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Freeman Dyson

@ Note: # # (Freeman Dyson) & ¥ A 4| #H KA FE W F 9% F F GH %K %%
F, 1945 FAREFROFLFRL, T 14T FHLARFRAFHIERS - A4
PREE - FEF] R T RBR AR RREAO I DT 2T L 09%
e E S, X FE A TR R T R B TR, 1949 F K A A4
Dyson series, % — T8 X Ward 4t % 7+ # 4 Ward ¥ R,

RERFWB LT, AhTrevid T o, FARAFT 1951 FBHKES
I FHA, RAAREERR Y, RERABRT REF2, L ¥ A% Yeshiva
University (1966), University of Glasgow (1974), Princeton University (1974), Univer-
sity of York (1980), City University of London (1981), New School of Social Research
(1982), Rensselaer Polytechnic (1983), Susquehanna University (1984), Depauw Uni-
versity (1987), Rider College (1989), Bates College (1991), Haverford College (1991),
Dartmouth College (1995), Federal Inst. of Tech. (ETH), Switzerland (1995), Scuola
Normale Superiore, Pisa, Italy (1996), University of Puget Sound (1997), Oxford Uni-
versity (1997), Clarkson University (1998), Rockefeller University (2001), St. Peter’s
College (2004), Georgetown University (2005), University of Michigan (2005), Univer-
sity of the Sciences (2011),



Muon g-2 =

< gtheory = 1 (a) 1928 (Dirac equation)
+ (a/2m) (b) 1949 (1 diagram)
—0.32848 (a/7)” (c) 1958 (18 diagrams)
(d
(

+ (1.195 4 0.026) (or/7)* ) 1974 (72 diagrams)
—(1.7283 (35)) (a/7)* + (Non-QED)  (e) 2006 (891 diagrams).

Kinoshita

week ending

PRL 109, 111808 (2012) PHYSICAL REVIEW LETTERS 14 SEPTEMBER 2012

Complete Tenth-Order QED Contribution to the Muon g — 2

Tatsumi onama,l’2 Masashi Haval<awa,3’2 Toichiro Kinoshita,*? and Makiko Nio>
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Flavour Symmetry of the Strong Interaction

We can extend this idea to the quarks:
% Assume the strong interaction treats all quark flavours equally (it does)

‘Because m, ~ my:

The strong interaction possesses an approximate flavour symmetry
i.e. from the point of view of the strong interaction nothing changes
if all up quarks are replaced by down quarks and vice versa.

e Choose the basis
1 0
«=(0) 4=(1)

* Express the invariance of the strong interaction under u < d as
invariance under “rotations” in an abstract isospin space

(4)=0(4) = (o) ()

The 2x2 unitary matrix depends on 4 complex numbers, i.e. 8 real parameters
But there are four constraints from 777 — 1

=) 8 —4 =4 independent matrices

In the language of group theory the four matrices form the U(2) group



* One of the matrices corresponds to multiplying by a phase factor

0= (o1 )e

not a flavour transformation and of no relevance here.

* The remaining three matrices form an SU(2) group (special unitary) with |[detU = 1

e For an infinitesimal transformation, in terms of the Hermitian generators G
- U=1+ieG
detU=1 = Tr(G)=0

« A linearly independent choice for (G are the Pauli spin matrices

o=(10) @=(37%) @=(0-1)

* The proposed flavour symmetry of the strong interaction has the same
transformation properties as SPIN !

*Define ISOSPIN: T =15 [ =,@7
* Check this works, for an infinitesimal transformation
. - . i |+ Lies  Lli(e —ig)
U=14+-i€.6 = 1+=(go1+60m+&03)=|,., 2. 2 .
+2' +2(| | + €02 + €303) (%1(£1+z£2) 1_5183
Which is, as required, unitary and has unit determinant

UTU =1+0(*)  detU =1+ 0(€?)

