9.30)

The SU(3) uds flavour symmetry contains the subgroup of SU(2) u ↔ d flavour
symmetry. Hence, three of the λ-matrices correspond to the SU(2) ud isospin sym-
metry and have the Pauli spin-matrices in the top left 2×2 block of the 3×3 matrix
with all other entries zero,

λ1 =




0 1 0
1 0 0
0 0 0


 , λ2 =




0 −i 0
i 0 0
0 0 0


 and λ3 =




1 0 0
0 −1 0
0 0 0


 .

The third component of isospin is now written in terms of the operator

T̂3 =
1
2λ3,

such that

T̂3u = + 1
2 u, T̂3d = − 1

2 d and T̂3s = 0.

As before, isospin lowering and raising operators are defined as T± = 1
2 (λ1 ± iλ2).

The remaining λ-matrices can be identified by realising that the SU(3) uds flavour
symmetry also contains the subgroups of SU(2) u ↔ s and SU(2) d ↔ s flavour
symmetries, both of which can also be expressed in terms of the Pauli spin-matrices.
The corresponding 3 × 3 λ-matrixes for the u↔ s symmetry are

λ4 =




0 0 1
0 0 0
1 0 0


 , λ5 =




0 0 −i
0 0 0
i 0 0


 and λX =




1 0 0
0 0 0
0 0 −1


 ,

and for the d↔ s symmetry they are

λ6 =




0 0 0
0 0 1
0 1 0


 , λ7 =




0 0 0
0 0 −i
0 i 0


 and λY =




0 0 0
0 1 0
0 0 −1


 .
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group and can be expressed in terms of the eight independent Hermitian generators
T̂i such that the general SU(3) flavour transformation can be expressed as

Û = eiα·T̂.

The eight generators are written in terms of eight λ-matrices with

T̂ =
1
2
λ,

where the matrices act on the SU(3) representations of the u, d and s quarks

u =




1
0
0


 , d =




0
1
0


 and s =




0
0
1


 . (9.30)

The SU(3) uds flavour symmetry contains the subgroup of SU(2) u ↔ d flavour
symmetry. Hence, three of the λ-matrices correspond to the SU(2) ud isospin sym-
metry and have the Pauli spin-matrices in the top left 2×2 block of the 3×3 matrix
with all other entries zero,

λ1 =




0 1 0
1 0 0
0 0 0


 , λ2 =




0 −i 0
i 0 0
0 0 0


 and λ3 =




1 0 0
0 −1 0
0 0 0


 .

The third component of isospin is now written in terms of the operator

T̂3 =
1
2λ3,

such that

T̂3u = + 1
2 u, T̂3d = − 1

2 d and T̂3s = 0.

As before, isospin lowering and raising operators are defined as T± = 1
2 (λ1 ± iλ2).

The remaining λ-matrices can be identified by realising that the SU(3) uds flavour
symmetry also contains the subgroups of SU(2) u ↔ s and SU(2) d ↔ s flavour
symmetries, both of which can also be expressed in terms of the Pauli spin-matrices.
The corresponding 3 × 3 λ-matrixes for the u↔ s symmetry are

λ4 =




0 0 1
0 0 0
1 0 0


 , λ5 =




0 0 −i
0 0 0
i 0 0


 and λX =




1 0 0
0 0 0
0 0 −1


 ,

and for the d↔ s symmetry they are

λ6 =




0 0 0
0 0 1
0 1 0


 , λ7 =




0 0 0
0 0 −i
0 i 0


 and λY =




0 0 0
0 1 0
0 0 −1


 .

Third component of isospin is now

T3 =
�3

2
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group and can be expressed in terms of the eight independent Hermitian generators
T̂i such that the general SU(3) flavour transformation can be expressed as

Û = eiα·T̂.

The eight generators are written in terms of eight λ-matrices with

T̂ =
1
2
λ,

where the matrices act on the SU(3) representations of the u, d and s quarks

u =




1
0
0


 , d =




0
1
0


 and s =




0
0
1


 . (9.30)

The SU(3) uds flavour symmetry contains the subgroup of SU(2) u ↔ d flavour
symmetry. Hence, three of the λ-matrices correspond to the SU(2) ud isospin sym-
metry and have the Pauli spin-matrices in the top left 2×2 block of the 3×3 matrix
with all other entries zero,

λ1 =




0 1 0
1 0 0
0 0 0


 , λ2 =




0 −i 0
i 0 0
0 0 0


 and λ3 =




1 0 0
0 −1 0
0 0 0


 .

The third component of isospin is now written in terms of the operator

T̂3 =
1
2λ3,

such that

T̂3u = + 1
2 u, T̂3d = − 1

2 d and T̂3s = 0.

As before, isospin lowering and raising operators are defined as T± = 1
2 (λ1 ± iλ2).

The remaining λ-matrices can be identified by realising that the SU(3) uds flavour
symmetry also contains the subgroups of SU(2) u ↔ s and SU(2) d ↔ s flavour
symmetries, both of which can also be expressed in terms of the Pauli spin-matrices.
The corresponding 3 × 3 λ-matrixes for the u↔ s symmetry are

λ4 =




0 0 1
0 0 0
1 0 0


 , λ5 =




0 0 −i
0 0 0
i 0 0


 and λX =




1 0 0
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
 ,

and for the d↔ s symmetry they are

λ6 =




0 0 0
0 0 1
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
 , λ7 =



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0 0 −i
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
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
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
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s quark doesn’t 
carry isospin

Isospin ladder operators remain the same: T± = T1 ± iT2
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group and can be expressed in terms of the eight independent Hermitian generators
T̂i such that the general SU(3) flavour transformation can be expressed as

Û = eiα·T̂.

The eight generators are written in terms of eight λ-matrices with

T̂ =
1
2
λ,

where the matrices act on the SU(3) representations of the u, d and s quarks

u =




1
0
0


 , d =




0
1
0


 and s =




0
0
1


 . (9.30)

The SU(3) uds flavour symmetry contains the subgroup of SU(2) u ↔ d flavour
symmetry. Hence, three of the λ-matrices correspond to the SU(2) ud isospin sym-
metry and have the Pauli spin-matrices in the top left 2×2 block of the 3×3 matrix
with all other entries zero,

λ1 =


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The third component of isospin is now written in terms of the operator

T̂3 =
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such that

T̂3u = + 1
2 u, T̂3d = − 1

2 d and T̂3s = 0.

As before, isospin lowering and raising operators are defined as T± = 1
2 (λ1 ± iλ2).

The remaining λ-matrices can be identified by realising that the SU(3) uds flavour
symmetry also contains the subgroups of SU(2) u ↔ s and SU(2) d ↔ s flavour
symmetries, both of which can also be expressed in terms of the Pauli spin-matrices.
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and for the d↔ s symmetry they are
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group and can be expressed in terms of the eight independent Hermitian generators
T̂i such that the general SU(3) flavour transformation can be expressed as

Û = eiα·T̂.

The eight generators are written in terms of eight λ-matrices with

T̂ =
1
2
λ,

where the matrices act on the SU(3) representations of the u, d and s quarks
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
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The SU(3) uds flavour symmetry contains the subgroup of SU(2) u ↔ d flavour
symmetry. Hence, three of the λ-matrices correspond to the SU(2) ud isospin sym-
metry and have the Pauli spin-matrices in the top left 2×2 block of the 3×3 matrix
with all other entries zero,

λ1 =
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The third component of isospin is now written in terms of the operator

T̂3 =
1
2λ3,

such that

T̂3u = + 1
2 u, T̂3d = − 1

2 d and T̂3s = 0.

As before, isospin lowering and raising operators are defined as T± = 1
2 (λ1 ± iλ2).

The remaining λ-matrices can be identified by realising that the SU(3) uds flavour
symmetry also contains the subgroups of SU(2) u ↔ s and SU(2) d ↔ s flavour
symmetries, both of which can also be expressed in terms of the Pauli spin-matrices.
The corresponding 3 × 3 λ-matrixes for the u↔ s symmetry are

λ4 =




0 0 1
0 0 0
1 0 0


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


0 0 −i
0 0 0
i 0 0
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
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1 0 0
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0 0 −1


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and for the d↔ s symmetry they are

λ6 =


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0 0 0
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0 1 0
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0 0 0
0 0 −i
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 and λY =
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but �3 = �X � �Y
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We eliminate one of the linearly dependent matrices:

225 9.6 SU(3) &avour symmetry

Of the nine λ-matrices identified above, only eight are independent; one of the
three diagonal matrices, λ3, λX and λY , can be expressed in terms of the other two.
Because the u↔ d symmetry is nearly exact, it is natural to retain λ3 as one of the
eight generators of the SU(3) flavour symmetry. The final generator is chosen as
the linear combination of λX and λY that treats u and d quarks symmetrically

λ8 =
1√
3




0 0 0
0 1 0
0 0 −1


 +

1√
3




1 0 0
0 0 0
0 0 −1


 =

1√
3




1 0 0
0 1 0
0 0 −2


 .

The eight matrices used to represent the generators of the SU(3) symmetry, known
as the Gell-Mann matrices, are therefore

λ1 =




0 1 0
1 0 0
0 0 0


 , λ4 =




0 0 1
0 0 0
1 0 0


 , λ6 =




0 0 0
0 0 1
0 1 0




λ2 =




0 −i 0
i 0 0
0 0 0


 , λ5 =




0 0 −i
0 0 0
i 0 0


 , λ7 =




0 0 0
0 0 −i
0 i 0




λ3 =




1 0 0
0 −1 0
0 0 0


 , λ8 =

1√
3




1 0 0
0 1 0
0 0 −2


 .

(9.31)

9.6.1 SU(3) %avour states

For the case of SU(2) flavour symmetry there are three Hermitian generators, each
of which corresponds to an observable quantity. However, since the generators do
not commute, they correspond to a set of incompatible variables. Consequently
SU(2) states were defined in terms of the eigenstates of the third component of
isospin T̂3 and the total isospin T̂ 2 = T̂ 2

1 + T̂ 2
2 + T̂ 2

3 . In SU(3) there is an analogue of
total isospin, which for the fundamental representation of the quarks can be written

T̂ 2 =

8∑

i=1

T̂ 2
i =

1
4

8∑

i=1

λ2
i =

4
3




1 0 0
0 1 0
0 0 1


 .

Of the eight SU(3) generators, only T3 =
1
2λ3 and T8 =

1
2λ8 commute and therefore

describe compatible observable quantities. Hence, in addition to the analogue of the
total isospin, SU(3) states are described in terms of the eigenstates of the λ3 and λ8

matrices. The corresponding quantum numbers are the third component of isospin
and the flavour hypercharge defined by the operators

T̂3 =
1
2λ3 and Ŷ = 1√

3
λ8.

This combination leaves the 
light quarks unchanged.

2nd diagonal generator: the group is "rank two” 
[SU(n) has n-1 diagonal generators]
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the linear combination of λX and λY that treats u and d quarks symmetrically
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The eight matrices used to represent the generators of the SU(3) symmetry, known
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For the case of SU(2) flavour symmetry there are three Hermitian generators, each
of which corresponds to an observable quantity. However, since the generators do
not commute, they correspond to a set of incompatible variables. Consequently
SU(2) states were defined in terms of the eigenstates of the third component of
isospin T̂3 and the total isospin T̂ 2 = T̂ 2
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3 . In SU(3) there is an analogue of
total isospin, which for the fundamental representation of the quarks can be written

T̂ 2 =

8∑

i=1

T̂ 2
i =

1
4

8∑

i=1

λ2
i =

4
3




1 0 0
0 1 0
0 0 1


 .

Of the eight SU(3) generators, only T3 =
1
2λ3 and T8 =

1
2λ8 commute and therefore

describe compatible observable quantities. Hence, in addition to the analogue of the
total isospin, SU(3) states are described in terms of the eigenstates of the λ3 and λ8

matrices. The corresponding quantum numbers are the third component of isospin
and the flavour hypercharge defined by the operators

T̂3 =
1
2λ3 and Ŷ = 1√

3
λ8.

SU(3) algebra

[�i,�j ] = 2i fijk�k
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Of the nine λ-matrices identified above, only eight are independent; one of the
three diagonal matrices, λ3, λX and λY , can be expressed in terms of the other two.
Because the u↔ d symmetry is nearly exact, it is natural to retain λ3 as one of the
eight generators of the SU(3) flavour symmetry. The final generator is chosen as
the linear combination of λX and λY that treats u and d quarks symmetrically

λ8 =
1√
3




0 0 0
0 1 0
0 0 −1


 +

1√
3




1 0 0
0 0 0
0 0 −1


 =

1√
3




1 0 0
0 1 0
0 0 −2


 .

