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SYMMETRIES "IN PARTICLE  PHYSICS

LECTURE 1
The aF?\lcaJLion 'of SYMMETRY  fRINCIPLES

.\’\os been a Powerﬁul Eool in the
AQ\)Q\.o?ment_l 0¥ Fmtide physics
When Jcormu\a{:'mg physical faws . the
Yeq utrement that %hé_y disPMV sx/mmé,try;
(somet imes to Very high order) has been
Froitful, -

- How 7
Theve s « connection beﬁweeng

symmé‘cr\es and  Conser ved denf:itfgs

“ES?Qc'\M\\} asefal n particle physics | wheee
or\\\/ FiNnaL STaTES (&:S'tef all 1nterackiong

'\m\JZ cmge&) 6N £ meas:u\mb)e,
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Z'E KAMPLE . SPqu\ ‘tmns‘_af__i_op _o.nc_i. momentum

conseryotion, |
[Paemus Ch. 3, \'\)EYL]
I‘{\ Q. %uom{um mechan(co\ fgormalism}
Z'r)'l/‘c;r‘z'ancéu (;k:ncker sPo\tizﬂ translation meo\.nsl

thot *t\ﬂe estn\m\uQs oj chLJchem AR unchanged
\3\) khe tranclation 'F'of the Ham:lﬁomar]

HD = DY
wheee D 'fefcese.n’ts the simtia\ Eeanslation

x (disr\ace ment )

Note Una\:) in the HELENBERG fevreséﬂ’taﬁon/
G oPem’Cof which commates with £he |
| \‘\'&M'\\{io'ﬂiﬁﬂ hog Q'\SQnuo\ues which are

Cngariank  in time

i [wp]
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3. ' .
The oPefo.tof D 'jo?’ "j{nit"e disflace'menﬁs
Con be built up j(om ’repea‘c,ed ayfhcmong
o}; the mj&tmtesmmal ‘tmnsla‘mon

D = \+ SY o
| £l
. so

Drz/j(«r)‘: m}s(ﬂ Sv)

0s req,uireck‘

%, s the genemtor of the infini tesima)

’trans)atlon Tk s related (QP toaconstant

{:o the Mmomentum: o?embor

L )
i P v

In okher m\ords nvariance unde r

S\oaba ’Q(cms atlon ‘(m?\ies
«@[H) ‘p} =0

e, momentum conservation.



\I\”\ah was used in ""'-recxc,h(ng Ehis

Concluson ?

’ _Lnﬁ\ ntkesimal tmns—}otmat(ons) their
oPem’cor 've()vesen’cat{.or\s-l« oLnd; '(: he

| %Qnem\tovg Qj the ‘(‘_ro\nsjorma‘t‘\On‘ -

®

Commutoation velakions among o‘ze-mtorsl
W this case with the Hamiltonian.
(The Hami konian plays « special T8le, becausé

o} its connection with time d.e\;e\o?memﬁ)



AnGuLAR  MoMENTUM

Angu\qr momentum a\geb(a s the mosk

Tamiliar vartiant of & Jormalism describing

* O¢bital omﬁu\cn' momentum

.' .gp\m su(2)
’ I%o'cop \C SP'm
and (wikh some Senem\izQ’cion
. -Co\ﬁuf' o % SL\(?;)

) &\Q\JOU:(

The cmgu,\cxr momenktum Hilbertk Space S

sponned by eigenstotes oj two ope_rators
3"2. Q(\d 3_2 —

JE14n> = 4 GrdR 13md

t\'zlé”m> = mh \Qim>

Thete ate aleo raising and..Lowering operators,

Uy md = T il md = Cim Vo, m 1>
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PLL these velations can bhe derived
;from the basic

Commutation +elation

between angu\ar momentum comPonenJc,s,
| _
[ éém SX. o |
‘Z'b = +\ écmd\ CYAc\.ic‘ ?annu’coftibnsg |
,C—sz\ = - é ond C\,c\ic eermdcod:ionsé
€Akl = © otherwise

Il Stakte vectors can be simultaneous

Q_t%ehs{:a’nes _0& 3¢ &né 35,

._3.2
-S‘L

2 2 2

I = X\ZSE, *'32.2—53*3533

= NI 03+ T T E S

= 3,5, 3 i3+ LN+ 1 L3+ 3,

= 3T AT S A T i TR R+ T
AR ISR I AR e P SRR 5 R . 5 4
A I AR SO e B

Iyl=0
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- Ressumption:  operators T are  Hermitian idsebles

2

{The eigenvalues of the square of a Hermitian

'opem’cov ove /oosz'é/ve semf-o(efr'nfﬁe (non-negaﬁve},

Notat\oﬂ, | Wrii:e limner P!‘OC}\LK{T ¢5~ ("P, Qz"l—'>

Deline jﬂ}’* Ad AT = (d»,%)
W\M\e W general (¢,RT<;>)"= (R«]»f?)

"on\\, for HERMMAN speratars, where A=AT do
we have

(A4, ) = (a4, 0np)

DIRAC notation, {plAld> dees ok specify whether :

b?em’cof ackts to L or R, whieh e saje  only

Jor HERWTAN opecators,

DAICN Q)|

The Qn ate an orthonormal sek of states spanning
the WPilbert S pace. |

Thus

8- 0Ty = T (4,014) (4, a9)
50 '

Ty = wdp (e



2, | The eigen\/a\ues of I3 -ave - BouwpeDd,

RSSumPt'\oni 3, satisties an eigenvalue ¢, uation

SS ’LPm = m "Pm
2 2 N LRI . |
Consider S + 'S = J -SL LHS 'S um\wwtd

buk is made up from squares of Hermitianoperators, so iks

e.\mela\ues musk be nnon - nega{:t\le
Then

(=T = (K )y,
S0 K -m" >o

lml € K

4 |Demonstrake Pro?e_rt(es oj ladder operators.

