Flavor excitations of mesons and baryons, SU(3)

We know today that there are four quarks that are more
massive than u and d:
s (strange), ~150 MeV more massive,qs = —1/3
¢ (charm), ~1,300 MeV more massive, qc = +2/3
b (bottom), ~4,200 MeV more massive,q, = —1/3
[t (top) is ~172,000 MeV more massive, but decays so
quickly it can’t form a bound state with other
quarks, q. = +2/3]

Most known mesons and baryons (hadrons) are made up of
the three lightest quarks u, d,and s

Develop a classification scheme called SU(3) flavor or SU(3)s
based on assumption of invariance of strong interactions
under exchange of u,d,and s

.
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SU(3)s classification scheme

ms — myd = 150 MeV appreciable relative to Agcp and mn
SU(3)s symmetry broken by this mass difference

Like with isospin, assume strong interactions independent of
a unitary (probability preserving) transformation between u,

d,and s

U U
d’ =U | d
s’ S

Overall phase transformation U = e'®! physically irrelevant

Close to identity matrix U= 1 +i0ox |, det U= |+3 i 0«

If restrict to det U =1, i.e., special unitary matrices SU(3), this
removes phase change
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SU(3)

SU(3) is the group of ot/ ol
transformations that has the same 7 — 7| g
multiplication table as the set of all ,

unimodular, 3x3 unitary matrices T

Any element T of SU(3) can be written as e @ A2 where 0
is a set of 8 real numbers, and the eight hermitean
(T unitary), traceless (detT = |) Gell-Mann matrices A are

|
|

-)
O R O O O O
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SU(3)

The generators g = Ai/2 satisfy the commutation relations
96,951 = i.f7" gi
The f ' are totally antisymmetric with

V3
458 _ 678 _ 5

1
123 __ 147 _ p165 __ 246 __ 257 __ 345 __ 376 _ —
FIE =1, fUT = IO O BT s g0
More convenient to define a more symmetric set of

operators than the 8 Gell-Mann matrices

1] = )\1/27 lg = )\2/27 13 = )\3/2

Pauli spin matrices, generate the set of all unitary
unimodular transformations between quarks | and 2,
without changing quark 3; for SU(3)y, this is isospin

.
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| spin, U spin,V spin
11 = )\1/27 lg = )\2/27 13 = )\3/2

0 0 O
ulz)\6/2, u2:)\7/2, Us — 0 % 0
0 0 —3

generate the set of all unitary unimodular transformations
between quarks 2 and 3, without changing quark |

~1 0 0
2

Ulz)\4/2, ’02:—)\5/2, V3 — 0 0 O

0 0 2

generate the set of all unitary unimodular transformations
between quarks | and 3, without changing quark 2

. Y,
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| spin, U spin,V spin

SU(3) has only 8 generators; these are not linearly
independent because i3+ uz+v3=0

Lo 0 -
igz 0 —% Us — 0 U3 — 0
0 0 —3 0

The abstract generators [;, Ui, Viassociated with

these ‘toy’ generators satisfies a set of commutation
relations

1, L) = €kl Ui, Uj|l = €6Ux Vi, V| = €5 Vi

o O O
o O O
o~ O
o O O

= O O
N~ —

These are just the usual SU(2) commutation
relations (realized by the Pauli spin matrices)

.
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| spin, U spin,V spin
CT0)= "%V [T W= -V | [, k) =-%Us
LIy =~V T, W)e 4\ 51:3., Uy )= % Wy
[/Iht_)u'}'}z 5/1,12. EI;) ua]:. "‘:/LI| [:135 ug'}: D
[I\,\f\73 "\{Luz CI?') Vi J= 6/‘,_u, LIy V])- '"C‘/LV;_
[I‘)Vl‘)" L\/;oul CIl) Vi—)": —('/g_u'l- LI;}, VJ—J"" i/z \/,
EI‘) V'S‘): ‘/ll‘l [ilj V3]= *L‘QII l::[}) V’ﬁ]: 0
Eul) Vg]’ ""‘:/2‘12. (U;,; V{J = 'L>LIl EUB‘VJ: wc'/z,vb
LU,va)= ".‘/3,3:'; {“;'V;]: w1 (U Vo) = (i, Vy
L, Vi'l= 4 U, CW,Val=-2 U, [U¥s): o
From these it can be shown that I3, U3, V3 and one of
{12, U%, V?} are a complete set of commuting observables
\ J
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| spin, U spin,V spin