The eight matrices used to represent the generators of the SU(3) symmetry, known
as the Gell-Mann matrices, are therefore

λ1 =




0 1 0
1 0 0
0 0 0


 , λ4 =




0 0 1
0 0 0
1 0 0


 , λ6 =




0 0 0
0 0 1
0 1 0




λ2 =




0 −i 0
i 0 0
0 0 0


 , λ5 =




0 0 −i
0 0 0
i 0 0


 , λ7 =




0 0 0
0 0 −i
0 i 0




λ3 =




1 0 0
0 −1 0
0 0 0


 , λ8 =

1√
3




1 0 0
0 1 0
0 0 −2


 .
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9.6.1 SU(3) %avour states

For the case of SU(2) flavour symmetry there are three Hermitian generators, each
of which corresponds to an observable quantity. However, since the generators do
not commute, they correspond to a set of incompatible variables. Consequently
SU(2) states were defined in terms of the eigenstates of the third component of
isospin T̂3 and the total isospin T̂ 2 = T̂ 2

1 + T̂ 2
2 + T̂ 2

3 . In SU(3) there is an analogue of
total isospin, which for the fundamental representation of the quarks can be written

T̂ 2 =

8∑

i=1

T̂ 2
i =

1
4

8∑

i=1

λ2
i =

4
3




1 0 0
0 1 0
0 0 1


 .

Of the eight SU(3) generators, only T3 =
1
2λ3 and T8 =

1
2λ8 commute and therefore

describe compatible observable quantities. Hence, in addition to the analogue of the
total isospin, SU(3) states are described in terms of the eigenstates of the λ3 and λ8

matrices. The corresponding quantum numbers are the third component of isospin
and the flavour hypercharge defined by the operators

T̂3 =
1
2λ3 and Ŷ = 1√

3
λ8.
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Of the nine λ-matrices identified above, only eight are independent; one of the
three diagonal matrices, λ3, λX and λY , can be expressed in terms of the other two.
Because the u↔ d symmetry is nearly exact, it is natural to retain λ3 as one of the
eight generators of the SU(3) flavour symmetry. The final generator is chosen as
the linear combination of λX and λY that treats u and d quarks symmetrically

λ8 =
1√
3


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0 0 0
0 1 0
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
 +
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3


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1 0 0
0 0 0
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
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0 1 0
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
 .

The eight matrices used to represent the generators of the SU(3) symmetry, known
as the Gell-Mann matrices, are therefore

λ1 =




0 1 0
1 0 0
0 0 0


 , λ4 =




0 0 1
0 0 0
1 0 0


 , λ6 =




0 0 0
0 0 1
0 1 0




λ2 =




0 −i 0
i 0 0
0 0 0


 , λ5 =




0 0 −i
0 0 0
i 0 0


 , λ7 =




0 0 0
0 0 −i
0 i 0




λ3 =




1 0 0
0 −1 0
0 0 0


 , λ8 =
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3



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
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9.6.1 SU(3) %avour states

For the case of SU(2) flavour symmetry there are three Hermitian generators, each
of which corresponds to an observable quantity. However, since the generators do
not commute, they correspond to a set of incompatible variables. Consequently
SU(2) states were defined in terms of the eigenstates of the third component of
isospin T̂3 and the total isospin T̂ 2 = T̂ 2

1 + T̂ 2
2 + T̂ 2

3 . In SU(3) there is an analogue of
total isospin, which for the fundamental representation of the quarks can be written

T̂ 2 =

8∑

i=1

T̂ 2
i =

1
4

8∑

i=1

λ2
i =

4
3




1 0 0
0 1 0
0 0 1


 .

Of the eight SU(3) generators, only T3 =
1
2λ3 and T8 =

1
2λ8 commute and therefore

describe compatible observable quantities. Hence, in addition to the analogue of the
total isospin, SU(3) states are described in terms of the eigenstates of the λ3 and λ8

matrices. The corresponding quantum numbers are the third component of isospin
and the flavour hypercharge defined by the operators

T̂3 =
1
2λ3 and Ŷ = 1√

3
λ8.
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Of the nine λ-matrices identified above, only eight are independent; one of the
three diagonal matrices, λ3, λX and λY , can be expressed in terms of the other two.
Because the u↔ d symmetry is nearly exact, it is natural to retain λ3 as one of the
eight generators of the SU(3) flavour symmetry. The final generator is chosen as
the linear combination of λX and λY that treats u and d quarks symmetrically

λ8 =
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3


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
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3


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
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The eight matrices used to represent the generators of the SU(3) symmetry, known
as the Gell-Mann matrices, are therefore

λ1 =




0 1 0
1 0 0
0 0 0


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
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1√
3


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9.6.1 SU(3) %avour states

For the case of SU(2) flavour symmetry there are three Hermitian generators, each
of which corresponds to an observable quantity. However, since the generators do
not commute, they correspond to a set of incompatible variables. Consequently
SU(2) states were defined in terms of the eigenstates of the third component of
isospin T̂3 and the total isospin T̂ 2 = T̂ 2

1 + T̂ 2
2 + T̂ 2

3 . In SU(3) there is an analogue of
total isospin, which for the fundamental representation of the quarks can be written

T̂ 2 =

8∑

i=1

T̂ 2
i =

1
4

8∑

i=1

λ2
i =

4
3




1 0 0
0 1 0
0 0 1


 .

Of the eight SU(3) generators, only T3 =
1
2λ3 and T8 =

1
2λ8 commute and therefore

describe compatible observable quantities. Hence, in addition to the analogue of the
total isospin, SU(3) states are described in terms of the eigenstates of the λ3 and λ8

matrices. The corresponding quantum numbers are the third component of isospin
and the flavour hypercharge defined by the operators

T̂3 =
1
2λ3 and Ŷ = 1√

3
λ8.

Two quantum numbers: third component of isospin and hypercharge (eigenvalues of diag. gen)
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!Fig. 9.10 Isospin and hypercharge in SU(3) $avour symmetry for the quarks and antiquarks.

The quarks are the fundamental “3” representation of the SU(3) flavour symmetry.
Using the definitions of the quark states of (9.30) it is easy to verify that the isospin
and hypercharge assignments of the u, d and s quarks are

T̂3u = +1
2 u and Ŷu = + 1

3 u,

T̂3d = −1
2 d and Ŷd = + 1

3 d,

T̂3s = 0 and Ŷs = − 2
3 s.

The flavour content of a state is uniquely identified by I3 = nu − nd and Y =
1
3 (nu + nd − 2ns), where nu, nd and ns are the respective numbers of up-, down- and
strange quarks. The I3 and Y quantum numbers of the antiquarks have the opposite
signs compared to the quarks and they form a 3 multiplet, as shown in Figure 9.10.

Whilst the Gell-Mann λ3 and λ8 matrices label the SU(3) states, the six remain-
ing λ-matrices can be used to define ladder operators,

T̂± = 1
2 (λ1 ± iλ2),

V̂± = 1
2 (λ4 ± iλ5),

Û± = 1
2 (λ6 ± iλ7),

which respectively step along the d ↔ u, s ↔ u and d ↔ s directions. From the
matrix representations of these ladder operators it is straightforward to verify that

V̂+s = +u, V̂−u = +s, Û+s = +d, Û−d = +s, T̂+d = +u and T̂−u = +d,

with all other combinations giving zero. In SU(3) flavour symmetry it is not pos-
sible to express the antiquarks as a triplet which transforms in the same way as
the quark triplet. Nevertheless, following the arguments given in Section 9.5, the
effect of a single ladder operator on an antiquark state must reproduce that from
the corresponding SU(2) subgroup, such that the states can be obtained from

V̂+u = −s, V̂−s = −u, Û+d = −s, Û−s = −d, T̂+u = −d and T̂−d = −u.

I3 =
1

2
(nu � nd)
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Y =
1

3
(nu + nd � 2ns)

<latexit sha1_base64="vatnhzjHrSEm/JkAWkdLIBcM7es=">AAACBHicbVDLSsNAFJ3UV62vqMtuBotQEUvSCroRim5cVrAPaUOYTCbt0MkkzEyEErJw46+4caGIWz/CnX/jtM1CqwcuHM65l3vv8WJGpbKsL6OwtLyyulZcL21sbm3vmLt7HRklApM2jlgkeh6ShFFO2ooqRnqxICj0GOl646up370nQtKI36pJTJwQDTkNKEZKS65ZvrsYBALh1M7SRlblbnLMXf+kzl155JoVq2bNAP8SOycVkKPlmp8DP8JJSLjCDEnZt61YOSkSimJGstIgkSRGeIyGpK8pRyGRTjp7IoOHWvFhEAldXMGZ+nMiRaGUk9DTnSFSI7noTcX/vH6ignMnpTxOFOF4vihIGFQRnCYCfSoIVmyiCcKC6lshHiGdidK5lXQI9uLLf0mnXrMbtfrNaaV5mcdRBGVwAKrABmegCa5BC7QBBg/gCbyAV+PReDbejPd5a8HIZ/bBLxgf3znnly0=</latexit>

additive quantum numbers



University of São PauloDiogo Boito, Sep 2022

222 Symmetries and the quark model
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!Fig. 9.8 The isospin representation of d and u quarks and d and u antiquarks.

Hence, by placing the antiquarks in an SU(2) doublet defined by

q ≡
(
−d
u

)
,

the antiquarks transform in exactly the same manner as the quarks. The ordering of
the d and u in the doublet and the minus sign in front of the d, ensure that quarks and
antiquarks behave in the same way under SU(2) flavour transformations and that
physical predictions are invariant under the simultaneous transformations of the
form u ↔ d and u ↔ d. The I3 assignments of the quark and antiquark doublets
are shown in Figure 9.8. The effect of the isospin ladder operators on the antiquark
doublet can be seen to be

T+u = −d, T+d = 0, T−u = 0 and T−d = −u.

It is important to note that, in general, it is not possible to place the quarks and
antiquarks in the same representation; this is a feature SU(2). It cannot be applied
to the SU(3) flavour symmetry of Section 9.6.

Meson states
A meson is a bound state of a quark and an antiquark. In terms of isospin, the
four possible states formed from up- and down-quarks/antiquarks can be expressed
as the combination of an SU(2) quark doublet and an SU(2) antiquark doublet.
Using the isospin assignments of Figure 9.8, the du state immediately can be iden-
tified as the qq isospin state, φ (1,−1). The two other members of the isospin triplet
can be identified by application of the isospin ladder operator T̂+ leading to

φ (1,−1) = du,

φ (1, 0) = 1√
2
(uu − dd),

φ (1,+1) = −ud.

The isospin singlet, which must be orthogonal to the φ (1, 0) state, is therefore

φ (0, 0) = 1√
2

(
uu + dd

)
.

This decomposition into an isospin triplet and an isospin singlet, shown in
Figure 9.9, is expressed as 2 ⊗ 2 = 3 ⊕ 1, where the 2 is the isospin representa-
tion of the quark doublet and the 2 is the isospin representation of an antiquark
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!Fig. 9.9 The qq isospin triplet and singlet states.

doublet (in the language of group theory the quark doublet is a fundamental repre-
sentation of SU(2) and the antiquark doublet is the conjugate representation). The
action of the isospin raising and lowering operators on the φ (0, 0) state both give
zero, confirming that it is indeed a singlet state.

9.6 SU(3) $avour symmetry

The SU(2) flavour symmetry described above is almost exact because the difference
in the masses of the up- and down-quarks is small and the Coulomb interaction
represents a relatively small contribution to the overall Hamiltonian compared to
the strong interaction. It is possible to extend the flavour symmetry to include the
strange quark. The strong interaction part of the Hamiltonian of (9.2) treats all
quarks equally and therefore possesses an exact uds flavour symmetry. However,
since the mass of the strange quark is different from the masses of the up- and
down-quarks, the overall Hamiltonian is not flavour symmetric. Nevertheless, the
difference between ms and mu/d, which is of the order 100 MeV, is relatively small
compared to the typical binding energies of baryons, which are of order 1 GeV. It is
therefore possible to proceed as if the overall Hamiltonian possessed a uds flavour
symmetry. However, the results based on this assumption should be treated with
care as, in reality, the symmetry is only approximate.

The assumed uds flavour symmetry can be expressed by a unitary transformation
in flavour space




u′

d′

s′


 = Û




u
d
s


 =




U11 U12 U13

U21 U22 U23

U31 U32 U33







u
d
s


 .

In general, a 3 × 3 matrix can be written in terms of nine complex numbers, or
equivalently 18 real parameters. There are nine constraints from requirement of
unitarity, Û†Û = I. Therefore Û can be expressed in terms of nine linearly inde-
pendent 3 × 3 matrices. As before, one of these matrices is the identity matrix
multiplied by a complex phase and is not relevant to the discussion of transforma-
tions between different flavour states. The remaining eight matrices form an SU(3)

8SU(2) vs SU(3)

SU(2) is rank one: "one dimensional”

Mesonic states

SU(3) is rank two: bi-dimensional graphic representation
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!Fig. 9.10 Isospin and hypercharge in SU(3) $avour symmetry for the quarks and antiquarks.