[ adder GPQIQ!COf'S are
| _X+ = S\ 41 SZ
_= 3, -3,

Té j'mcx 3, eigendalune; consider
3, (Sﬁ Sz)q])m = (T J+13 “Sz),lz,m
(33 13) 4 (RI- .
=[5+ 133y 4 (301 )} (5 ) (Bt 1) = (53 omwl

w,



So

T3 T W& = (mr1)3 (3450

| (343 Ty = Cpmy,
N mikaf\\, 3 'd(m = C -,

. ’
oL,

... and determine commutation velations

3, 1= 3«13 3,3,+
= T T -1 (53, -3.3)
- T+,

s'\mi\m\\/ |
BRI S RS, & A
= Tt S;~33-- ~ :
%0
[3.-?,-5—1 =7 33

Correlate Coeﬁicients KZ’ and M

m s bounded [73] 50" thete s o hl%hest state
m, such Ehat

3-.1. f\_\}mo '-—- O



Se
RS RIS
: ) L_S-'SJr: 3543, -3, = —'32‘33:“33]
| ('5'.‘_‘537“_33%},%»:0

(¢ im0
Ny - -
S0
| K= m, (mox)
Si'm’\\ar\y, u$§n<3 J_ G\n.d' m”’che LoWEST
eiSQnVQ\ue
Kt = m, (m‘—ﬂ

50

m, (mge1) = m, (m 1) |
Solukions ace o |

Me = —M - (a)

m, = Mo + | (b)

(b) contradicts ‘hypethesis that Mo s larqest eigenvalue
- So .' | |

Se e'\sqns‘hoftes ron ’S‘rom Mme to —-m, In }n‘ﬁegef
s’te‘)s, Deﬁ'\ne y= Mo “then

| :g"-,q)ém = 4 G0 Pym
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Determi vt = ‘
th COQ:B—\C}Q_Y\#'S C&m fq( LQ(\AQ\/ Ofe(Cx’Cofs

: Dej'me

I Pim= Chn by
, 1 Vim = Cim Vi m
Chn aad Cjm are elated:—
e, T P ) = G
Now =87 <
(- Py, Pym) = S

('\Pgm, —/\Pg m+1> C’{t}mﬂ

+ - ¥
Cém—c.

g ML

ongd

S0

Now coneider

15

AN ’\Pgm 3 C:;(}m rqjé,mw\

N -
C”gm a Cé,m wgm

~ %
Cw m Py

1

i

?rmi /L})'a'"\




1.

This ts an E\GEN\IQLUU: ecbuofc\oﬂ We can

tewrite 3}. 3 4X

_3‘* I = :]_‘7' +3: +y, = I 3;"'33
So o o o - 12 |
LI Ay b=t el = 1050,

e,

E. C;m \;t = Al\) - rh(mf\)

Now Vol =1Gal 5 5

2 C"} ' )2.: 9,(5“) - m(m=\) |

2 M-

15l = 4G = mlo)

This jixes )C‘? . THases are chosen by

CO‘\\\QJ\JG('O(\ NQ Y\MM&\[\/ chsose Uﬂe ?os(T\\IL. SQUArRs

ot This 15 khe  Conpon & SHoRTLEY Phase

comiention



TuTRooucTiIoN To L\E RLGEBRAS

RGCQP:
Angulos momentum  velations were
"yecovered. jﬁfom

which & o sFec'\jic cose oj 6. L1e ALGERRD

A Lie QLGE BRA is 50(m€c5\ ﬁrom L ée‘&
o& opemtcrs XS soch that

"\A)v\efe the C’;s-, are CLonstcmtS (S’c'mc‘cwffé.
constants ),
Tn ecach Lie algebra | there will be one or

Moce OPQf&thS C}* (CQSM\R ope(atox‘sy \,uhic\n"-

commute with RLL the basic opefators Ci*'

\

C‘ ,.‘,l. = , j« ; t .
{ l.’")\i{\‘@ 1=c poe ol P -



2.

For cach Lie ALoesra there (s a

GOfﬁestoﬂd'\ng L\E 6‘ROUP) O Cont{nuous 3rouP

Oj- traﬂsj‘orma‘t(or)s The oPemtors X are

the %antators‘ OS the L\Q %(OQP) \Q ‘thQ -.

\nﬁxn\&es&ma\ ‘tmnsfyorma’t\on

V= (rie Xy

15 a'trcmsjocmat{an (n the L_ie %TOQP,

TRANS FORMATIONS |

Tmns‘}ormat(or\s among  VARIABLES \nyolve
veplacing each of a list of vatiables by a

new value based on the Wé\){oug variable
S |

n

x! ﬂ-(x)y)ﬂ e.q.

x =X “\‘Q_z_
- (.
y o= 3(11 V) z) Y=y tay
( o
£ = h(x,ylz> z' =& +tdg
N.& there o “discrete’ {:ransjorma{:z'ows
x' = -
{ - -
Y = 7Y



3,
For eac\n ’hTO\f\SjOFmO.'tlon \)JQ need to

defgme a. cmrespondm% OPem)cof L for the
q/ucmtum mechanical stote vector 'qJ
oo
The t«*cms‘somfmc& state \ectcﬁ shou\c&
have the same NoRMALIZATION as the inikia)
stoke veckor N
This determines kthat the transformation
operators should be UNITARY,
et