They are not independent since 3 + Uz + V3 =0

The symmetrical use of [3, U3, and V3 has its advantages,
but in practice we use [3and Y, which corresponds to the

hypercharge y
S (A
y:—uS—UBI— d
’ Ao 0 -2 § B
L[t 00 0 0 0 ol B
y=3{0 L 0]+|0 0 0 g
0 0 1 0 0 -1

The hypercharge is just the baryon number plus

strangeness (defined to be —| for the strange quark)

)
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Constructing irreducible representations of SU(3)

Just as with angular momentum SU(2), it helps to define
raising and lowering operators

I:|:7]37 U:|:7U37 V:|:7V37 X:l: :Xl L ZXZ

The commutation relations look a little simpler written
in terms of these operators, with the usual angular
momentum rules (along the diagonal and below)

(L3, T4)s 210 [Us,T30=F "},If [Va,Tt] = ,/L T4

[T, L(-f}‘ .T.'/ll+ Wy, U+])= Ut [Vy, Ur]= F W+
[Ty, VAl= T BV [us, Va)e 3 V+ [Vs,V+]=+ V4
[ X4, X-J=a%s ¥X
[I4,V-T=0 [I+,u)=0 LU W]=0 plus

E v+’ j,_*,t}:u_. [ I+} W ]::: v— [ u-f‘, VJr‘] i - h.C.’S
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12|i;i3,U3,03> — Z(Z -+ 1)
I5|t; i3, us, v3) = i3
Usli;is, us, v3) = us

Vslisis, us, vs) = v

.

Constructing irreducible representations of SU(3)

Consider an eigenstate | i; i3, u3, v3) of I2, 13, U3 and V3

0513, U3z, V3),
0513, U3, V3),

0513, U3, V3),

i513, U3, V3),

Can show (just as with angular momentum) that

i =1/2,3/2,5/2,...and that — i < i3 < i (could have done
the same with u and v if chose eigenstates of U? or V?)

Can generate an irreducible representation of SU(3)
from the state |M) which has i3 = i3max, by taking as its

basis space all states generated from |M) by repeated
application of 14,13, Uy,Us, Vi, V3
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Constructing irreducible representations of SU(3)

Consider eigenstate | x; i3, u3, v3) of X={I2, U%V?} and I,
Us and V3

. : 1 1
From commutators Ij:‘ﬂf, Zg,Ug,?}g> has 13 T 17 us + 5, U3 + 5
it is clear that 1 |
U;I:‘£§?J3,U3,’U3> has i3 :_5, Uz — ]_, V3 335

. . 1 1
Vi|x;i3,u3,v3) has i3 F 50 Us F 5, v3E 1

It is possible to plot i3, u3, vz on a planar diagram (recall
i3+u3+v3=0, so there are only two degrees of freedom) so
that these relations are automatic
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Constructing irreducible representations of SU(3)
For P:

Ua A u%z-,z?'
i3=R cos(0), ;
u3=R cos(120°-0), | >
, R
v3 =R cos(120°+0), , {’
U3 tyv3= P ¢
so i3tu3tv3=0 = "
h
M
PR
: \3@3
B K
Vj { “{/ u":,a V{)

From geometry we have
1

2

\_

I|x;i3,u3,v3) has i3+ 1, ug — =, vz — =

1
2

J
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Constructing irreducible representations of SU(3)
. . . Uz
All possible points in the plane ‘
lie on interlocking hexagonal —
lattices quark triplet R Yk
o anti-quark triplet /o "o\ -
Can generate irreducible \ e -
representation using state |M),
which has the maximum i3 /
I.|M) =U_|M) =V_|M) =0 o
1 1
FPIMYy =(=T+I_+=-1—-1I_+1I5||M)
2 2
1 1 )
= (Zr+1_—-I_I,+12)|M)
2 2
IS + 13 ’M> — Z3 maX(ZS max T 1) SO | = i3,max
- J
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Constructing irreducible representations of SU(3)