The quarks are the fundamental “3” representation of the SU(3) flavour symmetry.
Using the definitions of the quark states of (9.30) it is easy to verify that the isospin
and hypercharge assignments of the u, d and s quarks are

T̂3u = +1
2 u and Ŷu = + 1

3 u,

T̂3d = −1
2 d and Ŷd = + 1

3 d,

T̂3s = 0 and Ŷs = − 2
3 s.

The flavour content of a state is uniquely identified by I3 = nu − nd and Y =
1
3 (nu + nd − 2ns), where nu, nd and ns are the respective numbers of up-, down- and
strange quarks. The I3 and Y quantum numbers of the antiquarks have the opposite
signs compared to the quarks and they form a 3 multiplet, as shown in Figure 9.10.

Whilst the Gell-Mann λ3 and λ8 matrices label the SU(3) states, the six remain-
ing λ-matrices can be used to define ladder operators,

T̂± = 1
2 (λ1 ± iλ2),

V̂± = 1
2 (λ4 ± iλ5),

Û± = 1
2 (λ6 ± iλ7),

which respectively step along the d ↔ u, s ↔ u and d ↔ s directions. From the
matrix representations of these ladder operators it is straightforward to verify that

V̂+s = +u, V̂−u = +s, Û+s = +d, Û−d = +s, T̂+d = +u and T̂−u = +d,

with all other combinations giving zero. In SU(3) flavour symmetry it is not pos-
sible to express the antiquarks as a triplet which transforms in the same way as
the quark triplet. Nevertheless, following the arguments given in Section 9.5, the
effect of a single ladder operator on an antiquark state must reproduce that from
the corresponding SU(2) subgroup, such that the states can be obtained from

V̂+u = −s, V̂−s = −u, Û+d = −s, Û−s = −d, T̂+u = −d and T̂−d = −u.

1

2
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!Fig. 9.10 Isospin and hypercharge in SU(3) $avour symmetry for the quarks and antiquarks.

The quarks are the fundamental “3” representation of the SU(3) flavour symmetry.
Using the definitions of the quark states of (9.30) it is easy to verify that the isospin
and hypercharge assignments of the u, d and s quarks are

T̂3u = +1
2 u and Ŷu = + 1

3 u,

T̂3d = −1
2 d and Ŷd = + 1

3 d,

T̂3s = 0 and Ŷs = − 2
3 s.

The flavour content of a state is uniquely identified by I3 = nu − nd and Y =
1
3 (nu + nd − 2ns), where nu, nd and ns are the respective numbers of up-, down- and
strange quarks. The I3 and Y quantum numbers of the antiquarks have the opposite
signs compared to the quarks and they form a 3 multiplet, as shown in Figure 9.10.

Whilst the Gell-Mann λ3 and λ8 matrices label the SU(3) states, the six remain-
ing λ-matrices can be used to define ladder operators,

T̂± = 1
2 (λ1 ± iλ2),

V̂± = 1
2 (λ4 ± iλ5),

Û± = 1
2 (λ6 ± iλ7),

which respectively step along the d ↔ u, s ↔ u and d ↔ s directions. From the
matrix representations of these ladder operators it is straightforward to verify that

V̂+s = +u, V̂−u = +s, Û+s = +d, Û−d = +s, T̂+d = +u and T̂−u = +d,

with all other combinations giving zero. In SU(3) flavour symmetry it is not pos-
sible to express the antiquarks as a triplet which transforms in the same way as
the quark triplet. Nevertheless, following the arguments given in Section 9.5, the
effect of a single ladder operator on an antiquark state must reproduce that from
the corresponding SU(2) subgroup, such that the states can be obtained from

V̂+u = −s, V̂−s = −u, Û+d = −s, Û−s = −d, T̂+u = −d and T̂−d = −u.
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The flavour content of a state is uniquely identified by I3 = nu − nd and Y =
1
3 (nu + nd − 2ns), where nu, nd and ns are the respective numbers of up-, down- and
strange quarks. The I3 and Y quantum numbers of the antiquarks have the opposite
signs compared to the quarks and they form a 3 multiplet, as shown in Figure 9.10.

Whilst the Gell-Mann λ3 and λ8 matrices label the SU(3) states, the six remain-
ing λ-matrices can be used to define ladder operators,

T̂± = 1
2 (λ1 ± iλ2),

V̂± = 1
2 (λ4 ± iλ5),

Û± = 1
2 (λ6 ± iλ7),

which respectively step along the d ↔ u, s ↔ u and d ↔ s directions. From the
matrix representations of these ladder operators it is straightforward to verify that

V̂+s = +u, V̂−u = +s, Û+s = +d, Û−d = +s, T̂+d = +u and T̂−u = +d,

with all other combinations giving zero. In SU(3) flavour symmetry it is not pos-
sible to express the antiquarks as a triplet which transforms in the same way as
the quark triplet. Nevertheless, following the arguments given in Section 9.5, the
effect of a single ladder operator on an antiquark state must reproduce that from
the corresponding SU(2) subgroup, such that the states can be obtained from
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3 (nu + nd − 2ns), where nu, nd and ns are the respective numbers of up-, down- and
strange quarks. The I3 and Y quantum numbers of the antiquarks have the opposite
signs compared to the quarks and they form a 3 multiplet, as shown in Figure 9.10.

Whilst the Gell-Mann λ3 and λ8 matrices label the SU(3) states, the six remain-
ing λ-matrices can be used to define ladder operators,

T̂± = 1
2 (λ1 ± iλ2),

V̂± = 1
2 (λ4 ± iλ5),

Û± = 1
2 (λ6 ± iλ7),

which respectively step along the d ↔ u, s ↔ u and d ↔ s directions. From the
matrix representations of these ladder operators it is straightforward to verify that

V̂+s = +u, V̂−u = +s, Û+s = +d, Û−d = +s, T̂+d = +u and T̂−u = +d,

with all other combinations giving zero. In SU(3) flavour symmetry it is not pos-
sible to express the antiquarks as a triplet which transforms in the same way as
the quark triplet. Nevertheless, following the arguments given in Section 9.5, the
effect of a single ladder operator on an antiquark state must reproduce that from
the corresponding SU(2) subgroup, such that the states can be obtained from

V̂+u = −s, V̂−s = −u, Û+d = −s, Û−s = −d, T̂+u = −d and T̂−d = −u.

Three sets of ladders operators

T±
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9.6.2 The light mesons

In the discussion of SU(2) flavour symmetry, the third component of isospin is an
additive quantum number, in analogy with angular momentum. In SU(3) flavour
symmetry, both I3 and Y are additive quantum numbers, which together specify the
flavour content of a state. The light meson (qq) states, formed from combinations
of u, d and s quarks/antiquarks, can be constructed using this additive property to
identify the extreme states within an SU(3) multiplet. Having identified the extreme
states, the ladder operators can be used to obtain the full multiplet structure. The
I3 and Y values for all nine possible combinations of a light quark and a light
antiquark are shown in Figure 9.11. The pattern of states can be obtained quickly
by drawing triangles corresponding to the antiquark multiplet centred on each of
the three positions in the original quark multiplet (this is equivalent to adding the
I3 and Y values for all nine combinations).

The states around the edge of the multiplet are uniquely defined in terms of
their flavour content. The three physical states with I3 = Y = 0 will be lin-
ear combinations of uu, dd and ss, however, they are not necessarily part of the
same multiplet. The I3 = Y = 0 states which are in the same multiplet as the
{us, ud, du, ds, su, sd} states can be obtained using the ladder operators, as indi-
cated in Figure 9.12,

T+|du〉 = |uu〉 − |dd〉 and T−|ud〉 = |dd〉 − |uu〉, (9.32)

V+|su〉 = |uu〉 − |ss〉 and V−|us〉 = |ss〉 − |uu〉, (9.33)

U+|sd〉 = |dd〉 − |ss〉 and U−|ds〉 = |ss〉 − |dd〉. (9.34)

Of these six states, only two are linearly independent and therefore, of the three
physical I3 = Y = 0 states, it can be concluded that one must be in a different
SU(3) multiplet. Hence, for the assumed SU(3) flavour symmetry, the qq flavour
states are decomposed into an octet and a singlet. The singlet state ψS is the linear

I3
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!Fig. 9.10 Isospin and hypercharge in SU(3) $avour symmetry for the quarks and antiquarks.

The quarks are the fundamental “3” representation of the SU(3) flavour symmetry.
Using the definitions of the quark states of (9.30) it is easy to verify that the isospin
and hypercharge assignments of the u, d and s quarks are

T̂3u = +1
2 u and Ŷu = + 1

3 u,

T̂3d = −1
2 d and Ŷd = + 1

3 d,

T̂3s = 0 and Ŷs = − 2
3 s.

The flavour content of a state is uniquely identified by I3 = nu − nd and Y =
1
3 (nu + nd − 2ns), where nu, nd and ns are the respective numbers of up-, down- and
strange quarks. The I3 and Y quantum numbers of the antiquarks have the opposite
signs compared to the quarks and they form a 3 multiplet, as shown in Figure 9.10.

Whilst the Gell-Mann λ3 and λ8 matrices label the SU(3) states, the six remain-
ing λ-matrices can be used to define ladder operators,

T̂± = 1
2 (λ1 ± iλ2),

V̂± = 1
2 (λ4 ± iλ5),

Û± = 1
2 (λ6 ± iλ7),

which respectively step along the d ↔ u, s ↔ u and d ↔ s directions. From the
matrix representations of these ladder operators it is straightforward to verify that

V̂+s = +u, V̂−u = +s, Û+s = +d, Û−d = +s, T̂+d = +u and T̂−u = +d,

with all other combinations giving zero. In SU(3) flavour symmetry it is not pos-
sible to express the antiquarks as a triplet which transforms in the same way as
the quark triplet. Nevertheless, following the arguments given in Section 9.5, the
effect of a single ladder operator on an antiquark state must reproduce that from
the corresponding SU(2) subgroup, such that the states can be obtained from

V̂+u = −s, V̂−s = −u, Û+d = −s, Û−s = −d, T̂+u = −d and T̂−d = −u.

fundamental 3 
representation of SU(3)

SU(3) is rank two: 
“two dimensional”

V̂+u = V̂�s = Û+d = T̂+u · · · = 0
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!Fig. 9.10 Isospin and hypercharge in SU(3) $avour symmetry for the quarks and antiquarks.

The quarks are the fundamental “3” representation of the SU(3) flavour symmetry.
Using the definitions of the quark states of (9.30) it is easy to verify that the isospin
and hypercharge assignments of the u, d and s quarks are

T̂3u = +1
2 u and Ŷu = + 1

3 u,

T̂3d = −1
2 d and Ŷd = + 1

3 d,

T̂3s = 0 and Ŷs = − 2
3 s.

The flavour content of a state is uniquely identified by I3 = nu − nd and Y =
1
3 (nu + nd − 2ns), where nu, nd and ns are the respective numbers of up-, down- and
strange quarks. The I3 and Y quantum numbers of the antiquarks have the opposite
signs compared to the quarks and they form a 3 multiplet, as shown in Figure 9.10.

Whilst the Gell-Mann λ3 and λ8 matrices label the SU(3) states, the six remain-
ing λ-matrices can be used to define ladder operators,

T̂± = 1
2 (λ1 ± iλ2),

V̂± = 1
2 (λ4 ± iλ5),

Û± = 1
2 (λ6 ± iλ7),

which respectively step along the d ↔ u, s ↔ u and d ↔ s directions. From the
matrix representations of these ladder operators it is straightforward to verify that

V̂+s = +u, V̂−u = +s, Û+s = +d, Û−d = +s, T̂+d = +u and T̂−u = +d,

with all other combinations giving zero. In SU(3) flavour symmetry it is not pos-
sible to express the antiquarks as a triplet which transforms in the same way as
the quark triplet. Nevertheless, following the arguments given in Section 9.5, the
effect of a single ladder operator on an antiquark state must reproduce that from
the corresponding SU(2) subgroup, such that the states can be obtained from

V̂+u = −s, V̂−s = −u, Û+d = −s, Û−s = −d, T̂+u = −d and T̂−d = −u.

1

2
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!Fig. 9.10 Isospin and hypercharge in SU(3) $avour symmetry for the quarks and antiquarks.

The quarks are the fundamental “3” representation of the SU(3) flavour symmetry.
Using the definitions of the quark states of (9.30) it is easy to verify that the isospin
and hypercharge assignments of the u, d and s quarks are

T̂3u = +1
2 u and Ŷu = + 1

3 u,

T̂3d = −1
2 d and Ŷd = + 1

3 d,

T̂3s = 0 and Ŷs = − 2
3 s.

The flavour content of a state is uniquely identified by I3 = nu − nd and Y =
1
3 (nu + nd − 2ns), where nu, nd and ns are the respective numbers of up-, down- and
strange quarks. The I3 and Y quantum numbers of the antiquarks have the opposite
signs compared to the quarks and they form a 3 multiplet, as shown in Figure 9.10.