But

w «w <u~,b,u4,»> w,uw
N WU = )
Right - maltiplying by U

JUEHIS

which 15 the Aeﬁinltlon o o uniﬁcxry o?emtor,
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of o Hermition operator. The numerical
Value of the expectation value should be

unchanged, W

(g Aa) = (9 Rg)
(Uap, KUY = (A, Ap)
.<’0(, WAL = (4, Ap)

W
Wwauw=~R

To nveit we — le5£ ma\ﬁ't?\\; b\/ U
- T'\Sht mu\ti?l\/ b\} \XT

TRV A VU
| A =WAW |
Noke £hak (ﬁ A ’is invq’v{ant umcﬂef the
tcan of ormation -
AY = A
Lauwl = A
LA = AL or Lual=0



° I& W does not involve TIME it will

commute with the Fam\ltomaw

Ly, nl-0

Note however that as U {s «
LT ARY oPemtof Lt o\oes not correspom

Lo an ORSERIARLE ; Sbseruabl ey afe

.represenked\ b\/ HERMITION O\Deccx‘tms.

The GENERATORS oﬁ continuous tram&:}m‘maﬁims
Y‘Qpreseﬂ’ted by Uﬂi’car’y o‘mm&o:s are HERMTIAN.
let £he %ean’cor oj- on mj\m{:es\mo\\ unitary
’cmns{yortnc\t\ovx U be the oPemtowr G
b= 40 Sy G
Then
U= | =1 S« G

So

s (-isa B4 182 6)
(\ +16a (6-GY) + O(5u)

(e,

G= GT



R'O‘Tm‘\ ONS ‘

An mim\{:esxma\ To{:at’\oﬂ. (e.g. about the
3- oa<ts3 1S genera’ced b\/ |

Ue: \+\e-33'

A finikte {‘_r‘ansﬁ-ormd:{oﬁ";s bailt QPFB\/ a
cuccession of inhnitesimdl {rqns'}mmaﬁohs

06) - Ta@T = (1-i8 5 s 0%

A genemz votation is made up from
three Tota{:\ons about mdeoendent &Xes,
@y & votation « a‘ooul: \:‘ne z QX1 ej;m%
() o vrotakion g’; a‘oou& &he 1:; o\}(‘g @“;f%gg

=i d
Gib o rtotakion % about the =" axis, € ' V3

Na’ce hhat w‘m)e as c}\eﬁmed\ each ro‘cahon
s Pefjormeck \m‘c\r\ resgeck ‘Coasetc% axes

Z,E Tesulting jrom the previous £ ransformationg

in practice the rotations Can be thought of as

~ being pecformed about the oRicwaL axes,
|

\».
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- Remember that

A= AU
0
AR, twds —iPT
GBS PR g s
BT (AR Y ¥ L PR Mt A SR L R !
e (/I = Q“%Saeld 32_., 3@. 36(532

-\K-S -\(53‘7 --\0(-'5

_.‘[?;'S -(0(3'5 —(3’33/@“@}/&,5// /gu/{
-\0(35 —\ﬁﬁiy;/}_y/y -¥%

_ é:\“j& "{Pﬁz ""333 o

~ Note ’cha& the ORDER oﬁ’c\‘\e rotakiong has beev\
\M\IER’(‘ED |

T\'\e skondatd exgeﬂs’mtes fl%m (e
e\qeastates o H so Uﬂe\, are e&ngxs{ates of
A
{d(’&m (\—1733 2 )(Lpam
—-\ ym '
"
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A,
Thus ’che F\RST and THIRD vTotakions cwa\

s\m\ﬂ exponentm jacﬁors
The second tokakion s more com?Ucaied a's

the "-hm afe no& cigenstates o’y 3,

In gqmm\ We may write

m-!,)- ‘
_\(53 ’%m mZ:-»; Pim' Ay o (@'

WQ may thue re\oresenﬁ the vo&abom o?em’wras

(2Dt =2 Ayt D ()
where | v

@(’) (o(,(%,g) '“—‘mf(, @) (ﬁ)e‘mﬁ

--(o(l(%/?ﬂ ave ’the EULER ANGLES fgor the rotation, |

Geaecal Yormulae exick Sjor the dca) ([&) _

(?) ((&) Z(-\) [(,(,m)‘(g—m)\(@-m)\ (6'““3}
G Gen-0l e (fan-m) )

, Litm-n-2t / _\ktn-m
X (COS (})9 (sm \ :

For Naménca work nse (eg.) Fuction DSMQLL(M' AMﬂusmm
n CERN ibrary GENL\& '
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MATRIX REPRESENTATIONS

Tt s convenient to "ﬁim}\ o mothematial
construct which setisfies £he commutation
telakions, |

Mmmc&s) which i genem\\ do not
Commote, can be chesen to make such
o. ~vepresentation.

For SP\N) the simplest such system
15 Mmade up‘by ﬁhe'PMMJ'P%ﬁRmE5&~'

o= ( ) ) =+ 7 iO)19'?> <o—\>

wheve

&zéﬁg

and the matrices act on +wo dimengional
- column yectors |

‘\3—$: Y = ((\)) ) \33___.._.!/z> ‘:>4 (ﬂ

\<nown 0s  SOPINORS,



C e ore— . e e e e mem s T e e mmmam D L 7L et e wmr W E tT m- Sa st L bl et e beet wP TN o e kv aWe¥ m Rt T mal P e et e el s B

\l. |
| he Pau\v'\ matrtices axe

&y traceless (e Tro=O)
) Hermitian

ThQ LA(\HJOJ(\/ ma&rice‘g w‘r\ich {h@\/
generate  have determinant +1),
We haye

bh=e

and p\ .
dot|e?) = '@f(’."

e

No\le' d\So” that as
N det A det B = det 5§ -

Ehe (JrQ doct Q‘& t wo _' !Y\Q{f.l'.CQS ngh_

de’texm‘mo\h& A\ _.w\\ ALse  haye dekeminank |

\

e, sach matrices So(m o 9foup W de

malti plication. (Inverses 6.nd unt matriees con be

Sound, )

i
i



2, - | o
The g\)fou? oj 7 x7 mod:rices havin%

determinant ] s known as 'Ehe u(z)
QfoupP. Ij the defecm\nanf s +1 then

we hoave the SU(2) gcoup.