28



Properties of Isopin

* Isospin has the exactly the same properties as spin
1, D] =iz [L,T]=ily [B,T]=ih

[T%,75] =0 T? =T+ T} +T;

As in the case of spin, have three non-commuting operators, 71,7>,73 and
even though all three correspond to observables, can’t know them simultaneously.
So label states in terms of total isospin / and the third component of isospin [3

NOTE: isospin has nothing to do with spin — just the same mathematics

* The eigenstates are exact analogues of the eigenstates of ordinary
angular momentum s, m) — |I,13)

with 72| ) =I(I+1)|[1,)  B|,L) =5h|LE)

* In terms of isospin:

I 1, | 0
“:<O):|§’+§> d=(|)=|%v—%>
d u
= — I; =%, L=x%%
_ +1

1
2

*Ingeneral 3= %(Nu —Ng)

29



e Can define isospin ladder operators — analogous to spin ladder operators

: _ / :
=T —il5 > I o a >O—> I I, =T +iDh

u~d T, |1,15) = \/1 I[+1)—K(+1)|L,5+1) d ~u
T_|I,G) =\/II+1)—L(5—1)|l,5—1)
Step up/down in /3 until reach end of multiplet T |I,+I) =0 T_|I,—I)=0

Tyu=0 T,d=u T-u=d T-d=0

e Ladder operatorsturn u —d and d — u

% Combination of isospin: e.g. what is the isospin of a system of two d quarks,
is exactly analogous to combination of spin (i.e. angular momentum)

|1(l),1§l)>|1(2),1§2)> L)
« I3 additive: [; = Igl) +1§2)
» Iininteger steps from  |[[(1) —[(2)| to |1(1) 4 ()]

% Assumed symmetry of Strong Interaction under isospin transformations
implies the existence of conserved quantites

* In strong interactions [3 and [ are conserved, analogous to conservation of
J, and J for angular momentum 30



Combining Quarks

Goal: derive proton wave-function

* First combine two quarks, then combine the third
* Use requirement that fermion wave-functions are anti-symmetric

Isospin starts to become useful in defining states of more than one quark.
e.g. two quarks, here we have four possible combinations:

dd ud,du " Note: (®) represents two
® (@ —» | states with the same value
\ : £
—1 0 +1 of I3

« We can immediately identify the extremes ( /3 additive)

w=5,5)5,3) =1, +1)  dd=|3,-3)[5,-}) =

1,—1)

To obtain the |1,0) state use ladder operators

T |1,41) =v/2|1,0) = T_(uu) = ud + du

= |1,0) = %(ud-&—du)

The final state, |0,0) can be found from orthogonality with |1,0)

= 10,0) = —'ﬁ(ud —du)

31



 From four possible combinations of isospin doublets obtain a triplet of
isospin 1 states and a singlet isospin 0 state 2 &2 = 3@ |

(ud — du)

dd \/Li (ud +du) uu \/Li
- ® o—» 3 © ® > I3
—1 T. 0 T, +1 0

 Can move around within multiplets using ladder operators

* note, as anticipated |3 = %(N,, — Nd)

» States with different total isospin are physically different — the isospin 1 triplet is
symmetric under interchange of quarks 1 and 2 whereas singlet is anti-symmetric

% Now add an additional up or down quark. From each of the above 4 states
get two new isospin states with Ié =L+ %

ddu uued
ddii 7'5(ud+du)d 7|§ ud +du)u i 7'§(ud—du)d 7'§(ud—du)u
—e - - - - o»; D —o > I;
3 -3 0 43 +3 -1 0 41
6 2

e Use ladder operators and orthogonality to group the 6 states into isospin multiplets,

e.g. to obtain the | — % states, step up from Jdd
32



i — 3 — |3 3
*Derive the [ = 3 states from Jdd = |§, _§>

Ty T, /
— - - o I3
3 3
—3 -1 +1 +3
Ti|3,—3) = Ti(ddd)=(Tid)dd+d(T.d)d+dd(T;)d
ﬁl%,—%) = 1ldd+du(1-+—ddu

.......
e, --.._ irrennnn,,,
..............
..........