Whilst the Gell-Mann λ3 and λ8 matrices label the SU(3) states, the six remain-
ing λ-matrices can be used to define ladder operators,

T̂± = 1
2 (λ1 ± iλ2),

V̂± = 1
2 (λ4 ± iλ5),

Û± = 1
2 (λ6 ± iλ7),

which respectively step along the d ↔ u, s ↔ u and d ↔ s directions. From the
matrix representations of these ladder operators it is straightforward to verify that

V̂+s = +u, V̂−u = +s, Û+s = +d, Û−d = +s, T̂+d = +u and T̂−u = +d,

with all other combinations giving zero. In SU(3) flavour symmetry it is not pos-
sible to express the antiquarks as a triplet which transforms in the same way as
the quark triplet. Nevertheless, following the arguments given in Section 9.5, the
effect of a single ladder operator on an antiquark state must reproduce that from
the corresponding SU(2) subgroup, such that the states can be obtained from

V̂+u = −s, V̂−s = −u, Û+d = −s, Û−s = −d, T̂+u = −d and T̂−d = −u.

Three sets of ladders operators

T±
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!Fig. 9.10 Isospin and hypercharge in SU(3) $avour symmetry for the quarks and antiquarks.

The quarks are the fundamental “3” representation of the SU(3) flavour symmetry.
Using the definitions of the quark states of (9.30) it is easy to verify that the isospin
and hypercharge assignments of the u, d and s quarks are

T̂3u = +1
2 u and Ŷu = + 1

3 u,

T̂3d = −1
2 d and Ŷd = + 1

3 d,

T̂3s = 0 and Ŷs = − 2
3 s.

The flavour content of a state is uniquely identified by I3 = nu − nd and Y =
1
3 (nu + nd − 2ns), where nu, nd and ns are the respective numbers of up-, down- and
strange quarks. The I3 and Y quantum numbers of the antiquarks have the opposite
signs compared to the quarks and they form a 3 multiplet, as shown in Figure 9.10.

Whilst the Gell-Mann λ3 and λ8 matrices label the SU(3) states, the six remain-
ing λ-matrices can be used to define ladder operators,

T̂± = 1
2 (λ1 ± iλ2),

V̂± = 1
2 (λ4 ± iλ5),

Û± = 1
2 (λ6 ± iλ7),

which respectively step along the d ↔ u, s ↔ u and d ↔ s directions. From the
matrix representations of these ladder operators it is straightforward to verify that

V̂+s = +u, V̂−u = +s, Û+s = +d, Û−d = +s, T̂+d = +u and T̂−u = +d,

with all other combinations giving zero. In SU(3) flavour symmetry it is not pos-
sible to express the antiquarks as a triplet which transforms in the same way as
the quark triplet. Nevertheless, following the arguments given in Section 9.5, the
effect of a single ladder operator on an antiquark state must reproduce that from
the corresponding SU(2) subgroup, such that the states can be obtained from

V̂+u = −s, V̂−s = −u, Û+d = −s, Û−s = −d, T̂+u = −d and T̂−d = −u.

In matrix form we have, for example:

V+ =

0

@
0 0 1
0 0 0
0 0 0

1

A
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V+ s =

0

@
0 0 1
0 0 0
0 0 0

1

A

0

@
0
0
1

1

A =

0

@
1
0
0

1

A = u
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9.6.2 The light mesons

In the discussion of SU(2) flavour symmetry, the third component of isospin is an
additive quantum number, in analogy with angular momentum. In SU(3) flavour
symmetry, both I3 and Y are additive quantum numbers, which together specify the
flavour content of a state. The light meson (qq) states, formed from combinations
of u, d and s quarks/antiquarks, can be constructed using this additive property to
identify the extreme states within an SU(3) multiplet. Having identified the extreme
states, the ladder operators can be used to obtain the full multiplet structure. The
I3 and Y values for all nine possible combinations of a light quark and a light
antiquark are shown in Figure 9.11. The pattern of states can be obtained quickly
by drawing triangles corresponding to the antiquark multiplet centred on each of
the three positions in the original quark multiplet (this is equivalent to adding the
I3 and Y values for all nine combinations).

The states around the edge of the multiplet are uniquely defined in terms of
their flavour content. The three physical states with I3 = Y = 0 will be lin-
ear combinations of uu, dd and ss, however, they are not necessarily part of the
same multiplet. The I3 = Y = 0 states which are in the same multiplet as the
{us, ud, du, ds, su, sd} states can be obtained using the ladder operators, as indi-
cated in Figure 9.12,

T+|du〉 = |uu〉 − |dd〉 and T−|ud〉 = |dd〉 − |uu〉, (9.32)

V+|su〉 = |uu〉 − |ss〉 and V−|us〉 = |ss〉 − |uu〉, (9.33)

U+|sd〉 = |dd〉 − |ss〉 and U−|ds〉 = |ss〉 − |dd〉. (9.34)

Of these six states, only two are linearly independent and therefore, of the three
physical I3 = Y = 0 states, it can be concluded that one must be in a different
SU(3) multiplet. Hence, for the assumed SU(3) flavour symmetry, the qq flavour
states are decomposed into an octet and a singlet. The singlet state ψS is the linear

3* representation of SU(3) [in SU(2) the 
fundamental is a "real representation”]

226 Symmetries and the quark model

d u

s

3

u

3

d

s

Y

l3I3 = I3−1
2

l8Y =

−2
3-

−1
3-

−1
3+

−2
3+

1
3√

!Fig. 9.10 Isospin and hypercharge in SU(3) $avour symmetry for the quarks and antiquarks.

The quarks are the fundamental “3” representation of the SU(3) flavour symmetry.
Using the definitions of the quark states of (9.30) it is easy to verify that the isospin
and hypercharge assignments of the u, d and s quarks are

T̂3u = +1
2 u and Ŷu = + 1

3 u,

T̂3d = −1
2 d and Ŷd = + 1

3 d,

T̂3s = 0 and Ŷs = − 2
3 s.

The flavour content of a state is uniquely identified by I3 = nu − nd and Y =
1
3 (nu + nd − 2ns), where nu, nd and ns are the respective numbers of up-, down- and
strange quarks. The I3 and Y quantum numbers of the antiquarks have the opposite
signs compared to the quarks and they form a 3 multiplet, as shown in Figure 9.10.

Whilst the Gell-Mann λ3 and λ8 matrices label the SU(3) states, the six remain-
ing λ-matrices can be used to define ladder operators,

T̂± = 1
2 (λ1 ± iλ2),

V̂± = 1
2 (λ4 ± iλ5),

Û± = 1
2 (λ6 ± iλ7),

which respectively step along the d ↔ u, s ↔ u and d ↔ s directions. From the
matrix representations of these ladder operators it is straightforward to verify that

V̂+s = +u, V̂−u = +s, Û+s = +d, Û−d = +s, T̂+d = +u and T̂−u = +d,

with all other combinations giving zero. In SU(3) flavour symmetry it is not pos-
sible to express the antiquarks as a triplet which transforms in the same way as
the quark triplet. Nevertheless, following the arguments given in Section 9.5, the
effect of a single ladder operator on an antiquark state must reproduce that from
the corresponding SU(2) subgroup, such that the states can be obtained from

V̂+u = −s, V̂−s = −u, Û+d = −s, Û−s = −d, T̂+u = −d and T̂−d = −u.
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9.6.2 The light mesons

In the discussion of SU(2) flavour symmetry, the third component of isospin is an
additive quantum number, in analogy with angular momentum. In SU(3) flavour
symmetry, both I3 and Y are additive quantum numbers, which together specify the
flavour content of a state. The light meson (qq) states, formed from combinations
of u, d and s quarks/antiquarks, can be constructed using this additive property to
identify the extreme states within an SU(3) multiplet. Having identified the extreme
states, the ladder operators can be used to obtain the full multiplet structure. The
I3 and Y values for all nine possible combinations of a light quark and a light
antiquark are shown in Figure 9.11. The pattern of states can be obtained quickly
by drawing triangles corresponding to the antiquark multiplet centred on each of
the three positions in the original quark multiplet (this is equivalent to adding the
I3 and Y values for all nine combinations).

The states around the edge of the multiplet are uniquely defined in terms of
their flavour content. The three physical states with I3 = Y = 0 will be lin-
ear combinations of uu, dd and ss, however, they are not necessarily part of the
same multiplet. The I3 = Y = 0 states which are in the same multiplet as the
{us, ud, du, ds, su, sd} states can be obtained using the ladder operators, as indi-
cated in Figure 9.12,

T+|du〉 = |uu〉 − |dd〉 and T−|ud〉 = |dd〉 − |uu〉, (9.32)

V+|su〉 = |uu〉 − |ss〉 and V−|us〉 = |ss〉 − |uu〉, (9.33)

U+|sd〉 = |dd〉 − |ss〉 and U−|ds〉 = |ss〉 − |dd〉. (9.34)

Of these six states, only two are linearly independent and therefore, of the three
physical I3 = Y = 0 states, it can be concluded that one must be in a different
SU(3) multiplet. Hence, for the assumed SU(3) flavour symmetry, the qq flavour
states are decomposed into an octet and a singlet. The singlet state ψS is the linear

quarks antiquarks

1

2
<latexit sha1_base64="91NJnNiONkuys7ZNVnXzJ8MXsG4=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7dbMLuRCghP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ3czvPHFtRKwecZpwP6IjJULBKFqp1w81ZZmXZ/V8UKm6NXcOskq8glShQHNQ+eoPY5ZGXCGT1Jie5yboZ1SjYJLn5X5qeELZhI54z1JFI278bH5yTs6tMiRhrG0pJHP190RGI2OmUWA7I4pjs+zNxP+8XorhjZ8JlaTIFVssClNJMCaz/8lQaM5QTi2hTAt7K2FjalNAm1LZhuAtv7xK2vWad1mrP1xVG7dFHCU4hTO4AA+uoQH30IQWMIjhGV7hzUHnxXl3Phata04xcwJ/4Hz+ADqOkTc=</latexit>

�1

2
<latexit sha1_base64="QzCSLhFWSSQje4cis9zVSJ/7Y0g=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBiyWpgh6LXjxWsB/QhLLZbtqlu5uwuxFKyN/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5G7md5+o0iyWj2aa0EDgkWQRI9hYyb/wI4VJ5uVZIx9Ua27dnQOtEq8gNSjQGlS//GFMUkGlIRxr3ffcxAQZVoYRTvOKn2qaYDLBI9q3VGJBdZDNb87RmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bL3kz8z+unJroJMiaT1FBJFouilCMTo1kAaMgUJYZPLcFEMXsrImNsUzA2pooNwVt+eZV0GnXvst54uKo1b4s4ynACp3AOHlxDE+6hBW0gkMAzvMKbkzovzrvzsWgtOcXMMfyB8/kDpamRbg==</latexit>

226 Symmetries and the quark model

d u

s

3

u

3

d

s

Y

l3I3 = I3−1
2

l8Y =

−2
3-

−1
3-

−1
3+

−2
3+

1
3√

!Fig. 9.10 Isospin and hypercharge in SU(3) $avour symmetry for the quarks and antiquarks.

The quarks are the fundamental “3” representation of the SU(3) flavour symmetry.
Using the definitions of the quark states of (9.30) it is easy to verify that the isospin
and hypercharge assignments of the u, d and s quarks are

T̂3u = +1
2 u and Ŷu = + 1

3 u,

T̂3d = −1
2 d and Ŷd = + 1

3 d,

T̂3s = 0 and Ŷs = − 2
3 s.

The flavour content of a state is uniquely identified by I3 = nu − nd and Y =
1
3 (nu + nd − 2ns), where nu, nd and ns are the respective numbers of up-, down- and
strange quarks. The I3 and Y quantum numbers of the antiquarks have the opposite
signs compared to the quarks and they form a 3 multiplet, as shown in Figure 9.10.

Whilst the Gell-Mann λ3 and λ8 matrices label the SU(3) states, the six remain-
ing λ-matrices can be used to define ladder operators,

T̂± = 1
2 (λ1 ± iλ2),

V̂± = 1
2 (λ4 ± iλ5),

Û± = 1
2 (λ6 ± iλ7),

which respectively step along the d ↔ u, s ↔ u and d ↔ s directions. From the
matrix representations of these ladder operators it is straightforward to verify that

V̂+s = +u, V̂−u = +s, Û+s = +d, Û−d = +s, T̂+d = +u and T̂−u = +d,

with all other combinations giving zero. In SU(3) flavour symmetry it is not pos-
sible to express the antiquarks as a triplet which transforms in the same way as
the quark triplet. Nevertheless, following the arguments given in Section 9.5, the
effect of a single ladder operator on an antiquark state must reproduce that from
the corresponding SU(2) subgroup, such that the states can be obtained from

V̂+u = −s, V̂−s = −u, Û+d = −s, Û−s = −d, T̂+u = −d and T̂−d = −u.
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!Fig. 9.10 Isospin and hypercharge in SU(3) $avour symmetry for the quarks and antiquarks.