Similarly, since U- raises i3,and so U- M) =0

1 1
U2|M) = <§U+U_ +SU_UL + U32> M)

1 1
— <—§U+U_ + 5U-Uy + Ug) M)
= —Us(—Usz + 1)| M) Y

and so |M) is also a bottom
state of a U-spin (and V-spin)
multiplet [M) = |i i;u —u;v —v)
and since i3tu3tv3=0, we must
have i = utv

o has i3=1,u3=0,v3 =—1, generates representation
with i=1,u=0,v =1 (we will see belongs to 6)
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Constructing irreducible representations of SU(3)

Consider ‘A> = U+ |M> lﬂob U4-

oMY
|A> has i3 = i—'2 and must have i'=i—'5; e:f SR S N
if it had any greater i’ we could step YA
up using I+ from it to find point * / o
/3

* would have i3 > i3 max and |M) would not be the state
with maximum i3

Avoid a contradiction if |[A) is a top state and can’t be
stepped up
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Constructing irreducible representations of SU(3)

Simlarly, |A> has v3 = —v—'/2 and must .
have v'=v+'%; if it had any greater v/, . .

say v' = v+3/2, we could step down
using V- from it to find point **

** would have i3 = i3max and be

ahother candidate for the status of
IM)

*hasv' =v+3/2,i" =i,u’ =u
(can’t change u by stepping up from
u3 = —u to —utl) so it can’t have

i = utv, which we showed is true of a point like |M)

.
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Constructing irreducible representations of SU(3)
A) o [i—1/2,i—1/2u,—u+1;0+1/2,—v—1/2)

Note V-|A) = [+ [A) =0 1B
Do the same for |B) = U+ |A) = U+ M) \

Our work with |A) relied on
V-IM) =1+ M) = 0, also true of |A), so
B < |t—1,i —1;u,—u+2;v+1,—v—1)

U+"|M) generates a line of states parallel to the u3 axis,
Ul\M) < |t —n/2,i—n/2;u,—u+n;v+n/2, —v —n/2)
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Exercise
a. Prove using commutators that R
. . o:; +

2|A> = 2 U+ M) = (i='2)(i—"2+1)|A), where |M) s i

is a top state of an [-spin multiplet, with i3 =i

b. Prove using commutators that L

2 1B) = 2 U+ |A) = (i~ 1)i |A), so |B) N

has |-spin i—| P Sl

/

- J
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Constructing irreducible representations of SU(3)
Terminates when U+ U+"|M) = 0, i.e.,, when n = 2u since
started with the bottom state of a U multiplet
Ui“]M) X |t —u, b — Uy u, ;v + U, —v — u)
= |v,v;u, u;t, —1)
U
— N> .’N7,,u3vo
Y % m>
Note [+|N) = U+|N) = V-[N) = 0 | 75
example with u=1
.
J
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Constructing irreducible representations of SU(3)

Consider I”|N) « |[v,v —n;u+n/2,u+n/2;i —n/2,—i +n/2)
Generates a line of states parallel to the i3 axis until n=2v

IZ°IM) o |v,—v;u+v,u+v;i—v,—+ )

= |v, —v;1,%;u, —u)

P> UEZQ g )P%\o e o @ Q,N7‘,u3:°
¥ ; ,0/’

; example with i=4, u=1, v=3

.

C@ Florida State University Simon Capstick ) ( HUGS @ JLab 5/2-5/2014




.

Constructing irreducible representations of SU(3)

VIP) < |v—n/2,—v+n/2;1—n/2,i—n/2;u,—u+n)

Generates a line of states parallel to the v3 axis until n=2u
Vf“’|P> X |v—u,—v4+u;i —u, i — u;u,u)

= |v, —v; 1,1 u, —u)

=1Q)

UZ|Q) o |i — v, —i+v;v, —v;1,1) Uy= 0
= |u, —u; v, —v;1,19)
= |R)

I*"|R) o |u,u;v+u,—v—uji—u,i—u)

= |u, u; %, —1; v, V)

= |5)

example with i=4, u=1, v=3

V_QU‘S> X |,Z,Z,U, —U;U,—U>
o |M)
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Constructing irreducible representations of SU(3)

All of the boundary is unique; if any state isn’t, we could
have started with it and gone two different ways around
the boundary to get two different |[M)’s, but |M) is the only
state with i3=i3 max

Can fill in the interior by
applying I-" to states on
the right border(s)

Or by applying V-" or U-"
to states on other borders

Does this generate unique states!