'.
"
.........
'S

T, | %, +-5—) = ,} T+(zmd + udu + duu)
V3| 3,+3) = _I’—i (ewwe + vvew + uuu)
13,+3) = it
* From the |G| states on previous page, use orthoganality to find |%,

% The |2

states on the previous page give another |%, ;}:%) doublet

|
+ 5 ) states

33



* The eight states yuu, uud, udu, udd, duu, dud, ddu, ddd
are grouped into an isospin quadruplet and two isospin doublets

20202=2003B61)=223)e2®1)=4®232

e Different multiplets have different symmetry properties

3,4+3) = uuu \

%, +%) = Lf (uud + udu+ duu) A quadruplet of states which
3 > | § | [are symmetric under the

5 73) = \/‘ (ddu+ dud + udd) interchange of any two quarks
3 3%

5,—5) =ddd J

N C

3y —3) = ——(2ddu —udd — dud)} M Mixed symmetry.
%’+%> %(2uud—ua’u duu) S| |Symmetric for 1 = 2
11 1

3 72) = T(“dd dud) M Mixed symmetry.

%’_'_%) _ %(udu—duu) A Anti-symmetric for 1 «= 2

* Mixed symmetry states have no definite symmetry under interchange of
quarks | < 3 etc.



Combining Spin

* Can apply exactly the same mathematics to determine the possible spin
wave-functions for a combination of 3 spin-half particles

y,

N

M,

2+3) =111

3 +3) = (ML + 11+ 111)

3,1 = T+ L+ 110
3,—3) =Ll

3—3) =~ UT =1L = 111)
%,+%>=%(2m—m—m)
13,—3) = 25 (111 = I11) }
3,+3) = (111 = 111)

}

A quadruplet of states which
are symmetric under the
interchange of any two quarks

Mg

Mixed symmetry.
Symmetric for 1 «= 2

Mixed symmetry.
Anti-symmetric for 1 = 2

e Can now form total wave-functions for combination of three quarks




Baryon Wave-functions (ud)

% Quarks are fermions so require that the total wave-function is anti-symmetric under
the interchange of any two quarks

% the total wave-function can be expressed in terms of:

y = ‘Pﬂavourlspingcolourrlspace
% The colour wave-function for all bound qqq states is anti-symmetric

* Here we will only consider the lowest mass, ground state, baryons where there
Is no internal orbital angular momentum.
e For L=0 the spatial wave-function is symmetric (-1)L.

- &colour Nspace [anti-symmetric

Overall anti-symmetric

mm)  Dfiavour Xspin symmetric

% Two ways to form a totally symmetric wave-function from spin and isospin states:

@ combine totally symmetric spin and isospin wave-functions O(S)x(S)

ddd —= (ddu+ dud + udd) %(uud + udu+ duu) uuu

|
V3

A~ A° AT AT Spin 3/2
_‘3 .I .I '3_’ & Isospin 3/2
—32 -3 0 43 2

36



® combine mixed symmetry spin and mixed symmetry isospin states

* Both ¢(Ms)x(Ms) and ¢(M,)x(M,) are sym. under inter-change of quarks 1 < 2

* Not sufficient, these combinations have no definite symmetry under 1| « 3, ...
* However, it is not difficult to show that the (normalised) linear combination:

%(f)(Ms)X(Ms) + %‘p(MA)X(MA)

is totally symmetric (i.e. symmetricunder 1 —2; 1+ 3; 2+ 3)

n P .

. | ._> 13 Spln 1/2

1 0 41 Isospin 1/2
2 2

* The spin-up proton wave-function is therefore:

pT) = 6f(2uud—udu—duu)(2T I=TIT=1TD)+ ;W(udu—duu)(“” -1

pT) = J+§( ululd| —ululdl —ululd?+

— 2ul d

lul—uldlul —uldlTul+
2d luTul—dlulul—dTulul)

NOTE: not always necessary to use the fully symmetrised proton wave-function,
e.g. the first 3 terms are sufficient for calculating the proton magnetic moment
37



Anti-quarks and Mesons (u and d)