The quarks are the fundamental “3” representation of the SU(3) flavour symmetry.
Using the definitions of the quark states of (9.30) it is easy to verify that the isospin
and hypercharge assignments of the u, d and s quarks are

T̂3u = +1
2 u and Ŷu = + 1

3 u,

T̂3d = −1
2 d and Ŷd = + 1

3 d,

T̂3s = 0 and Ŷs = − 2
3 s.

The flavour content of a state is uniquely identified by I3 = nu − nd and Y =
1
3 (nu + nd − 2ns), where nu, nd and ns are the respective numbers of up-, down- and
strange quarks. The I3 and Y quantum numbers of the antiquarks have the opposite
signs compared to the quarks and they form a 3 multiplet, as shown in Figure 9.10.

Whilst the Gell-Mann λ3 and λ8 matrices label the SU(3) states, the six remain-
ing λ-matrices can be used to define ladder operators,

T̂± = 1
2 (λ1 ± iλ2),

V̂± = 1
2 (λ4 ± iλ5),

Û± = 1
2 (λ6 ± iλ7),

which respectively step along the d ↔ u, s ↔ u and d ↔ s directions. From the
matrix representations of these ladder operators it is straightforward to verify that

V̂+s = +u, V̂−u = +s, Û+s = +d, Û−d = +s, T̂+d = +u and T̂−u = +d,

with all other combinations giving zero. In SU(3) flavour symmetry it is not pos-
sible to express the antiquarks as a triplet which transforms in the same way as
the quark triplet. Nevertheless, following the arguments given in Section 9.5, the
effect of a single ladder operator on an antiquark state must reproduce that from
the corresponding SU(2) subgroup, such that the states can be obtained from

V̂+u = −s, V̂−s = −u, Û+d = −s, Û−s = −d, T̂+u = −d and T̂−d = −u.
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!Fig. 9.10 Isospin and hypercharge in SU(3) $avour symmetry for the quarks and antiquarks.

The quarks are the fundamental “3” representation of the SU(3) flavour symmetry.
Using the definitions of the quark states of (9.30) it is easy to verify that the isospin
and hypercharge assignments of the u, d and s quarks are

T̂3u = +1
2 u and Ŷu = + 1

3 u,

T̂3d = −1
2 d and Ŷd = + 1

3 d,

T̂3s = 0 and Ŷs = − 2
3 s.

The flavour content of a state is uniquely identified by I3 = nu − nd and Y =
1
3 (nu + nd − 2ns), where nu, nd and ns are the respective numbers of up-, down- and
strange quarks. The I3 and Y quantum numbers of the antiquarks have the opposite
signs compared to the quarks and they form a 3 multiplet, as shown in Figure 9.10.

Whilst the Gell-Mann λ3 and λ8 matrices label the SU(3) states, the six remain-
ing λ-matrices can be used to define ladder operators,

T̂± = 1
2 (λ1 ± iλ2),

V̂± = 1
2 (λ4 ± iλ5),

Û± = 1
2 (λ6 ± iλ7),

which respectively step along the d ↔ u, s ↔ u and d ↔ s directions. From the
matrix representations of these ladder operators it is straightforward to verify that

V̂+s = +u, V̂−u = +s, Û+s = +d, Û−d = +s, T̂+d = +u and T̂−u = +d,

with all other combinations giving zero. In SU(3) flavour symmetry it is not pos-
sible to express the antiquarks as a triplet which transforms in the same way as
the quark triplet. Nevertheless, following the arguments given in Section 9.5, the
effect of a single ladder operator on an antiquark state must reproduce that from
the corresponding SU(2) subgroup, such that the states can be obtained from

V̂+u = −s, V̂−s = −u, Û+d = −s, Û−s = −d, T̂+u = −d and T̂−d = −u.
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Extreme states are easiest to obtain. From them, use ladder operators.
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combination of uu, dd and ss that is orthogonal to the states of (9.32)–(9.34) and is
readily identified as

|ψS 〉 = 1√
3
(uu + dd + ss). (9.35)

The application of the SU(3) ladder operators on |ψS 〉 all give zero, for example

T+ψS =
1√
3
([T+u]u + u[T+u] + [T+d]d + d[T+d] + [T+s]s + s[T+s])

= 1√
3
(0 − ud + ud + 0 + 0 + 0) = 0,

confirming that |ψS 〉 is the singlet state.
Figure 9.13 shows the multiplet structure for combining a quark and an antiquark

in SU(3) flavour symmetry. In the language of group theory, the combination of a
quark 3 representation and an antiquark 3 representation decomposes into an octet
and a singlet, 3 ⊗ 3 = 8 ⊕ 1. It worth pausing to consider the physical significance
of the singlet state. For spin, the corresponding singlet state for the combination of
two spin-half states, |s,m〉 = |0, 0〉, is a state of zero angular momentum that carries

Neutral states are a combination of the three qq̄
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9.6.2 The light mesons

In the discussion of SU(2) flavour symmetry, the third component of isospin is an
additive quantum number, in analogy with angular momentum. In SU(3) flavour
symmetry, both I3 and Y are additive quantum numbers, which together specify the
flavour content of a state. The light meson (qq) states, formed from combinations
of u, d and s quarks/antiquarks, can be constructed using this additive property to
identify the extreme states within an SU(3) multiplet. Having identified the extreme
states, the ladder operators can be used to obtain the full multiplet structure. The
I3 and Y values for all nine possible combinations of a light quark and a light
antiquark are shown in Figure 9.11. The pattern of states can be obtained quickly
by drawing triangles corresponding to the antiquark multiplet centred on each of
the three positions in the original quark multiplet (this is equivalent to adding the
I3 and Y values for all nine combinations).

The states around the edge of the multiplet are uniquely defined in terms of
their flavour content. The three physical states with I3 = Y = 0 will be lin-
ear combinations of uu, dd and ss, however, they are not necessarily part of the
same multiplet. The I3 = Y = 0 states which are in the same multiplet as the
{us, ud, du, ds, su, sd} states can be obtained using the ladder operators, as indi-
cated in Figure 9.12,

T+|du〉 = |uu〉 − |dd〉 and T−|ud〉 = |dd〉 − |uu〉, (9.32)

V+|su〉 = |uu〉 − |ss〉 and V−|us〉 = |ss〉 − |uu〉, (9.33)

U+|sd〉 = |dd〉 − |ss〉 and U−|ds〉 = |ss〉 − |dd〉. (9.34)

Of these six states, only two are linearly independent and therefore, of the three
physical I3 = Y = 0 states, it can be concluded that one must be in a different
SU(3) multiplet. Hence, for the assumed SU(3) flavour symmetry, the qq flavour
states are decomposed into an octet and a singlet. The singlet state ψS is the linear

only two are linearly independent: 

6+2 = octet of states

octet
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!Fig. 9.14 The nine ! = 0, s = 0 pseudoscalar mesons and nine ! = 0, s = 1 vector mesons formed from the light
quarks, plotted in terms of I3 and Y .

no information about the spins of its constituent particles; it could just have been
formed from two scalar particles. Similarly, the SU(3) flavour singlet |ψS 〉 can be
thought of as a “flavourless” state, carrying no information about the flavours of its
constituents.

The L= 0 mesons
In general, the wavefunction for a meson can be written in terms of four compo-
nents,

ψ(meson) = φflavour χspin ξcolour ηspace.

Because quarks and antiquarks are distinguishable, there is no restriction on the
exchange symmetry of the wavefunction for a qq state. For each flavour state, there
are two possible spin states, s = 0 and s = 1. For the lightest mesons, which
have zero orbital angular momentum (! = 0), the total angular momentum J is
determined by the spin state alone. Consequently the lightest mesons divide into
the J = 0 pseudoscalar mesons and the J = 1 (the vector mesons), respectively
with s = 0 and s = 1. Since quarks and antiquarks have opposite intrinsic parities,
the overall parity is given by

P(qq) = P(q)P(q) × (−1)! = (+1)(−1)(−1)!,

where (−1)! is the symmetry of the orbital wavefunction. Hence, the lightest mesons
(with ! = 0) have odd intrinsic parities. In Chapter 10, it is shown that there is only
one possible colour wavefunction for a bound qq system. Therefore, there are nine
light JP = 0− pseudoscalar mesons and nine JP = 1− light vector mesons, corre-
sponding to nine possible flavour states each with two possible spin states.

Figure 9.14 shows the observed ! = 0 meson states plotted in terms of I3 and Y .
The π0, η and η′ can be associated with the two I3 = Y = 0 octet states and the

230 Symmetries and the quark model

I3 = Y = 0 singlet state of Figure 9.13. The η′, which has an anomalously large
mass, can be identified as the singlet state with wavefunction

|η′〉 ≈ 1√
3
(uu + dd + ss).

If the SU(3) flavour symmetry were exact, the two I3 = Y = 0 octet states would
have exactly the same mass and the flavour wavefunctions could be taken to be
any two orthogonal linear combinations of (9.32)–(9.34). However, because ms >
mu/d, the SU(3) flavour symmetry is only approximate and the choice of the flavour
wavefunctions for the observed states will lead to different physical predictions.
Experimentally, the lightest pseudoscalar mesons, namely the π+, π0 and π−, are
observed to have approximately the same mass of about 140 MeV. Since the π+

and π− correspond to the ud and du states, the π0 can be identified as

|π0〉 = 1√
2
(uu − dd).

The final I3 = Y = 0 pseudoscalar meson, the η, is the linear combination of uu, dd
and ss that is orthogonal to both the |η′〉 and the |π0〉 states,

|η〉 = 1√
6
(uu + dd − 2ss).

In the case of the vector mesons, the predictions of the SU(3) flavour symmetry
prove to be less useful; the physical I3 = Y = 0 states are mixtures of the octet and
singlet states. Experimentally, the observed states are found to correspond to

|ρ0〉 = 1√
2
(uu − dd),

|ω〉 ≈ 1√
2
(uu + dd),

|φ〉 ≈ ss.

9.6.3 Meson masses

The measured masses of the ! = 0 pseudoscalar and vector mesons are listed in
Table 9.1. If the SU(3) flavour symmetry were exact, all the states in pseudoscalar
meson octet would have the same mass. The observed mass differences can be
ascribed to the fact that the strange quark is more massive than the up- and down-
quarks. However, this does not explain why the vector mesons are more massive
than their pseudoscalar counterparts. For example, the flavour wavefunctions for
the π and the ρ states are the same, but their masses are very different. The only
difference between the pseudoscalar and vector mesons is the spin wavefunction.
Therefore, the different masses of the π and ρ mesons can be attributed to a spin–
spin interaction.
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Table 9.1 The L = 0 pseudoscalar and vector meson masses.

Pseudoscalar mesons Vector mesons

π0 135 MeV ρ0 775 MeV
π± 140 MeV ρ± 775 MeV
K± 494 MeV K∗± 892 MeV
K0,K0 498 MeV K∗0/K∗0 896 MeV
η 548 MeV ω 783 MeV
η′ 958 MeV φ 1020 MeV

In QED, the potential energy between two magnetic dipoles contains a term pro-
portional to scalar product of the two dipole moments, µi · µ j. For two Dirac parti-
cles of masses mi and m j, this corresponds to a potential energy term of the form

U ∝ e
mi

Si ·
e

m j
S j ∝

α

mim j
Si · S j,

where α is the fine structure constant. This QED interaction term, which contributes
to the hyperfine splitting of the energy levels of the hydrogen atom, is relatively
small. In Chapter 10 it is shown that, apart from a numerical constant that accounts
for colour, the QCD vertex has the same form as that of QED. Therefore, there will
be a corresponding QCD “chromomagnetic” spin–spin interaction giving a term in
the qq potential of the form

U ∝ αS

mim j
Si · S j,

where αS is the coupling constant of QCD. Since αS ∼ 1 is much greater than
α ∼ 1/137, the chromomagnetic spin–spin interaction term is relatively large and
plays an important role in determining the meson masses. For an " = 0 meson
formed from a quark and an antiquark with masses m1 and m2, the meson mass can
be written in terms of the constituent quark masses and the expectation value of the
chromomagnetic spin–spin interaction

m(q1q2) = m1 + m2 +
A

m1m2
〈S1 · S2〉, (9.36)

where the parameter A can be determined from experiment.
The scalar product S1 · S2 in (9.36) can be obtained by writing the total spin as

the vector sum, S = S1 + S2, and squaring to give

S2 = S2
1 + 2S1 · S2 + S2

2,

which implies that

S1 · S2 =
1
2

[
S2 − S1

2 − S1
2
]
.

SU(3) flavour symmetry is not an 

excellent symmetry.