.
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Constructing irreducible representations of SU(3)
Consider a state |A) on right boundary, i.e., with i = i3 = ir

Then I-|A) has i3 = ir =1, so it must have i =ir —|

It must have i = iR — |, because there is a state with this u3
and v3 and i = jir on the boundary, which is unique

8}

This site is at most doubly occupied
by |ir, iR —1; usa; vaa) and |
liR—1,ir —=1; usa; v3a> (note:can only -

specify i, u and v simultaneously on
the boundary)

The n-th ring in from the boundary

has a maximum possible multiplicity
of n

.
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Constructing irreducible representations of SU(3)

|X> can be reached by |- U-|N), V+ |[N), U-I- [N), etc.

Since [U-,I- ]=V4, these are not unique, N ')

focus on |- U-|N),and V+ |[N) L,
e

U-|N) is the border state >

in +1/2,in +1/2;un, uy — Loy — 1/2, —un + 1/2)
So I_U_‘N> = ’iN -+ 1/2,iN — 1/2;uN — 1/2;—?}]\7 -+ 1>
is one of our two states on the first ring in

V+|N) must be the mixture
)\1|iN —+ 1/2,iN — 1/2;U3a;’03a> —+ >\2|iN — 1/2,iN — 1/2;u3a;vga>
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Constructing irreducible representations of SU(3)

I_U_|N> = |ZN -+ 1/2,2]\7 — 1/2;UN — 1/2, —UN T+ 1>
is one of our two states on the first ring in
1

Can show V. |N) - I U_|N) o o W7

2ty + 1

has i = iN—'2,and so is our other state "

This procedure can be repeated for every state along the
right boundary to generate the right hand side of the

second layer; repeatedly applying |- then generates the
entire second layer

Eventually a triangular layer is reached (which may be a
point)
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Exercise
Show using commutators that o o W7
1 o e o
ViIN) 4 I_U_|N 5
LN+ g LU IN) T
is an eigenvector of |2 with eigenvalue
(in—="72)[(iIN—"2)+ 1]
- J
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Constructing irreducible representations of SU(3)

Pick a corner |K) on the rs—y
triangle; since I-V+ =V |- \TM/?
(commutator zero), beginning \\/ V1. Qiﬁ‘f__,i g
from |K) we generate a \/ |

unique set of states,
independent of path

This is true for all subsequent inner triangular layers, so
the triangles are unique

We’re done with the formalism, let’s look at some
examples!

.
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Small representations of SU(3)
label . "
(dimension) -u v M) diagram description
i
I 0 0 10,0; 0,0; 0,0 }"‘ singlet
3 0 VA ||/2 5:0,0: Vo, =) ‘> o1M2 quark; fundamental
o /S o representation
V4
3 %) 0 |2,'2; /2,—"/2; 0,0) >:-‘—I;4‘> antiquark
8 2 2 | 2= =) 0 x""’ mesons, baryons
N J
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Constructing irreducible representations of SU(3)

Quark representation:

(up) M> — I/2, I/2; 0,0; I/2,—'/2> .\, S
(strange) Vi|M) = 10,0; Y,='%; V2, 5) VOl
(down) U+ViIM) = I/2,—'/2; I/2, I/2; 0,0> |

Antiquark representation:

(anti-up) IM) = |'2,'2; /2,—"/2; 0,0)
(anti-strange) U+|M) = |0,0; '2,'2; 12, =2)
(anti-down) ViU+M) = |'2,="2; 0,0; 1/2,2)

&/ S M2

.
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Meson octet

)
\_3;/,{‘/'3”)%; "y‘)

— ¢ 553443 12

=empty positions

Note this representation is symmetric between u and v, i.e., is
a regular hexagon, and so is self-conjugate; there is no 8