*The u, d quarks and 4, d anti-quarks are represented as isospin doublets

=) (%) | =0

u —> i —d _ I
| ® > I3 = | > I3 d:—(o)
+

o

1
2

b=

* Subtle point: The ordering and the minus sign in the anti-quark doublet ensures
that anti-quarks and quarks transform in the same way (see Appendix I). This is
necessary if we want physical predictions to be invariantunder y <— d; u — d

* Consider the effect of ladder operators on the anti-quark isospin states

s - ()= (84)()- () -7

* The effect of the ladder operators on anti-particle isospin states are:

Tui=-d Ti,d=0 Tu=0 T.d=-u

Compare with Tsu=0 T.d=u T u=d T_-d=0

38



Light ud Mesons

% Can now construct meson states from combinations of up/down quarks

d u u —d
e | e > I3 ® ; ® > I3
1 1 _1 1
) +3 > +3
e Consider the qﬁcombinations in terms of isospin "T"ﬁ"e"g;}".",','a'.'ggigg""g

T . - : this is the isospin

1 1y 1 | : :
|]a+]>:|§7+_>|§)+_>:_ud : representation of
: an anti-quark :

11,—-1) =4, - 1|1, -1y = du

To obtain the /3 = () states use ladder operators and orthogonality

T_|1,+1) = T |[—ud]
V2|1,0) = —T_[uld—uT- d]
= —dd+uu
= |1,0)= 75 (uii —dd)
- Orthogonality gives: 0,0) = % (uﬁ+da)

39



% To summarise:

d u i d
® —e— I3 X O —e— I3
| | 1 l
=2 12 ~2 t2
::} Triplet of /] = 1 states and a singlet / = () state
di \/Li (ua—dd) _,g % (utt +dd)
® ® —» I3 B ® > I3
—1 T, 0 T, +1 0

* You will see this writtenas 202=36¢ 1

 To show the state obtained from orthogonality with |1,0) is a singlet use
ladder operators

7.|0,0) = T+%(uﬂ+d3) = % (—ud+ud) =0
similarly T_|O,()> =

% A singlet state is a “dead-end” from the point of view of ladder operators
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SU(3) Flavour

% Extend these ideas to include the strange quark. Since s = Mu ;M4 don’t
have an exact symmetry. But g not so very different from u;"d and can
treat the strong interaction (and resulting hadron states) as if it were
symmetricunder y <« d «— §

* NOTE: any results obtained from this assumption are only approximate
as the symmetry is not exact.

e The assumed uds flavour symmetry can be expressed as

u [u Un Uiz Uiz u
d | =U\|d)| =| Uy Ux» Un d
s’ s Uz Uz Uss §

* The 3x3 unitary matrix depends on 9 complex numbers, i.e. 18 real parameters
There are 9 constraints from [ = |

mm) Can form 18 — 9 =9 linearly independent matrices

These 9 matrices form a U(3) group.

* As before, one matrix is simply the identity multiplied by a complex phase and
is of no interest in the context of flavour symmetry

* The remaining 8 matrices have detU = 1 and form an SU(3) group
* The eight matrices (the Hermitian generators) are: 7T — {i 0 — eio.T

41



% In SU(3) flavour, the three quark states are represented by:

= (8) (1) =

0
0
1

% In SU(3) uds flavour symmetry contains SU(2) ud flavour symmetry which allows

us to write the first three matrices:

0 0 0
=% 0] =0 u=(% 0
000 000 000
010 0 —i0 1 00
i.e. u e dhl: 100 ) A=1i 00)] A3=|0-10
000 0O 00 0O 00
= The third component of isospin is now written |/; = %/13

with LKu = —I—%u Id = —%d I3s =0

= [3 “counts the number of up quarks — number of down quarks in a state
| .
= As before, ladder operators 7, = 5(11 j:,,’{z) d® « T,

» @ u
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= Now consider the matrices correspondingtothe u<~ sandd+« s