(` = 0, s = 0 and ` = 0, s = 1)
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The measured masses of the ! = 0 pseudoscalar and vector mesons are listed in
Table 9.1. If the SU(3) flavour symmetry were exact, all the states in pseudoscalar
meson octet would have the same mass. The observed mass differences can be
ascribed to the fact that the strange quark is more massive than the up- and down-
quarks. However, this does not explain why the vector mesons are more massive
than their pseudoscalar counterparts. For example, the flavour wavefunctions for
the π and the ρ states are the same, but their masses are very different. The only
difference between the pseudoscalar and vector mesons is the spin wavefunction.
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!Fig. 9.14 The nine ! = 0, s = 0 pseudoscalar mesons and nine ! = 0, s = 1 vector mesons formed from the light
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no information about the spins of its constituent particles; it could just have been
formed from two scalar particles. Similarly, the SU(3) flavour singlet |ψS 〉 can be
thought of as a “flavourless” state, carrying no information about the flavours of its
constituents.

The L= 0 mesons
In general, the wavefunction for a meson can be written in terms of four compo-
nents,

ψ(meson) = φflavour χspin ξcolour ηspace.

Because quarks and antiquarks are distinguishable, there is no restriction on the
exchange symmetry of the wavefunction for a qq state. For each flavour state, there
are two possible spin states, s = 0 and s = 1. For the lightest mesons, which
have zero orbital angular momentum (! = 0), the total angular momentum J is
determined by the spin state alone. Consequently the lightest mesons divide into
the J = 0 pseudoscalar mesons and the J = 1 (the vector mesons), respectively
with s = 0 and s = 1. Since quarks and antiquarks have opposite intrinsic parities,
the overall parity is given by

P(qq) = P(q)P(q) × (−1)! = (+1)(−1)(−1)!,

where (−1)! is the symmetry of the orbital wavefunction. Hence, the lightest mesons
(with ! = 0) have odd intrinsic parities. In Chapter 10, it is shown that there is only
one possible colour wavefunction for a bound qq system. Therefore, there are nine
light JP = 0− pseudoscalar mesons and nine JP = 1− light vector mesons, corre-
sponding to nine possible flavour states each with two possible spin states.

Figure 9.14 shows the observed ! = 0 meson states plotted in terms of I3 and Y .
The π0, η and η′ can be associated with the two I3 = Y = 0 octet states and the
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Extend the primitive object (of the fundamental 3 representation)

: 1 2 3,

,

(dimensionality 3, triplet)

: 2
3

, 1
2

,

3
1

3
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(antisymmetric, dimensionality 3, antitriplet)
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u!Fig. 9.11 SU(3) isospin and hypercharge assignments of the nine possible qq combinations.

9.6.2 The light mesons

In the discussion of SU(2) flavour symmetry, the third component of isospin is an
additive quantum number, in analogy with angular momentum. In SU(3) flavour
symmetry, both I3 and Y are additive quantum numbers, which together specify the
flavour content of a state. The light meson (qq) states, formed from combinations
of u, d and s quarks/antiquarks, can be constructed using this additive property to
identify the extreme states within an SU(3) multiplet. Having identified the extreme
states, the ladder operators can be used to obtain the full multiplet structure. The
I3 and Y values for all nine possible combinations of a light quark and a light
antiquark are shown in Figure 9.11. The pattern of states can be obtained quickly
by drawing triangles corresponding to the antiquark multiplet centred on each of
the three positions in the original quark multiplet (this is equivalent to adding the
I3 and Y values for all nine combinations).

The states around the edge of the multiplet are uniquely defined in terms of
their flavour content. The three physical states with I3 = Y = 0 will be lin-
ear combinations of uu, dd and ss, however, they are not necessarily part of the
same multiplet. The I3 = Y = 0 states which are in the same multiplet as the
{us, ud, du, ds, su, sd} states can be obtained using the ladder operators, as indi-
cated in Figure 9.12,

T+|du〉 = |uu〉 − |dd〉 and T−|ud〉 = |dd〉 − |uu〉, (9.32)

V+|su〉 = |uu〉 − |ss〉 and V−|us〉 = |ss〉 − |uu〉, (9.33)

U+|sd〉 = |dd〉 − |ss〉 and U−|ds〉 = |ss〉 − |dd〉. (9.34)

Of these six states, only two are linearly independent and therefore, of the three
physical I3 = Y = 0 states, it can be concluded that one must be in a different
SU(3) multiplet. Hence, for the assumed SU(3) flavour symmetry, the qq flavour
states are decomposed into an octet and a singlet. The singlet state ψS is the linear
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decuplet
: 1 1 2 ,1 1 ,1 1 2 2 … (symmetric, dimensionality 10, decuplet)1 2 3,

: 1 21 1 , (symmetric, dimensionality 6, sextet)

sextet

1 3 2 2 2 3 3 3, , , ,

octet

: 1 1
2

, 1 2
2

1 3
2

, 1 1
3

1 2
3

1 3
3

2 2
3

2 3
3

, , , , , (mixed symmetry,

dimensionality 8, octet)
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1818Young tableaux for SU(3)
General rule for the dimensionality

…
…

…

�1 boxes

�2 boxes

�3 boxes
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d =
(p+ 1)(q + 1)(p+ q + 2)

2
;

p = �1 � �2,
q = �2 � �3
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Mesons
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Decuplet of L=0 baryons 1919

We can take the symmetric decuplet and the symmetric s=+3/2 wave functions to make a decuplet of 
L = 0 baryons 

235 9.6 SU(3) &avour symmetry

Table 9.2 Measured masses and number of strange quarks for the L = 0
light baryons.

s quarks Octet Decuplet

0 p, n 940 MeV ∆ 1230 MeV
1 Σ 1190 MeV Σ∗ 1385 MeV
1 Λ 1120 MeV
2 Ξ 1320 MeV Ξ∗ 1533 MeV
3 Ω 1670 MeV

p(uud)n(ddu)

Σ−
 (dds)

Ξ−
 (ssd)

Ξ∗−
 (ssd)

Σ∗−
 (dds)

∆−
 (ddd) ∆+

 (duu) ∆++
 (uuu)∆0

 (ddu)

Σ∗+
 (uus)Σ∗0

 (uds)

Ω−
 (sss)

Ξ∗0
 (ssu)

Ξ0
 (ssu)

Σ+
 (uus)Σ0

 (uds)

Λ(uds)

J P = −3
+

2J P = −1
+

2

!Fig. 9.17 The observed octet and decuplet of light baryon states.

octet and decuplet states is due to the chromomagnetic spin–spin interactions of the
individual quarks. Following the argument presented in Section 9.6.3, the L = 0
baryon mass formula is

m(q1q2q3) = m1 + m2 + m3 + A′
( 〈S1 · S2〉

m1m2
+
〈S1 · S3〉

m1m3
+
〈S2 · S3〉

m2m3

)
, (9.41)

where S1, S2 and S3 are the spin vectors of the three quarks. This expression is
found to give good agreement with the observed baryon masses using

md = mu = 0.365 GeV, ms = 0.540 GeV and A′ = 0.026 GeV3.

It is important to note that the quark masses needed to explain the observed
baryon masses are about 50 MeV higher than those used to describe the meson
masses, as given in (9.39). Furthermore, they are very different from the funda-
mental up- and down-quark masses, known as the current masses, which are just
a few MeV. The quark masses that enter the meson and baryon mass formulae
are the constituent masses, which can be thought of as the effective masses of the

m ~ 1230 MeV

m ~ 1385 MeV

m ~ 1583 MeV

m ~ 1670 MeV

predicted in 1961 (Gell-Mann & Ne’eman)

discovered in 1964

I3 = 0, Y = �2
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2020

From the mixed symmetry 
octets one can make another 
octet of s=1/2 baryons

235 9.6 SU(3) &avour symmetry

Table 9.2 Measured masses and number of strange quarks for the L = 0
light baryons.

s quarks Octet Decuplet

0 p, n 940 MeV ∆ 1230 MeV
1 Σ 1190 MeV Σ∗ 1385 MeV
1 Λ 1120 MeV
2 Ξ 1320 MeV Ξ∗ 1533 MeV
3 Ω 1670 MeV

p(uud)n(ddu)

Σ−
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!Fig. 9.17 The observed octet and decuplet of light baryon states.

octet and decuplet states is due to the chromomagnetic spin–spin interactions of the
individual quarks. Following the argument presented in Section 9.6.3, the L = 0
baryon mass formula is

m(q1q2q3) = m1 + m2 + m3 + A′
( 〈S1 · S2〉

m1m2
+
〈S1 · S3〉

m1m3
+
〈S2 · S3〉

m2m3

)
, (9.41)

where S1, S2 and S3 are the spin vectors of the three quarks. This expression is
found to give good agreement with the observed baryon masses using

md = mu = 0.365 GeV, ms = 0.540 GeV and A′ = 0.026 GeV3.

It is important to note that the quark masses needed to explain the observed
baryon masses are about 50 MeV higher than those used to describe the meson
masses, as given in (9.39). Furthermore, they are very different from the funda-
mental up- and down-quark masses, known as the current masses, which are just
a few MeV. The quark masses that enter the meson and baryon mass formulae
are the constituent masses, which can be thought of as the effective masses of the

Octet of L=0 baryons

235 9.6 SU(3) &avour symmetry

Table 9.2 Measured masses and number of strange quarks for the L = 0
light baryons.

s quarks Octet Decuplet

0 p, n 940 MeV ∆ 1230 MeV
1 Σ 1190 MeV Σ∗ 1385 MeV
1 Λ 1120 MeV
2 Ξ 1320 MeV Ξ∗ 1533 MeV
3 Ω 1670 MeV

p(uud)n(ddu)
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!Fig. 9.17 The observed octet and decuplet of light baryon states.

octet and decuplet states is due to the chromomagnetic spin–spin interactions of the
individual quarks. Following the argument presented in Section 9.6.3, the L = 0
baryon mass formula is

m(q1q2q3) = m1 + m2 + m3 + A′
( 〈S1 · S2〉

m1m2
+
〈S1 · S3〉

m1m3
+
〈S2 · S3〉

m2m3

)
, (9.41)

where S1, S2 and S3 are the spin vectors of the three quarks. This expression is
found to give good agreement with the observed baryon masses using

md = mu = 0.365 GeV, ms = 0.540 GeV and A′ = 0.026 GeV3.

It is important to note that the quark masses needed to explain the observed
baryon masses are about 50 MeV higher than those used to describe the meson
masses, as given in (9.39). Furthermore, they are very different from the funda-
mental up- and down-quark masses, known as the current masses, which are just
a few MeV. The quark masses that enter the meson and baryon mass formulae
are the constituent masses, which can be thought of as the effective masses of the
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QCD: the need for colour 2121

 The quark model in SU(2) and SU(3) has nice features: understanding of hadronic states, 
classification, even a few predictions. Fundamental degrees of freedom.

Problems of the quark model:

1. Hadrons have integer charges, but no reason to forbid qq or qqqq states.

2. Quarks were never seen in isolation

3. Symmetry of wave functions: without an additional antisymmetric component the baryon  

decuplet cannot be built (colour wave function).

Solution: additional quantum number (degree of freedom). New symmetry: rotations in color space.

How about adding an SU(2) quantum number to the quark field? Can we make singlet states?

Only colour singlets (colourless states) are observed as hadrons.

q̄ ⌦ q
<latexit sha1_base64="tGet6qfptOMsjBUI0Vnimn33e2c=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBU9mtgh6LXjxWsB/QXUo2TdvQbLJNZgtl6T/x4kERr/4Tb/4b03YP2vpg4PHeDDPzokRwA5737RQ2Nre2d4q7pb39g8Mj9/ikaVSqKWtQJZRuR8QwwSVrAAfB2olmJI4Ea0Wj+7nfmjBtuJJPME1YGJOB5H1OCVip67pBRDQe40ABj5nB465b9ireAnid+Dkpoxz1rvsV9BRNYyaBCm JMx/cSCDOigVPBZqUgNSwhdEQGrGOpJHZNmC0un+ELq/RwX2lbEvBC/T2RkdiYaRzZzpjA0Kx6c/E/r5NC/zbMuExSYJIuF/VTgUHheQy4xzWjIKaWEKq5vRXTIdGEgg2rZEPwV19eJ81qxb+qVB+vy7W7PI4iOkPn6BL56AbV0AOqowaiaIKe0St6czLnxXl3PpatBSefOUV/4Hz+ALXUkw8=</latexit>

⌦
<latexit sha1_base64="BUs9wQ7hv/uFi5+ZYNkJaM6piEU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTi9GEXFD+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqqN3iZ/N7p+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvuZUEmKXLHFojCVBGMye54MhOYM5cQSyrSwtxI2opoytBGVbAje8surpFWrehfV2v1lpX6Tx1GEEziFc/DgCupwBw1oAgMJz/AKb86j8+K8Ox+L1oKTzxzDHzifP9+Wj9s=</latexit>

=<latexit sha1_base64="MWbL6R2hZsQThSAdMNvF0orSXwY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44bjMU=</latexit> =<latexit sha1_base64="MWbL6R2hZsQThSAdMNvF0orSXwY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44bjMU=</latexit> �
<latexit sha1_base64="Kfe2l2iGdo8ph/MEHW/TMNkFtOM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5idzCZjZmeWeQhhyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfa+P63V1hb39jcKm6Xdnb39g/Kh0ctLa0itEkkl6oTYU05E7RpmOG0kyqKk4jTdjS+nfntJ6o0k+LBTFIaJngoWMwINk5q9WTKre6XK37VnwOtkiAnFcjR6Je/egNJbEKFIRxr3Q381IQZVoYRTqelntU0xWSMh7TrqMAJ1WE2v3aKzpwyQLFUroRBc/X3RIYTrSdJ5DoTbEZ62ZuJ/3lda+LrMGMitYYKslgUW46MRLPX0YApSgyfOIKJYu5WREZYYWJcQCUXQrD88ipp1arBRbV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOm9eO/ex6K14OUzx/AH3ucP0UyPSQ==</latexit>

singlet!