Octet / pi —_11,0;0;0>
representation: Haiinide  ge——e /M2 and [00,0;0>
MY = (115 Vay=Vi; Vo=V x Lo o v oscaan)
T T) i s el
R 4 > 2 55, &

0 + : :
K K Recall y = B + S is the vertical
0 . —
) O ~-TT5 N axis, and for mesons B=0
TTe —o T1
/ 4 _ :
K_/ /0 pseudoscalar K% and |§ have S=+1 (anti-s),
) K meson octet K~ and K° have S=—1 (5)
\_ J
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Baryon octet

A3
Q-——.l ‘2\1,‘3( ')

/ /5\ - 11,0; 0; 0>

L3t

K
33538 )e — (M) and |0,0; 0; 0>
\ 2, (isotriplet
and isoscalar)
t ) 1
it B = OHL 100

=empty positions

n. P ) JP='4* ground state baryon octet
— — 25\
> e _— y = B + S is the vertical axis, and
—- g ,=0 for baryons B=1,so A, 2 have
B — S=-1,and = has S=-2

\_
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Octet baryons

States with one strange quark are called A (uds),
or ¥ (uus), X° (uds), ¥~ (dds)
with masses | | |6 MeV and | 189 MeV

—(

with octet mass 1318 MeV

Note the roughly equal spacing; 939/ 1189/ 1318 MeV;
can trivially break SU(3)s symmetry by adding ms—m, 4 to
mn to find the ground state masses

Expect second-order effects from changes in size of
wave function with heavier quarks

.

States with two strange quarks are called = (ssu), = (ssd)
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Small representations of SU(3)

label
(dimension)

" N« "' Doesn’t occur in
6 o | |1,1;0,0; 1,—1) YA
nature, two quarks

-u -v M) diagram description

A\ Formed b '
— B N y two anti-
6 I 0 1,15 1,—1; 0,0 > . quarks

10 3/2 0 [3/2,3/2;0,0;3/2,-3/2) \ «J=3/2 ground-state
/ baryons

® . anti-baryons (J=3/2)
> )..  —
. " 4" o+« (and pentaquarks)

o

10 0 3/2 |3/2,3/2;3/2,-3/2;0,0)

\_
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Baryon decuplet

-
A
* —+—

J=3/2 ground states: A has i =3/2, S=0; 2*
has i =| and S=-1; =* has i ='2,S=-2; and
() (sss) hasi = 0,S=-3

Again roughly equal spacing:

ma = 1232 MeV, m>+= 1384 MeV, m=+= |530 MeV,

mqo =1672 MeV

.
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Small representations of SU(3)
label :
(dimension) -u v M) diagram
= |3/2,3/2; 112,-1/12; 1,-1>
I 5 1/2 | |3/2,3/2; I/2,—'/2; |,—|> ®
" -2
\\"'”-L | bzl 2 -2
\ ® ®
@ 0\ 6o ° 1315003 3435
27 I | 12,2, I,=1; 1,—1) o oo P —or—e (211}
[2-2; 0,00 /
(1] a
¢ @225
=ty 222

\_
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Small representations of SU(3)

label

(dimension) -u v M) diagram

|5 0 2 12,2;0,0; 2,—2)

\_
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Combining representations of SU(3)

Could find 2 ®'4 graphically by laying |'2,"2)
and |/2,—'2) along a line, then lay a doubleton _
top of each point in the original doublet, then * —*
exclude the original doublet itself

N o
303=6©3 .= " % °,
% ’

.
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33 =1 @ 8

In mesons there is an
additional flavor singlet
state which is not part
of the octet

1 _
— —(uu +dd + ss
To \/§( )

1 _
ng = —=(uu + dd — 2s5)

V6

isoscalar mesons like No,
Ns mMix via annihilation,
with Bp = —11.5°

.