001 00 —i 10 0
ue s A4=[1000 ) A=(100 0 00 O
100 10 0 00 -1
000 00 O 00 O
de s| Ax=[001 Ar=100 —i 01 O
010 O0:¢: O 00 -1
1 00
* Hence in additionto A;=| 0 —1 0 have two other traceless diagonal matrices
0O 00
* However the three diagonal matrices are not be independent.
* Define the eighth matrix, Ag, as the linear combination: Y = 7'3/13
00 O 10 O 10 O d A u
ds=—=|01 0|+-=[00 O|=-2(01 0 O o
V3 V3 V3
00 -1 00 —1 00 -2 >
= 1
which specifies the “vertical position” in the 2D plane B =34
“Only need two axes (quantum numbers) T S

to specify a state in the 2D plane”: (l;,Y)
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% The other six matrices form six ladder operators which step between the states

=1(llj:i/17) AY
— 1 (g £ils d u
2( ) +%. < I.— @
=%(Aﬁizl7) 2 I
\ /
1 N / >
and the eight Gell-Mann matrices 2\4./
3
010 0 —i0 1 00 S
ue d 100 ) A=i 00 A3=10-10
000 0 00 0 00
001 00 —i
ue s =1 000 | A=|00 0 10 0
100 i0 0 /18=% 01 0
000 00 O - \00 =2
010 0i O
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Quarks and anti-quarks in SU(3) Flavour

AY Quarks
d +! u Lu = -I—%u; Iyd = —%d; s =0
Q ........... T . ‘
3~ iy, Yu=+3iu; Yd=-+id; Ys=—3s
—= 5 +_ - - -
2 2
_2 “’.5
*The anti-quarks have opposite SU(3) flavour quantum numbers
AY Anti-Quarks
+3 1s — —
9. hiu=—lu, hd=+3d; K5=0
3 I Ly ] Yiu—=— %_l; Y(_i = — %H, Ys = +%§
_‘ ......... o ‘ :"_
u 3 d




SU(3) Ladder Operators

e SU(3) uds flavour symmetry contains ud, us
and ds SU(2) symmetries

e Consider the U <= S symmetry “V-spin” which has
the associated s — i ladder operator

001 00 —i
000]+5(00 0]=
100 i0 0
001Y /0 1
Ves=|1 000 0]l =10 =+4u
HHIGRY

* The effects of the six ladder operators are:

Vi =3(Aa+ids) =

DI
o

with

001
000
000

T.d=u, Tu=d; | Tyi=—d; T-d=—u
Vis=u, V_u=s, Vitn=-—5, V_.5=—-u
Urs=d, Ud=s, |(Uid=-5 U5=—d

all other combinations give zero

|

SU(3) LADDER
OPERATORS

Ty = 3 (A £iks)
Vi = 3 (A4 iks)
Us = 5(A6 +ik7)

d =

«~— T:i: —_ 1‘[

v
!/
T~

Vi
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Light (uds) Mesons

» Use ladder operators to construct uds mesons from the nine possible ¢g¢g states

— AL
ds YT + ..... o Us
: ’
d A y A8 S
.‘.‘:‘:------- --------:-:-.. .::.~ “““‘ da:::' :c.':. d([l lll._‘q‘gs‘ :c.':. ¢“““u3
‘ > ® —i 1y = «——@—F
. : . T2 +3 7
[ S R 9 .
’f s u d ‘
Sa“.""""". ----l----.‘ Sd

 The three central states, all of which have Y = (); /3 = () can be obtained using
the ladder operators and orthogonality. Starting from the outer states can reach

the centre in six ways
d T, |da) = |uit) — |dd)  T_|ud) = |dd) — |uz)
A5 @i o US V|sut) = |uwt) —|s5)  V_|us) = |s5) — |um)

X / s Uy |sd) = |dd) —|ss) U-|ds) = |ss) — |dd)
du:::: T+ “\““ — . . .

e Only two of these six states are linearly independent.
@ - *—>
4 T ¢ e But there are three states with Y =0, =0

V/ l\ » Therefore one state is not part of the same
Y N S — multiplet, i.e. cannot be reached with ladder ops.
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* First form two linearly independent orthogonal states from:
\utt) — |dd)|  |uut) —|s5)  |dd)— |s5)

* If the SU(3) flavour symmetry were exact, the choice of states wouldn’t
matter. However, mg > m, 4 and the symmetry is only approximate.