= 3� 1
<latexit sha1_base64="iwXDgi2HTLTKzCni44DZHpm8/TY=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9ltBb0IRS8eK9gPbJeSTbNtaDZZkqxQlv4LLx4U8eq/8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJreZ33miSjMpHsw0pn6ER4KFjGBjpcfrel/GPNHIG5QrbtWdA60SLycVyNEclL/6Q0mSiApDONa657mx8VOsDCOczkr9RNMYkwke0Z6lAkdU++n84hk6s8oQhVLZEgbN1d8TKY60nkaB7YywGetlLxP/83qJCa/8lIk4MVSQxaIw4chIlL2PhkxRYvjUEkwUs7ciMsYKE2NDKtkQvOWXV0m7VvXq1dr9RaVxk8dRhBM4hXPw4BIacAdNaAEBAc/wCm+Odl6cd+dj0Vpw8plj+APn8weSrZAy</latexit>

q ⌦ q ⌦ q =
<latexit sha1_base64="gRg9T5bwaSgR3BN1Jcc9xf2iJoQ=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTNYBFclqYJuhKIblxXsBdpQJtNJO3QySWdOhBK78FXcuFDEra/hzrdx2gbU1h8GPv5zDufM78eCa3CcLyu3tLyyupZfL2xsbm3v2Lt7dR0lirIajUSkmj7RTHDJasBBsGasGAl9wRr+4HpSb9wzpXkk72AUMy8kPckDTgkYq2MfDNsR8JBpPMQ/dNmxi07JmQovgptBEWWqduzPdjeiScgkUEG0brlODF5KFHAq2LjQTjSLCR2QHmsZlMQs8tLp/WN8bJwuDiJlngQ8dX9PpCTUehT6pjMk0NfztYn5X62VQHDhpVzGCTBJZ4uCRGCI8CQM3OWKURAjA4Qqbm7FtE8UoWAiK5gQ3PkvL0K9XHJPS+Xbs2LlKosjjw7RETpBLjpHFXSDqqiGKHpAT+gFvVqP1rP1Zr3PWnNWNrOP/sj6+AYK/JV1</latexit>

⌦
<latexit sha1_base64="BUs9wQ7hv/uFi5+ZYNkJaM6piEU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTi9GEXFD+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqqN3iZ/N7p+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvuZUEmKXLHFojCVBGMye54MhOYM5cQSyrSwtxI2opoytBGVbAje8surpFWrehfV2v1lpX6Tx1GEEziFc/DgCupwBw1oAgMJz/AKb86j8+K8Ox+L1oKTzxzDHzifP9+Wj9s=</latexit>

⌦
<latexit sha1_base64="BUs9wQ7hv/uFi5+ZYNkJaM6piEU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTi9GEXFD+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqqN3iZ/N7p+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvuZUEmKXLHFojCVBGMye54MhOYM5cQSyrSwtxI2opoytBGVbAje8surpFWrehfV2v1lpX6Tx1GEEziFc/DgCupwBw1oAgMJz/AKb86j8+K8Ox+L1oKTzxzDHzifP9+Wj9s=</latexit>

=<latexit sha1_base64="MWbL6R2hZsQThSAdMNvF0orSXwY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44bjMU=</latexit> �
<latexit sha1_base64="Kfe2l2iGdo8ph/MEHW/TMNkFtOM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5idzCZjZmeWeQhhyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfa+P63V1hb39jcKm6Xdnb39g/Kh0ctLa0itEkkl6oTYU05E7RpmOG0kyqKk4jTdjS+nfntJ6o0k+LBTFIaJngoWMwINk5q9WTKre6XK37VnwOtkiAnFcjR6Je/egNJbEKFIRxr3Q381IQZVoYRTqelntU0xWSMh7TrqMAJ1WE2v3aKzpwyQLFUroRBc/X3RIYTrSdJ5DoTbEZ62ZuJ/3lda+LrMGMitYYKslgUW46MRLPX0YApSgyfOIKJYu5WREZYYWJcQCUXQrD88ipp1arBRbV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOm9eO/ex6K14OUzx/AH3ucP0UyPSQ==</latexit>(

<latexit sha1_base64="R61RfMnIthtcpmxpxifoScUCgcw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHhRHbRRI9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9wvltyKuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWtWKd1mpNq5KtdssjjycwTmUwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AG5HjLA=</latexit>

)
<latexit sha1_base64="a9cGymfIoUwm+Rg2k4v242obd9g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOgl7AbBT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3mW5Ur8qVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A2/LjLE=</latexit>

⌦
<latexit sha1_base64="BUs9wQ7hv/uFi5+ZYNkJaM6piEU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTi9GEXFD+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqqN3iZ/N7p+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvuZUEmKXLHFojCVBGMye54MhOYM5cQSyrSwtxI2opoytBGVbAje8surpFWrehfV2v1lpX6Tx1GEEziFc/DgCupwBw1oAgMJz/AKb86j8+K8Ox+L1oKTzxzDHzifP9+Wj9s=</latexit>

=<latexit sha1_base64="MWbL6R2hZsQThSAdMNvF0orSXwY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44bjMU=</latexit>

.�
<latexit sha1_base64="Kfe2l2iGdo8ph/MEHW/TMNkFtOM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5idzCZjZmeWeQhhyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfa+P63V1hb39jcKm6Xdnb39g/Kh0ctLa0itEkkl6oTYU05E7RpmOG0kyqKk4jTdjS+nfntJ6o0k+LBTFIaJngoWMwINk5q9WTKre6XK37VnwOtkiAnFcjR6Je/egNJbEKFIRxr3Q381IQZVoYRTqelntU0xWSMh7TrqMAJ1WE2v3aKzpwyQLFUroRBc/X3RIYTrSdJ5DoTbEZ62ZuJ/3lda+LrMGMitYYKslgUW46MRLPX0YApSgyfOIKJYu5WREZYYWJcQCUXQrD88ipp1arBRbV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOm9eO/ex6K14OUzx/AH3ucP0UyPSQ==</latexit>

�
<latexit sha1_base64="Kfe2l2iGdo8ph/MEHW/TMNkFtOM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5idzCZjZmeWeQhhyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfa+P63V1hb39jcKm6Xdnb39g/Kh0ctLa0itEkkl6oTYU05E7RpmOG0kyqKk4jTdjS+nfntJ6o0k+LBTFIaJngoWMwINk5q9WTKre6XK37VnwOtkiAnFcjR6Je/egNJbEKFIRxr3Q381IQZVoYRTqelntU0xWSMh7TrqMAJ1WE2v3aKzpwyQLFUroRBc/X3RIYTrSdJ5DoTbEZ62ZuJ/3lda+LrMGMitYYKslgUW46MRLPX0YApSgyfOIKJYu5WREZYYWJcQCUXQrD88ipp1arBRbV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOm9eO/ex6K14OUzx/AH3ucP0UyPSQ==</latexit> .

no singlet state!!

Quark 
confinement!

SU(2)



Diogo Boito, Sep 2022 University of São Paulo

QCD: the need for colour 2222

How about adding an SU(3) quantum number to the quark field? Can we make singlet states?

q ⌦ q̄ =
<latexit sha1_base64="Sz+RleDLKZ1Af1Q/d7O7FHG/alk=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JUQS9C0YvHCvYDmlA22027dLNJdydiCf0rXjwo4tU/4s1/47bNQVsfDDzem2FmXpAIrsFxvq3C2vrG5lZxu7Szu7d/YB+WWzpOFWVNGotYdQKimeCSNYGDYJ1EMRIFgrWD0e3Mbz8ypXksH2CSMD8iA8lDTgkYqWeXx14MPGIaewFReIyvcc+uOFVnDrxK3JxUUI5Gz/7y+jFNIyaBCqJ113US8DOigFPBpiUv1SwhdEQGrGuoJGadn81vn+JTo/RxGCtTEvBc/T2RkUjrSRSYzojAUC97M/E/r5tCeOVnXCYpMEkXi8JUYIjxLAjc54pREBNDCFXc3IrpkChCwcRVMiG4yy+vklat6p5Xa/cXlfpNHkcRHaMTdIZcdInq6A41UBNR9ISe0St6s6bWi/VufSxaC1Y+c4T+wPr8AZ1zk4A=</latexit>

Baryons (qqq, colour space)

Mesons (colour space)

qq states are not allowed!

q, qq, & qqqq states are not allowed (but qqq is allowed)!
confinement of quarks

3⌦ 3⇤
<latexit sha1_base64="8M5oB8TsOZAYBI4QQ9nj9VN2ClI=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIsgHspuK+ix6MVjBfsB3bVk02wbmk2WZFYoS/+GFw+KePXPePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewtr6xuVXcLu3s7u0flA+P2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vp35nSemDVfyASYJC2IylDzilICV/LqvgMfM4PrjRb9ccavuHHiVeDmpoBzNfvnLHyiaxkwCFcSYnucmEGREA6eCTUt+alhC6JgMWc9SSeyiIJvfPMVnVhngSGlbEvBc/T2RkdiYSRzazpjAyCx7M/E/r5dCdB1kXCYpMEkXi6JUYFB4FgAecM0oiIklhGpub8V0RDShYGMq2RC85ZdXSbtW9erV2v1lpXGTx1FEJ+gUnSMPXaEGukNN1EIUJegZvaI3J3VenHfnY9FacPKZY/QHzucP6FyQ8Q==</latexit>

⌦
<latexit sha1_base64="BUs9wQ7hv/uFi5+ZYNkJaM6piEU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTi9GEXFD+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqqN3iZ/N7p+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvuZUEmKXLHFojCVBGMye54MhOYM5cQSyrSwtxI2opoytBGVbAje8surpFWrehfV2v1lpX6Tx1GEEziFc/DgCupwBw1oAgMJz/AKb86j8+K8Ox+L1oKTzxzDHzifP9+Wj9s=</latexit>

=<latexit sha1_base64="MWbL6R2hZsQThSAdMNvF0orSXwY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44bjMU=</latexit> =<latexit sha1_base64="MWbL6R2hZsQThSAdMNvF0orSXwY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44bjMU=</latexit> �
<latexit sha1_base64="Kfe2l2iGdo8ph/MEHW/TMNkFtOM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5idzCZjZmeWeQhhyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfa+P63V1hb39jcKm6Xdnb39g/Kh0ctLa0itEkkl6oTYU05E7RpmOG0kyqKk4jTdjS+nfntJ6o0k+LBTFIaJngoWMwINk5q9WTKre6XK37VnwOtkiAnFcjR6Je/egNJbEKFIRxr3Q381IQZVoYRTqelntU0xWSMh7TrqMAJ1WE2v3aKzpwyQLFUroRBc/X3RIYTrSdJ5DoTbEZ62ZuJ/3lda+LrMGMitYYKslgUW46MRLPX0YApSgyfOIKJYu5WREZYYWJcQCUXQrD88ipp1arBRbV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOm9eO/ex6K14OUzx/AH3ucP0UyPSQ==</latexit>

=<latexit sha1_base64="MWbL6R2hZsQThSAdMNvF0orSXwY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44bjMU=</latexit>= 8� 1
<latexit sha1_base64="vJNaw3w76g+wkxh2+hLdhjVK3mY=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgr0IRS8eK9gPbJeSTbNtaDZZkqxQlv4LLx4U8eq/8ea/Md3uQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJrdzv/NElWZSPJhpTP0IjwQLGcHGSo/X9b6MeaKRNyhX3KqbAa0SLycVyNEclL/6Q0mSiApDONa657mx8VOsDCOczkr9RNMYkwke0Z6lAkdU+2l28QydWWWIQqlsCYMy9fdEiiOtp1FgOyNsxnrZm4v/eb3EhHU/ZSJODBVksShMODISzd9HQ6YoMXxqCSaK2VsRGWOFibEhlWwI3vLLq6Rdq3oX1dr9ZaVxk8dRhBM4hXPw4AoacAdNaAEBAc/wCm+Odl6cd+dj0Vpw8plj+APn8weaaZA3</latexit>