Hny gmup in one-to- cme carfes«?ovw&enca
with the 5u(2) group (eg the grou p
Qe coked by the Cmga\m m@m@mwm

@i)«amf‘tarsv S QLSO an %\A (2) g(ow?




FINITE RoTaTions

1 DEFINITIONS: “ACTIVE” AND “PASSIVE " RGTATIONS .

STANDARD (PASSINE) ReTATION

X' = ACosSy ~ Y SN
X s + Yy coso

<~
I

ON

In o PAassne rvotation Zo() the coordinate.
cystem mouves  Clockwise by « +to new

6\,stem Zl', w_e fecom?ute Coordimteb 05- Q
?o‘mk P n 2

In o ACTWNE rotakion Z;, the coordinate
System does nekt move; insteac\, the
()o'mt P ¢ votated PNTIcLockwisE by o
to P

The coordinates of\ P in Z' afte the same a s
these of P' nZ.



For 3-D votations, we take the AcTIVE
interpretation of arvotation,

ExaweLE ,'L ROTATE SPIN-% SYSTEM DIRECTED ALONG +z
SO \T POINTS ALONG + Y,

ORIGINAL - RoTATIONS WwW.r. &, ROTATIONS Wrt,
MONING AXES ORIGINAL AXES
z - | ,. __
x RROYE >T(Vci'>'g(=0
= z
; o * t -
Y e “ ’
l T R, %* @py
. , - x
Rotation 15

g : w {i"
R(“/Z)T'/Z/O> Y %% Gi)y=0 ' ( )
- | o¢ ANTING

SPIN ‘/7_ ROTATION MATRIX 1§ ‘i' £AL

P e ;Z;"[S’Z)( 2 er‘ef/z) L

so we obtan

(& SN 66
| =2(5 .i’;)?(o% OF -53(S) (R =¥
| s 5 (ORI R 58k (B o




EXAMPLE 2! - ROTATE  SPIN-% SYSTEM DIRECTED ALONG +2 -
S (T POINTS At.om\e + X

, o | z
R.oto.(:\Oﬂ 1S T g e
R CG)T‘/z, o) N

La() L 0) = 500 R
s < (2 (0 1)+ oo




SU(3)|

Su(z) s the 3rouP ’ijde under

JC\P\\C&'E(@V\ \D\/ g}(%ﬂm’cﬁ(eg \M\.Jth
,dQ’cQ(ﬂ\tnan% +1,

RS anQMJCOF_S sheold be 2% 3

'tmce\ess Mok ) s

The genem\\ 2x3  {raceless matrix

- Can De wrltten

| " [ agr B a-loy Og-ias
| 2

= ' -l ,
Ay + lay  —ay +3%0, ag-1aq

a‘f’ +\ng &6’\-;&7 — ,/Z\/E'Qg

m—

The Moy be wyitken n £ he Jfofm

:}i<.°‘\ 8!%%52* AR Gg&g)

The 8 N aie ke GELL MawN matrices,



2 . .
' \hen)‘ox/ mspéctxon) | the (Gell-Mann

Mok (ices  are

2_\\ = o | & ?..\Z. = (’3 — O\ ?}3 - l © 0O
| O O L O O | | o -\ o

O OOO
Ae=(0 0} ANg=/0 O -1\ A=/0 ©©
*leee) Tlooe) o o
| l O O o )
ANa=/O OO 2\ =3% oo
O O -\ o \ o
O 1 0 © O~-L

?)y \nsse(,)&\OY\ \)Q VS 9055\\3( 'tO{‘
show that the (>\ Sa{\sfx/ |

—

(A, 2] =2 Zﬁ%?\

Le, Jc\’\e Commu{a{\or\ '"( lat oM

deﬁ‘\m%\% O L\ HALGERRA.

The STROCTURE  CONSTANTS, &"Ml | ore
fﬁoumc& to bhe



y R inm TP 1 ﬁiém_
L2 I 3 4 K /2
w7y 367 -V

5 6 -V L 58 V3t
2 4 6 Yo 5 T § 1/2,%‘/1
2 5 7 Yo

'Omd Zexo ﬁor Aother Pefmu’tations oﬁ
the indices

Al this has Ybeen c)\oﬂé n terme
of the MATRIX REPRESENTATION  of

30(2) R collection O‘S O/&emﬁors o

\

‘. Sa—t\gj\/m% t\ﬂe commut&'ﬁ\or\ Ye\at\cms
7, Fd= Zi% Jijn F’&

W{th the some structure comfrmts f.{.i&

s also an SU(R) Lie &\3ebro\,

We now tv\/ to fiwr\o\ o KD"\\/&AC&\ o
tepresentation for the F, '




- o e— R —- . — . B . 3 o - -,
o e . ——e o PRPU ~ P T o T T T S

The watrices ;_\\))_\Zan& Aa are
like the Pauli matrices, augqmented

Oy one row and one column,

Ao o vesalt, F B and By satisfy the
SU() 1sospin relations — we con tdentify
them with 1S0SPIN.