* Experimentally observe three light mesons with m~140 MeV: 7l'+, 71-'0, T
* |dentify one state (the 71'0) with the isospin triplet (derived previously)

v = f (utt — dd)

 The second state can be obtained by taking the linear combination of the other
two states which is orthogonal to the 7

= o(|uit) — |s5)) + B(|dd) — |s5))
with orthonormality:  (y|yn) =0; (ys|yr) =1

— | Y, = \[(uu+da' 255)

* The final state (which is not part of the same multiplet) can be obtained by
requiring it to be orthogonalto YY) and Y

— |y = %(uz‘c+d§+s§) SINGLET
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% It is easy to check that Y3 is a singlet state using ladder operators
Toys=T y3=U,ys=U_y3 =V, y3=V_y3=0
which confirms that Y3 = % (utt + dd + s5) is a “flavourless” singlet

* Therefore the combination of a quark and anti-quark yields nine states
which breakdown into an OCTET and a SINGLET

A A
d A L5 : o ~
[ SO B L‘ s " — . L? (uti — dd) - L‘ (uit + dd + s5)
du:s V2 “ud Vi
> Q) ——1—» = S @ —> —
P ‘. \—';‘ (uit + dd — 255)
s u d
ST{ @ errerrdreenes @ sd

* In the language of group theory: 3 ® 3=28 P 1

% Compare with combination of two spin-half particles 22 =33 |
TRIPLET of spin-1 states: [1,—1), |1,0), |1,+1)
spin-0 SINGLET: |0,0)

 These spin triplet states are connected by ladder operators just as the meson
uds octet states are connected by SU(3) flavour ladder operators

* The singlet state carries no angular momentum — in this sense the

SU(3) flavour singlet is “flavourless” 19



PSEUDOSCALAR MESONS (L=0, S=0, J=0, P=-1)

*Because SU(3) flavour is only approximate

the physical states with [; = (), Y = () can be

mixtures of the octet and singlet states.

KO(JS') .A ....... o K (u.s)
n (du) s #°|m nt(ud
; @ ,_'( d)  Empirically find: 70 —
n n=
K (Sﬁ)" ........ | I QI_(”(SC_[) T]

VECTOR MESONS (L=0, S=1, J=1,P=-1)

7 (wit — dd)
(uu +dd — 2s5)

|— o\1|_ hhl—

(utt + dd + 55) <

/

<
W

singlet

K* :494MeV K°/K' :498MeV

n : 549 MeV

N’ : 958 MeV

K** :892MeV K*/K*

w :782MeV

: 896 MeV
¢ : 1020MeV

K*0(ds) g Ahmeg K*F (u5) For the vector mesons the physical states
are found to be approximately “ideally mixed”:

dii) & lo ™ p*(ud

( ). p@> ;.B,(“d) p” % (utt — dd)
‘ ¢ W ~ % (uti +dd)

K* (Yl—l). ........ i I ‘F)(S(—I) (b ~KXY

MASSES
+:140MeV 7' :135MeV | | p*: 770MeV 0:770MeV

o0



Combining uds Quarks to form Baryons

% Have already seen that constructing Baryon states is a fairly tedious process
when we derived the proton wave-function. Concentrate on multiplet structure
rather than deriving all the wave-functions.

% Everything we do here is relevant to the treatment of colour
* First combine two quarks: dd Aud

W 4 .:@d. 4 .:_ : /‘*K’ ’

l l T ds @—1 @ us
) ) sd 4 su

% Yields a symmetric sextet and anti-symmetric triplet: 3RXR3 =6 3

® 5SS

%(u(H—du) ud du)
dd * Same “pattern”
—_ as the anti-quark
® - @ representation
ANY
SYMMETRIC ANTI-SYMMETRIC
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 Now add the third quark:

VeVe\ =

,v@ ~

2N/

 Best considered in two parts, building on the sextet and triplet. Again concentrate
on the multiplet structure (for the wave-functions refer to the discussion of proton

wave-function).