Combining representations of SU(3)

— sin fp
cos Op

cos Op
sin Op

()=

o T4 N

pseudoscalar
meson octet

)(

78
o
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N
Combining representations of SU(3)
\
0\ o
— ¥,
33=| &8 ® e
O'// D
3 e
Can also form a vector |
meson from quark and K K™
: @
anti-quark 0% V
1 Pe oo—e P
Vo = —=(uu + dd + s5) /
\/§ I<7':— ’/ o —0 vector
v 1 ( a7 9 ) / K meson octet
= —(uu + — 288
8 NG
‘e ’ .« . 1 2
ideal mixing < w ) _ 3 3 ( Vg )
gives w = ﬁ(uﬂ%—dcz), ¢ =SS ¢ —/3 \/Lg Yo
y
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Exercise: Direct products of representations of SU(3)

a.Show 6®6 =27 ® 8 @ | (note the direct product of
any representation and its conjugate is self-conjugate)

b.What is 3®6 ?

c. Show that with the ideal mixing shown,

W= %(Uﬂ—l—dd), ¢ = s§
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2 / \ mass difference

States with one strange quark are called A (uds),
or ¥ (uus), X° (uds), ¥~ (dds)
with masses | | |6 MeV and | 189 MeV

These are both S=—1, octet ground state baryons with
JP='4*; they differ only by their isospin (A is an iso-
singlet, 2 an iso-triplet)

We saw in the case of n — p that isospin-symmetry
violating mass differences are generally small, of the
order of a few MeV; is this an anomalously large isospin
violation!?

Like the p,n (and other baryon) magnetic moments, this
is easily explained in the quark model

.
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2 / \ mass difference

Switch to ‘uds’ basis where don’t symmetrize flavor
wave function in heavier s quark (results independent of

basis used) 1 ,
¢AO — E(Ud — dU)S, \IJAO — CA¢AOX%

1
¢EO — E(U,d -+ dU)S, \IJEO = CAQﬁZOX%

Assume a short-distance potential between the quarks
proportional to Zf(rij)si i

i<j v

, Tij = |15 — 1]

Need to evaluate this potential in the A and 2 to see if
there is a difference in its expectation value

.
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p
2 /| \ mass difference
Examine the A spin expectation value
pinSicS; , 1 Si:Sy  ,81-Ss) 1 -
¥, ; e XG = 5l =D T ( 2 | A=A
Evaluate the S-S, term first
1 S145_+51_S5
— <(N—H)T\< e slzszz) (=41 1)
my, g 2
N I N N
om2 \ 2 2 4 4
L S A
- Zmi 7 2 4mi 7
g J
C@) Florida State University Simon Capstick) ( HUGS@)lab 6/2-5/2014 43)




2 / \ mass difference

2
my g My, dMs | /2

=SS , 1, . S-S, S;-S;\ 1 -
G = Sl wm( +2 ) (1 — 1) 1)
Then the 2S,:S3 term

2 S1.93_ +51_531
I ame (=41 1] ( > + Slzsgz> (1) = 4D 1)

- foro-t4t) =0
- 2m2 4 4)

Then for the A

The strange quark in A does
tm2z ot have an attractive spin-spin

~ interaction with the spin-zero
light-quark pair
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2 / \ mass difference

Examine the 2 spin expectation value
S-S,
X} :

w,dMs

The S-S, term

u,d 2
1 1 1 1 1 1 1
— - 4 - _— _— _ _ 4 . —
@ngdlz*‘z 1 4*'(41 e

Then the 2S,-S3 term

, 1 - S;-Sy _S;-S; )\ 1 -
iqmwﬂgaﬁmwﬂﬂT2ﬁM<m%+2m )ﬁm¢wﬂ¢2mw

S14.8:_ +51_8
6ml2 (L +14D) 1T —211) | ( el e + Sle2z) (T +141) T —211)

2 S14893— +51-5
; «N+¢ﬂ¢—zmu(]*3 +]3++Sm%QKNﬁwﬂT—2ﬁw
T, dMMs

2
2 2 2 1 1 1 1
= —S - o A(—5)| =~
61y g s 2 2 4 4 4 My, dMMs
-
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2 / \ mass difference

Then if we assume that for the /A and 2 the expectation
value of rjj is the same, independent of {i,j}, i.e., SU(3)f
symmetry of the spatial wave function, then