)

The matrix A, commutes with each
0§ the wmoatrices 2\("')?_\1 and, &5, This
means that in the corresponding
OPERATOR picture the SU(%) basis
¢tates can be s\mu\kaneoug Qi%&ﬂ&i&‘t%%
Ofy Fg and the \sosF'm .opem’ccfs |
FF, R ‘

)

| Coh'\)en‘tiona\\\/)'_ the choice made s to
assian  Fg to HYPERCHARGE

Y = S+8%



. —— e . - e PR e - - sy dam s — = - - e - -
. B ——— R e R e T L R s A R I DN

For C-Oﬂs'\s"’teﬂC\/ O’& ﬁOFMd\{ za’t{o\n} the
scaled o pe rator | |
= |
s a better choice than Y itself,

|5H\FT Ofefators AND WEIGHT D\AGRAMS

By O\na\ong w'\{:\ﬂ e 5h\§"’t |
operators i ofj U@ we can
,c)\e%'me Su(2) s\mﬂ—t OPQ(&JCQFS‘.—
o Lp=REiR ‘

\/‘._g: = Ft;,i \ FS |
Tn order to understand the

tole of these opem{om/ we c}\ejine
the 2-component ectsr G = (Ty M)



In this Wway  each eigenstate

—

corresponds Lo a point ¢ = (Ty,m)

on o p\ane,

We now o\efgme dwect\ons N
Jr_\'\e I.—m Pane, .

_’Q = (\,0)
I RRES
g —(-‘/2)—‘{2:)

L m

<>
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Using these, we Jind the

fo\\owxn% cOmmuta‘(:\Oﬂ relations:-
[G I+]='\\_Lt [Ii,&:s-_]:i\jq:
| [1+)I] 25.6 [\l-_&-,\/_-tjzilw;
(6, Usl=x U [Ve, Tul=x U
Lu+, 11=24.6
LG \l;\:l § v Ve
[\A, \_1=23.6

N.&  the notation [6,T.1=% T,
s s\nm’l:\ﬂcmd -&ov

[13:\_:\;]: ili | \._M I;\l 0.

AWHY  Hye ERCHARGE?

H".c_ofrespondence hae been cet |
U p betwee n  the Gell- Mann  matnces
o0 D?thms Yo P(esen ting \Sospm

and  hypeccharge.



The \\exag\ond\ s\/mmetr\/ oj 1) A and
V' sugaest  we coald also do the
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spin ond Slaveur parts,
tor a Nt with 5 ’/2_

Mu@,\..(m N/M/\*'D
3‘—\)-—-1- (Mu’?ud/ +utubul + UN/ wTul)
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The p\r\\(sica\_‘_‘/f bafyons are a
linear SU\?vaos;‘t'lOV\ Oj‘ mixed stme:JGr\].

- stakes guing an overall symmetvic

| Com\oina’ciov/\ ’

N

S
= = (c?ﬂs mg +‘Pﬂn'xn,q)

ﬁs an examFle . we prcmck Uﬂe S, = 4/1»
waueﬁunct\on fora N

L PugKus N

%dsu usd+sda Sud% (T + 111 Zﬁ}

M/‘:)“ MT ¥ ﬁck\\zu\\/- STu\(/o\T
Crdfsful - apsTal + bt of = et

O Zlatsh o) -2l Swwzsmuv sTum
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fo 15
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I— anm /xvm
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sTadul - smam TsbaA4teb o zammm ANEUR)
- SW (} +3 /m/‘\ u\l/s'Td’T—k- MSTIAT X\ u’]\sT—Zu\qu\sl




= g 2l ) = (ud  ald

+ 3(uhal - uldt) + (Al ut-atad)ist
v (abeTul- dtehad) - (udeTdl+ uleTal)

Notice *that Jche w and ok %mafks are

W\ D= O combinakion, av\d\ the spin 03‘
’c\(\Q [\ \s CM‘(\Q& by E)’)Q 3. qyuo\r\(,

This ?fO?Q(JQJ \S ojten 0sed N %’cud\es OJL

| 5- otlu\ar\t Qo\omzahon

QUARK MODEL AEPLICATIONS

craree . ( Flavour on?y)

Consider o - NUCLEON - which is a spin’e
| " 4
bC\f\IOV\ C%O o !Y\Q(Y\bQ( OS {he |/Z, OCT€T>

Tts wa\)ejunct\'oﬂ (s ‘made up oj—

V\s “and MA Kba('tﬁ—

\r1 (‘?MS'X‘AS 4 CPMA (XM9>
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‘ The nucleon CHareE | obtained as
the sum o:\ moknx elements 'SDY charge |
| o‘;Q(a'tD(s ac)cmg) on eovolq oj the Jcl’n’eé

o q,ucwks

=3

@ = Z_Z (s i "‘Pﬂnxﬂm le\ X +‘Pm?(~ n>\fL’ |

The choit_e of Uﬁe fchirck‘ cwmk s
"F\R%\TRHRY) S0 \AJQ con slmp\i:}\/ Ur‘ﬁs
expréssion, as
2 < el > - 3< les) >

Remem\:armg Hm’c the c\f\arse oFeraJcor

ac’cs on the gczcwoar wc\\/e'gunc’n\on onl v

- we Ca 0 \n’cecjra'ce the s?m wgue{gmnc_hons

LK Ms ’XV\S> <(XHR Xﬂn>" <IXMs\(Xm\> Q
So

Q=25 Clns1eg e 4 males s>
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FQ( N fRoToQ