@ Building on the sextet: 3 R6=105H8

RN/ =

.NI

' (uud + udu + duu)

Symmetric
Decuplet

—' (2uud — udu —~ duu)

Vv

Mixed
Symmetry
Octet
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® Building on the triplet:

« Just as in the case of uds mesons we are combining 3 x 3 and again
obtain an octet and a singlet

. (ud — du) —'— udu—duu

T Ve /6 (uds — usd + dsu — dus + sud — sdu)
A 9 Q . ..
\
Very Important for
following discussion
of COLOUR
Mixed TotaIIy
Symmetry Anti-symmetric
Octet Singlet

» Can verify the wave-function  yipojer = 7 (uds — usd + dsu — dus + sud — sdu)
is a singlet by using ladder operators, e.qg.

T’y Ysinglet = % (uus — usu + usu — uus + suu — suu) = ()

% In summary, the combination of three uds quarks decomposes into

333=3R(603)=100808®1 -



Baryon Decuplet

% The baryon states (L=0) are:
* the spin 3/2 decuplet of symmetric flavour and symmetric
spin wave-functions ¢ (§)y(S)

BARYON DECUPLET (L=0, S=3/2, J=3/2, P= +1) Mass in MeV
A (ddd) A(ddu) 4 AT(uud) AT (uuu)
—— adu) 1.5 . o A(1232)
> (ddv) >0 (uds) Z{(uus)
L N "> >(1318)
PO =(1384)
= (ssd ) Z0(ssu)
2(1672)
Q (ss5)

% If SU(3) flavour were an exact symmetry all masses would be the same
(broken symmetry)
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Baryon Octet

% The spin 1/2 octet is formed from mixed symmetry flavour and
mixed symmetry spin wave-functions

o (Ms)x(Ms) + Bo(Ma)x(My)

See previous discussion proton for how to obtain wave-functions
BARYON OCTET (L=0, S=1/2, J=1/2, P=+1)

n(ddu) ,  pluud) Mass in MeV
:, .......... [ ......... .“ 939
L (dds) & £°(uds) E* (uus) >(1193)
“ 0@ > A(1116)
A" (uds) :
o l ......... e =(1318)
E (ssd) Z0(ssu)

% NOTE: Cannot form a totally symmetric wave-function based on the
anti-symmetric flavour singlet as there no totally anti-symmetric
spin wave-function for 3 quarks
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Summary

% Considered SU(2) ud and SU(3) uds flavour symmetries

% Although these flavour symmetries are only approximate can still be
used to explain observed multiplet structure for mesons/baryons

% In case of SU(3) flavour symmetry results, e.g. predicted wave-functions
should be treated with a pinch of saltas  m # m,, /4

% Introduced idea of singlet states being “spinless” or “flavourless”

% In the next handout apply these ideas to colour and QCD...
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Appendix: the SU(2) anti-quark representation

7] *

u

y 7* NMM
« Define anti-quark doublet G = (_ ) = <_ | )

e The quark doublet g = (Z,) transforms as ¢ = Ug

/ ES +
U u Complex u u
p— U - * — U* *
<d’> (d ) conjugate (d, ) <d )
 Express in terms of anti-quark doublet

0‘—1 - *O—'l —
(10)7=0(1 )

* Hence ¢ transforms as

S7



* In general a 2x2 unitary matrix can be written as

Cl1 C12
U:(_ * * )
C12 €1

— 0 1 c’f, c’{‘z 0 —1)\_

9 10 )\ —cpp e 1 o )4
_ (Cll C12>
—C12 €y

= Ug

e Giving

* Therefore the anti-quark doublet g = (—i—i)

transforms in the same way as the quark doublet g = (Z)

% NOTE: this is a special property of SU(2) and for SU(3) there is no
analogous representation of the anti-quarks
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