(Al Zf(ﬁj)i;s; A) = (Yas|f(ri)|vas) ( ’ )

i< 4mi’d
S.-S. 1 1
Z Qi ¢ J Z p— 21
< ’ iéj f(’l“ j) mim; ‘ > <¢A,E‘f(7“ j)‘wA,E> (4mi,d mu,dms)

So we see that the A can be lighter than the 2 if ms is
heavier than myg
1 1

my — Mp = W‘f(?“z'j)‘w < 2 ) - w‘f(rij)'w i <1 N mu’d>

mu,d My,dMs mu,d il

We can estimate how much lighter by comparing with
the A — N splitting

\ J
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2 /| N\ mass difference related to A/ N

When all the masses are the same we can use

(12) 8;-S;]) =(|S* — 5] —s5 —s3) = S(S+1)—3/4—3/4—3/4
1<
'3 /5 9 3
(A2 8:-8;14) = 5(5) Tl 72
1<) - =
1 /3 9 3
1<) - =
O A’Zf ng > <¢A’f(rm)‘wA> ("'4752 d)
S S 3
N\;f Tij mzmj IN) = (Un|f(ri;)|¥n) <—4mi,d>
and ma —my = (| f(ri;)|P) ;
A — TN = ij
J Qmi’d
g J
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2 /| \ mass difference related to A — N

Putting this all together; and assuming SU(3)s symmetry
in the spatial wave functions, we have

u,d
2 ™Moy . d
— = _ ] — %
3 (ma —mx) [ M }
2 (203 MeV) [1 — M
= — e —
3 Ms

Get 73 MeV with myq/ ms = 0.63, reasonable!

A\ is lighter than 2 because the attractive spin-spin
interaction involves the strange quark in 2 but not in A,
and this attraction is weaker than that between two
light quarks (inversely proportional to quark mass)

.
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SU(3) and color

So far we have talked about SU(3) mainly for flavor, but
it also is the symmetry group on which the strong
interactions (QCD) are based

We can illustrate some interesting features of the QCD
interaction between quarks by considering the possible
representations of color for various combinations of
quarks and antiquarks

We will see that for certain hadrons the color
configuration is unique and one example where it is not

.
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SU(3) and color

Quarks belong to the 3 (fundamental) representation of
SU(3)c, and antiquarks to the 3.

If we put a quark and an antiquark together, we have

already seen the result \.\ .
—_ \O
3®3=1 8 ® p—o——
O /', D
o o

Only colorless (color-singlet) combinations appear in
nature, so mesons belong to the singlet (1)
representation, with symmetric color wave function

1
— (qq + qq + qq
\/g(qq qq + qq)

.
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SU(3) and color

To put three quarks together, do it in two stages (like
we did with three spins 2); first put together two
quarks: \

393=603  .oes =% LY,

If we add a third quark;, is the color configuration
unique! 323 ®3=(603)®3

=6QR363®3

— 6230 (1@ 8)

We have a singlet (that looks like a meson!) but is there
a singletin 6 ® 3!

> J
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SU(3) and color

[l
+

6®3=10® 8

So 3®3x3=1008 @158

and there is only one way to make a color singlet, with
totally antisymmetric color wave function

Ca = (1/4/6)(qqq *+ qaq + qqq = qqq — qqq — qqq )

This result also shows that all baryons made of u, d, s lie
in two flavor octets, a decuplet, and a singlet!

-
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SU(3) and color

It is possible to make a colorless combination of two
quarks and two anti-quarks; a trivial example is two
mesons close to each other, which is two color singlets

Is there another way to combine the colors to get
something colorless!?

Mo
393=603  oee - e,
Je :

ei=8e3 N . . .
/.f"_"__. o v v

.
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SU(3) and color

Lots of combinations:

(6®3)® (6D 3)
= (6R6)D(3R3)D(6®3)D (3R 6)
= 279801 (8d1)® (10 8) @ (15 3)

What is important is that, in addition to the trivial
configuration of two colorless mesons, there are also
two colorless configurations from 6®6 and 3®3

States made of two quarks and two anti-quarks can fall
apart into two colorless mesons, and do not have a
unique color wave function even if they are true four-
quark states; don’t believe anything the bag model says!

.
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Flavor excitations of mesons and baryons, SU(3)

Questions!?
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