<¢V\s \eli%o |
- ="lé»<ud“ 4 duwn — 2und le’.%) udu + C}\O\U\—-ZMU\O\>

Since e, ocks on 37 quark only
s g(%5+5-%)- O

<¢PMQ )esli ‘PMA>

= }7_<U‘d‘*— A““)?z)“du—d&u>
x (3+3)
Thus 4or the CuaRee

Q -3 (0+5)-1

. K’\ S\\ M la( Co, (Cu\o&‘(on ’Sor t he neu{ron' :

| gues Q=0 as ex fgckecL_
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The subSQr{ pt 2" implies the QPQm"-"‘jr
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STaTIc MaenNeTic MoMeNTs
| ( ooy & SFIW>

The Maguetc MoMenT Jor a baryon

s 9 (ven \Dy .
' 123 . | \=3 |
Z ‘_}\ e. (G.’:)i '/ (\Q Z ‘)\Q't (O_Z.), ) |

A betore ‘we can use the 'JL\nier\ Q,Uka'rifk

to obtan  an Qx?ie&{ N

5 A€z (Ué>sl

{
w o ]

acts on the THHQD cl/aavk CM’\)
F?Of. 3PN '

: (,stﬂ ‘7@ '/Xms{\>
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C ombi nino t hese YQS&AH:ﬁ with +the

FLavour. matrix e(emen&g we (aaue cc(reao(y.

O\D'E amea\ :fo»( 'EV\Q PRroToN we "\o\\/Q |
?‘D'H <CPV\SXV\5T +- 43'4\‘\ XMA'T )eg‘yﬁc_}) (’Pr\anﬂ\ + @M Xm’b
% <‘\>ﬂs\@3\c\>t«s>*‘ ()< Pua leleﬂ >% a“ (0+2)

= (A
For £he NEU\TRCN

3__];:\_ <<1>M:>/KM5T+CP‘MXM"\ ‘ @ G (S)ICPMS Hs’\\‘fcf’ﬂn XM{)T>
» 2p5-L e brsd + (Omales|buadl= 3 (o ()
= 3(E)="ry



'Thus \&P _ _.é
(An
E x pe r'\men{a\[\/ V‘P/(*n - —_%;Z_“_ - l'(re\"
(

FOY ’che_ \\3"){ fLU\MkS \oe haoe QSSumeA
q{ua?k mo\gv\e’ctc m oments

o= fa=p

~ For heavier quarks ; the quark mass musk Le-
(;len into accounk,

/

Hoarzew £ Haet v (?P‘SS)\O7> obtawn
= @ (@

Q't — sca (mg jacﬁor
m: = q,ua{k Mass

Jov Dirac Structueeress gquarks, CLOSE
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Youne TARLEAUX

\(Oum% - lableaux ‘Jro'\)‘\c\e Q useju\
%mlphl\,ca\ Jted\n{c\(ue jor s’wd\/{ng
Su (n) mu\l:{iblets.. Thfouc\x\\'\ thoir use

ikis possible to
© Represent Sul) maltiplets,

" DiS?\o.\; heir ‘J‘cutic.\e '\n’cefdn;mse S\/mme’cffes/
Gn A
Develop a Clebech-foerdon ceries, ie,
| a decém?osi‘iQon of & divect product
o two SUM) maltiplets into its

\ﬁedudb\e «e?'fesen‘ta’tioxn&



‘Eac‘n mu\"ci?\e’c 1S fepresented \3\/

e\ Pd’ciem of boxes, called o tableau.
I‘(\ SQ(N) ,the "basic fepfesen’cox’cien“
s an N- pe’c Tepresented by q single

box.
OX —

S ——

More comP\{ca’ce& mu\t'\?\e’cs are. feéresen’te

b\) pa’ctems oj boxes like

S—

The ta‘o eaux ofe a\\%ned on the \ejt
Each Tow Must contain no more boxes than
- the fow above, so jgufes RE

— l ‘1 T

|

O OO O

ate not ’e o\, Fo( Su (N) {he numbey aj co’umrg
mast net exceed N,




H ROwW oy boxes | | | [, L]J
re?vesen’cs o mu\’c{P\e‘\: completely
symmetric under interchange of labels,

while & CoLumn represents a kotally
antisymmedric multiplet. A column of N

boxes can only exist jor SUN),

Tableaux which are neither vows
not columnsg  have mixed, interchang € |
a\)mmehr\,,

MuLTIPLIC(TIES

The c)\i'me-nsion to be associated w;u\q
given tableau is jound by -tak(‘ng a
“forma\ q/ucUen(’:u oi two cop{eg oj the

tableau:- | 1 S j

van il




For the NumeratoR  in SU(N) one

5signs aumbers o the boxey in the

kobleau o &o\ | OWS:

« The EOP \éj»ﬁ;hand box 1s ass{gwed

the number N,

Mouiﬂsixigh‘cwards alovug the (:op r'ow,

O\ssigﬁ nambers Nf\'\, \\H'Z) N+3, ... to eack

successive box

F\ss'\sv\ N-] to &he ﬂ%’cmo&fc box n {h{_
nerk row doum, and ascending numbers

| N, N+l L to each box ‘mofuinﬂ T ghtwards

a\ohg the fouJ

‘ R@Pea’c qorthe next rouw, sbarting with N-¢

eke.,

Thue 4he tableau shoum n the exavn?(-Q

becs mee
N ae e
M-
AR I
N2

—
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~ The DENOMINATOR s dekemined by o $8i gnine

to cach box |

-[{,he fumber oﬁ boxes [NTHE SAME ROW to khe r{gkﬁoj%e\g't@ﬂ box

- Lﬂr\g Numb 2 o} boxe.s WNTHe same Coust) below the 3(0%. bex.