3⌦ 3⌦ 3 = (3⌦ 3)⌦ 3
<latexit sha1_base64="uHcL47NaYaQJHJpJ5iWXEi+xjis=">AAACE3icbZBNSwMxEIZn/az1a9Wjl2ARqoey2wp6EYpePFawH9AuJZtm29BsdkmyQin9D178K148KOLVizf/jWm7WG0dCDzzzgyTef2YM6Ud58taWl5ZXVvPbGQ3t7Z3du29/ZqKEklolUQ8kg0fK8qZoFXNNKeNWFIc+pzW/f71uF6/p1KxSNzpQUy9EHcFCxjB2kht+7TUijQLqUIzQJf5WXLyQ2075xScSaBFcFPIQRqVtv 3Z6kQkCanQhGOlmq4Ta2+IpWaE01G2lSgaY9LHXdo0KLBZ4w0nN43QsVE6KIikeUKjifp7YohDpQahbzpDrHtqvjYW/6s1Ex1ceEMm4kRTQaaLgoQjHaGxQajDJCWaDwxgIpn5KyI9LDHRxsasMcGdP3kRasWCWyoUb89y5avUjgwcwhHkwYVzKMMNVKAKBB7gCV7g1Xq0nq03633aumSlMwfwJ6yPbxlynGc=</latexit>

3⌦ 3 =
<latexit sha1_base64="DfAS1K3vYpyBbEcTUQw7xjM2e2k=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4SQRshaGMZwcRAcoS9zV6yZG/v3J0LhJDfYWOhiK0/xs5/4ya5QhMfDDzem2FmXpBIYdB1v53c2vrG5lZ+u7Czu7d/UDw8apo41Yw3WCxj3Qqo4VIo3kCBkrcSzWkUSP4YDG9n/uOIayNi9YDjhPsR7SsRCkbRSn61E6OIuCFVck26xZJbducgq8TLSAky1LvFr04vZmnEFTJJjW l7boL+hGoUTPJpoZManlA2pH3etlRRu8mfzI+ekjOr9EgYa1sKyVz9PTGhkTHjKLCdEcWBWfZm4n9eO8Xwyp8IlaTIFVssClNJMCazBEhPaM5Qji2hTAt7K2EDqilDm1PBhuAtv7xKmpWyVy1X7i9KtZssjjycwCmcgweXUIM7qEMDGDzBM7zCmzNyXpx352PRmnOymWP4A+fzBwBLkPA=</latexit>

⌦
<latexit sha1_base64="BUs9wQ7hv/uFi5+ZYNkJaM6piEU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTi9GEXFD+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqqN3iZ/N7p+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvuZUEmKXLHFojCVBGMye54MhOYM5cQSyrSwtxI2opoytBGVbAje8surpFWrehfV2v1lpX6Tx1GEEziFc/DgCupwBw1oAgMJz/AKb86j8+K8Ox+L1oKTzxzDHzifP9+Wj9s=</latexit>

=<latexit sha1_base64="MWbL6R2hZsQThSAdMNvF0orSXwY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44bjMU=</latexit> �
<latexit sha1_base64="Kfe2l2iGdo8ph/MEHW/TMNkFtOM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5idzCZjZmeWeQhhyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfa+P63V1hb39jcKm6Xdnb39g/Kh0ctLa0itEkkl6oTYU05E7RpmOG0kyqKk4jTdjS+nfntJ6o0k+LBTFIaJngoWMwINk5q9WTKre6XK37VnwOtkiAnFcjR6Je/egNJbEKFIRxr3Q381IQZVoYRTqelntU0xWSMh7TrqMAJ1WE2v3aKzpwyQLFUroRBc/X3RIYTrSdJ5DoTbEZ62ZuJ/3lda+LrMGMitYYKslgUW46MRLPX0YApSgyfOIKJYu5WREZYYWJcQCUXQrD88ipp1arBRbV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOm9eO/ex6K14OUzx/AH3ucP0UyPSQ==</latexit>

= 6� 3⇤
<latexit sha1_base64="HRwJ8oo+DXmHwzAyu+muypetFpo=">AAAB83icbVDLSgMxFM3UV62vqks3wSKIizLTiroRim5cVrAP6Iwlk6ZtaCYJeQhl6G+4caGIW3/GnX9j2s5CWw9cOJxzL/feE0tGtfH9by+3srq2vpHfLGxt7+zuFfcPmlpYhUkDCyZUO0aaMMpJw1DDSFsqgpKYkVY8up36rSeiNBX8wYwliRI04LRPMTJOCq8vQiGZ1bD6eNYtlvyyPwNcJkFGSiBDvVv8CnsC24RwgxnSuhP40kQpUoZiRiaF0GoiER6hAek4ylFCdJTObp7AE6f0YF8oV9zAmfp7IkWJ1uMkdp0JMkO96E3F/7yONf2rKKVcWkM4ni/qWwaNgNMAYI8qgg0bO4Kwou5WiIdIIWxcTAUXQrD48jJpVspBtVy5Py/VbrI48uAIHINTEIBLUAN3oA4aAAMJnsErePOs9+K9ex/z1pyXzRyCP/A+fwC5fpDT</latexit>

.�
<latexit sha1_base64="Kfe2l2iGdo8ph/MEHW/TMNkFtOM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5idzCZjZmeWeQhhyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfa+P63V1hb39jcKm6Xdnb39g/Kh0ctLa0itEkkl6oTYU05E7RpmOG0kyqKk4jTdjS+nfntJ6o0k+LBTFIaJngoWMwINk5q9WTKre6XK37VnwOtkiAnFcjR6Je/egNJbEKFIRxr3Q381IQZVoYRTqelntU0xWSMh7TrqMAJ1WE2v3aKzpwyQLFUroRBc/X3RIYTrSdJ5DoTbEZ62ZuJ/3lda+LrMGMitYYKslgUW46MRLPX0YApSgyfOIKJYu5WREZYYWJcQCUXQrD88ipp1arBRbV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOm9eO/ex6K14OUzx/AH3ucP0UyPSQ==</latexit>(

<latexit sha1_base64="R61RfMnIthtcpmxpxifoScUCgcw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHhRHbRRI9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9wvltyKuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWtWKd1mpNq5KtdssjjycwTmUwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AG5HjLA=</latexit>

)
<latexit sha1_base64="a9cGymfIoUwm+Rg2k4v242obd9g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOgl7AbBT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3mW5Ur8qVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A2/LjLE=</latexit>

⌦
<latexit sha1_base64="BUs9wQ7hv/uFi5+ZYNkJaM6piEU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTi9GEXFD+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqqN3iZ/N7p+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvuZUEmKXLHFojCVBGMye54MhOYM5cQSyrSwtxI2opoytBGVbAje8surpFWrehfV2v1lpX6Tx1GEEziFc/DgCupwBw1oAgMJz/AKb86j8+K8Ox+L1oKTzxzDHzifP9+Wj9s=</latexit>

=<latexit sha1_base64="MWbL6R2hZsQThSAdMNvF0orSXwY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44bjMU=</latexit> �
<latexit sha1_base64="Kfe2l2iGdo8ph/MEHW/TMNkFtOM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5idzCZjZmeWeQhhyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfa+P63V1hb39jcKm6Xdnb39g/Kh0ctLa0itEkkl6oTYU05E7RpmOG0kyqKk4jTdjS+nfntJ6o0k+LBTFIaJngoWMwINk5q9WTKre6XK37VnwOtkiAnFcjR6Je/egNJbEKFIRxr3Q381IQZVoYRTqelntU0xWSMh7TrqMAJ1WE2v3aKzpwyQLFUroRBc/X3RIYTrSdJ5DoTbEZ62ZuJ/3lda+LrMGMitYYKslgUW46MRLPX0YApSgyfOIKJYu5WREZYYWJcQCUXQrD88ipp1arBRbV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOm9eO/ex6K14OUzx/AH3ucP0UyPSQ==</latexit>

�
<latexit sha1_base64="Kfe2l2iGdo8ph/MEHW/TMNkFtOM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5idzCZjZmeWeQhhyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfa+P63V1hb39jcKm6Xdnb39g/Kh0ctLa0itEkkl6oTYU05E7RpmOG0kyqKk4jTdjS+nfntJ6o0k+LBTFIaJngoWMwINk5q9WTKre6XK37VnwOtkiAnFcjR6Je/egNJbEKFIRxr3Q381IQZVoYRTqelntU0xWSMh7TrqMAJ1WE2v3aKzpwyQLFUroRBc/X3RIYTrSdJ5DoTbEZ62ZuJ/3lda+LrMGMitYYKslgUW46MRLPX0YApSgyfOIKJYu5WREZYYWJcQCUXQrD88ipp1arBRbV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOm9eO/ex6K14OUzx/AH3ucP0UyPSQ==</latexit>

. �
<latexit sha1_base64="Kfe2l2iGdo8ph/MEHW/TMNkFtOM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5idzCZjZmeWeQhhyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfa+P63V1hb39jcKm6Xdnb39g/Kh0ctLa0itEkkl6oTYU05E7RpmOG0kyqKk4jTdjS+nfntJ6o0k+LBTFIaJngoWMwINk5q9WTKre6XK37VnwOtkiAnFcjR6Je/egNJbEKFIRxr3Q381IQZVoYRTqelntU0xWSMh7TrqMAJ1WE2v3aKzpwyQLFUroRBc/X3RIYTrSdJ5DoTbEZ62ZuJ/3lda+LrMGMitYYKslgUW46MRLPX0YApSgyfOIKJYu5WREZYYWJcQCUXQrD88ipp1arBRbV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOm9eO/ex6K14OUzx/AH3ucP0UyPSQ==</latexit>

= 10� 8� 8� 1
<latexit sha1_base64="LQUBWE5mOAUXZui61dvilh9/Eec=">AAACBXicbZDLSgMxFIbPeK31NupSF8EiuCozVbAboejGZQV7gXYomTRtQzPJkGSEMnTjxldx40IRt76DO9/GtB1BWw+EfPz/OSTnD2POtPG8L2dpeWV1bT23kd/c2t7Zdff261omitAakVyqZog15UzQmmGG02asKI5CThvh8HriN+6p0kyKOzOKaRDhvmA9RrCxUsc9uvS9tox5olH550YZ+B234BW9aaFF8DMoQFbVjvvZ7kqSRFQYwrHWLd+LTZBiZRjhdJxvJ5rGmAxxn7YsChxRHaTTLcboxCpd1JPKHmHQVP09keJI61EU2s4Im4Ge9ybif14rMb1ykDIRJ4YKMnuol3BkJJpEgrpMUWL4yAImitm/IjLAChNjg8vbEPz5lRehXir6Z8XS7XmhcpXFkYNDOIZT8OECKnADVagBgQd4ghd4dR6dZ+fNeZ+1LjnZzAH8KefjG1k+lzM=</latexit>

3⌦ 3 =
<latexit sha1_base64="DfAS1K3vYpyBbEcTUQw7xjM2e2k=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4SQRshaGMZwcRAcoS9zV6yZG/v3J0LhJDfYWOhiK0/xs5/4ya5QhMfDDzem2FmXpBIYdB1v53c2vrG5lZ+u7Czu7d/UDw8apo41Yw3WCxj3Qqo4VIo3kCBkrcSzWkUSP4YDG9n/uOIayNi9YDjhPsR7SsRCkbRSn61E6OIuCFVck26xZJbducgq8TLSAky1LvFr04vZmnEFTJJjWl7boL+hGoUTPJpoZManlA2pH3etlRRu8mfzI+ekjOr9EgYa1sKyVz9PTGhkTHjKLCdEcWBWfZm4n9eO8Xwyp8IlaTIFVssClNJMCazBEhPaM5Qji2hTAt7K2EDqilDm1PBhuAtv7xKmpWyVy1X7i9KtZssjjycwCmcgweXUIM7qEMDGDzBM7zCmzNyXpx352PRmnOymWP4A+fzBwBLkPA=</latexit>

⌦
<latexit sha1_base64="BUs9wQ7hv/uFi5+ZYNkJaM6piEU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTi9GEXFD+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqqN3iZ/N7p+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvuZUEmKXLHFojCVBGMye54MhOYM5cQSyrSwtxI2opoytBGVbAje8surpFWrehfV2v1lpX6Tx1GEEziFc/DgCupwBw1oAgMJz/AKb86j8+K8Ox+L1oKTzxzDHzifP9+Wj9s=</latexit>
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QCD: the need for colour 2323

Quarks have an additional quantum number: colour, which transforms under SU(3).

Hadrons are always colour singlet states!

Only colourless (singlet, or white) states can be observed! (Postulate)

This means that isolated quarks cannot be observed (nor qq or qqqq states for example)

Still, no dynamics: gauge principle is needed for that.

Confinement is still today, with QCD, not well understood.