+ |

Nete that this ameunts e drawing o
\ine staiting ’c& the 1‘{3‘/\’(:-%@”& enc\,oj
the %-(\;‘eﬂ fow, ‘and turning Adownugrds af the
bex vnder ccwxsid.éu'ak.ie!z\, The namber ¢ bkainec

VS "C&\\e_é\ {:V\Q“‘(‘\cckg ﬁo?‘ '{'_\ﬁQ Sideﬂ ‘OOK

[

|

. {\).—P




AP o Sl B

One now obtains {he, Produd: oj—q“
the nambers in the numerator and denominator
tableaur and divides the \'woduct Thuy dor
S (o) ‘che dimension of €he tableau we Mue

been usma as aM exam\sle cs

| &7z | Zle| 1] . sx3x&x7xs _ 1050
s|e A2 2xe

A5 Xl |

x| i

so the . tableaw rte ()stenJc o (OSO-?leﬁ %)
Sule) | |

SPeclq\izInj To SUu(®), we find that 4ableasx

Osed Jor Su(3) Nave flo more than tws cg\umns,v
A tableauw can be related &6 ¢ weight diagraw
flffésaﬂ@d ‘D\/ G‘\)}&) as jo“mms:—- | |

N

— =




‘C lebsch- Gordon Séﬂ'e.sj

One oj' the Principa\}uses ’oj Younﬂ
Tobleaux in Pm{:ide‘ physics is to determin
t he ult\Ple’Q stracture Yor d\fec,’cjwoduct
oF U rukiplets. The rules for

_e\m\uahmg o Producb, say .!, X 1, }cue as
ﬂ-oﬂow&f-

a) Write down the two tableaux, T, and T,

labelling successive fows of. T, with

wdices o, ...

|

[I‘U‘P

by Rad boxes (o lal bl 6]

’) — e .,

) a4 0 &

_%f'om Tz te T‘. : 5@3:\@.&: to {'.L'}Q rules
(y Rk each stage, fhe augmented 1,

d{agr&w\, muct be \.f{gcﬂ \.(Cun‘g Tablea




Gy Boxes with the same label .muck nok
| appear (n £he same column,
¢ivi) For a given box position, define ng
to be the number oj‘ a's ARONE and
To THE RIGHT of ik, s milavly Jor ny ete.

Then naonp>ne.

) Iﬁ' twe &G.b\;QQ(,LX Oﬁ{l’\Q same s(A_Q‘F_Q
arz pred ueed, they are  difjerent ont

i} the labels arc chiffevently dictribuded
D Cance‘\ Co(umns mi&h N ‘OOKG%.

'S'\m\ole exc\mPle_s oﬁ this are

o [0 -[] & [T

N 1 | ———, —

53

which  means
{: @ Q\ - ’2‘ 6 \:{\ \: Lo %(L(é)
"y

‘:’.\.v‘-C\'
] ® ‘—[ = | X 5 J
I
| L
e ® &2 = o & 2




Note that b s o 3 with an

inyerted order of wéishésl and | &S

writken 3 er3,

Note thet a column vectov of the
Eyp= Cw{.(:\r\ N-1 columns 501 Suln))

also 're?resqn{;g a basic nﬁu(kiple& oj
chmg)e—cov\Suga’ce \’Jw"&{c\e% _.q. G ‘u{]ole"(
@5’ oxn‘c{q,uavks '\ns{eado:} a ‘tfiplejc o3 |
quarks.
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MASS SPLTTINGS AND MIXING ANGLES

I]L S(2) o% FLAVOUR were an

'exact sagmmetryl a\\ U‘\Q hao(rons N a gh/erj

Su(2) mu\’ciFIet ‘\uou‘\'()g have. the
came  Mass.
" Mosgs sP\i’ctlngs within an 5@&3

mu\’c‘\.P\et are sm-o'\\’olmc}\. baS“C“H‘\}; ’

| Q‘ec’cmmag)ﬂ@’clc N oricsl'm,”‘

Much \o\r%e,r mass 5?\i££{n3$ sccur
Q{ the S0(2) \e\se.\', these re'k lec

the mass clij&erenc% bet ween the é&ﬁ:\ererrt/.
QU K S\&\J ours,




® Ih the %7 decupleﬁ one sees

G Mass s?litﬁ“\ns ol areund 150 Me\/
when o w or d guatk s re]o\aceck |
b\/ on S cllucwli,

A Goze) = S *(1385)~ = ¥(1520) - (1670)
x—m// k/w—/kf-w-———/’
gty Amszlgstell bon =140 MeV

,‘lj oll mu\ti?\e’cs were made o P 05'
pure SU(Z) states calculation of
MmaoassS _Sh%ts wou\d \3@,_ _SJCr_.&'\thﬁorwo\fd\

(oas ik \o ﬂof the %7 bdrgmsB Most oj
U(\e com?\\caﬁ\on,s GT\se ‘oecaqu oj~
MIX NG oﬁ ?uwe Su(®) ska{es

k\\e ?\(\\g\m\ g‘taﬁes )

For example, in the meson sector,

'*Jc\(\e OCTET 1505 INGLET ond  SU(z) SINGLET




Y=0> and |1 1= T=Y=0>

i SUBSTANTIALLY  ercept in the O nonel,

-
(8

|GELL- 4 AN MoDEL

We follow the oviginal
~\)\\Qnomeﬂo{03\ca\ MGSS Shi&ﬁ mode\ o:&t
1 Gel- Mo | witkhn m,ﬁQm comments o bout )

the q/\mk model {n‘cev?fe)caﬂaﬂ,

We Cm\g\&af e stfcng interaction

as Cor\s\st\ng ok» two \Davfgz—'

e An Su®) \nvariant ’ UQf\) strow%"
o ~ interaction | | /

’ \ ) )
A \\\:»,~,,m€d\um.sﬁr0ﬂg‘ interoction




&

\/\)@_"\gnore Mmass At ﬁerenceg

bekween members of an isospin Mulﬁ‘\pfeﬁ,

o obtain skm?\e ’Crcmsj‘ormat'\am

’Q(o?e(t'\eg.l Gell- Mam) Fropcsec& that the

Sﬂ mme < r\/-brea\q'\wa- teemn Hupe should _:

be an Sul) generator.
Iﬁ W\meQrs O:\' o, %\UQW . \SOSPU’I
mu\{:\\aet ore to . be rega rded as

degenernte states, Jthi; cperator
shiould comm uke with T, the

o\o\s‘\ous c\no'\_ce S ’Qhe ﬁy/ﬂerc/laTge |

opetakor, Y,



&

T‘(\é memloers  of o U-spn mulkl?\gt
1 '\,J\\\ d'\S\)\a\} the mass~-\9rea\§ln3 eﬁeg&h

- \f\_o@»e\)e\r) the (=1, U207 ;ta{e?
| 21 s o SQPQVVOS'\Q’:.\O@ O'S Lhe ?h‘/iS\C&fl*{
; S° and N stakes, To,s{:uc)x\/ ‘che: "_
Y bmyoﬁmsedo’( we must First '
l determine the m\xf{m%,

Cdegwe

=2 = « =55 ,*_,K?W?

i
!

i
|
|
|
i
|

~ and f\o‘ce that ‘
‘ UL \V\> =2\/2\Zou>
[ S V=0 TR LAY

Ueing the &&&o'\r{{ form o{g the 1sospin N

Q%\mk(on

<>:*\\%:i - 2k <S9)
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i

| We write |
7452155 = 20 =<HTT U_Ind
= <E LWy
' Now (:I+,u—j;0> o
B CEH T, (WD
= <{plpD

‘ o
- Thus
2o 0= kIS &0y

- (SR .
because & +(§ =]

The masse- bf@a‘d/\g o?emho« transforms
as Y  In terms oj Uy and Q

Y= Uqy + 7 &

\ , / \'--,.‘__\ ) -
B l.e. \{ 'Eransjorms Ay asum oj’ Qa (stpm ULECTOK

Condoa U-spin SCALBR,
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Le.

| W) Cs)
H‘)\S = \'\‘.\5 '\' HMS

- Using first - order Peftmbat'\on theory,

i '_’c he shift o o system where all magses

(_ .

ate eq AREES

&mx = | <‘\ \H‘;\‘S\ \>

C onaider khe Uv-sy'm ’Qf'\p\et
N Zo\& \-‘:—_Lo
Uy ¥ o -

For the VECTor component, we have

5 W | o
B\, Ug | B 10210, = b U
O nd {YN the Scawa Com?Oﬂevﬁ:

u=1, gL Mgl o= > = o
Thus ) |



and

(S Ze e <HEr N g hE A S 2

Se
% n= CJ\"\'b

§8°=
L eS°4 - o
fg %S/\ 6N

Eliminating o ond B

(én—\- 5% = / 6% ° +% SN°

The woss o\ﬁme»n&s v cd\ ’cukem
\NEV\ (QSPQC’C to e Pmmerd\xa\ W\(LSS Mo

\MQ C.ON (:‘I\e(af)me (‘e?hCz %n \9\/ N QQ(
to o‘o’cmvx |
b (e B S B N

ov¥

ACT D -_=i°+ 2N°

GELL- MARD OKuR0 mass Jormula
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NG The labels u"’-‘_":“ cke are
- consenient ways o yejer o o specilic

ember o an Su(z) W\u\{:igﬂek}‘ buk the
 yelokion holds ec{/,uavU\/ between the
ec‘/u‘t\)a\czn’c'members oF dﬂ\/ okhey
Su () mu\H p\e{:. |

The Com’?\icQt{o-ﬁ “in the ﬁfofmmi o
CoOmes obout becuse of khe
Tsoeid . HING w the = stute,

o see this ) cons Lder . the DecuPLET
0=% multiplet

N = EL—“ SL
Oo 3 b —h —a

ere  khere is Noo MIING | so the
U ose shbks  are guen by

om = <ilHu)i> < a' 4B lUs R



C N , | ¥ . NPABIING: EN
SWSTANT . step in ém/ s er\)lmx\\\\j

\.R. chc'\/\ s«ke? n Uy gevewtes o
 observed.

The &Df\nna\\sm derived above

iOk\\C)\L')S one o dkesu\\oa %\QR\(OM
W\u\t{P\Q’CS}_ 3951 Mesons, we vnu,g’c |

oloe concidar OCTET- SMNGLET mixing .
We Suppose Ehat the ockek and
cinglet states ore . DE GENERATE unde,

HUS, and '&\/\C\«% H\M& 3’%& ‘Eh-Q

degenetacy) .

The skakes m\«\zic\/\»" mix are
— |18 o T.o o
- \é-_)lﬂ\._j:p}"\;s?o>

The \sovecoR state |8 T=1,T,=0)

R e T NIRRT D,



®

Tl/\'\s \S bzcau,se. \/ CcsmmeQ_svw{'Jch

camok be kreaked n thig A GY .

- I, and so conserues isospin, Thug
 mokvi e elements between okates
()% ()Ca&&e./en«b nggPEV\ JaNsH .

ﬂ - This time we use DEGENERATE

| ferturenToN THEORY

I In {Qfms oj- the ockek and singlet
si:akes, ke \)Q(}CUJ' b&t'\o‘f\ moakrix (s

Z8IHA\EDS <8 Hu\ D)
<Vl L8> <lHu\ 1S 7
So khe  secalar eq/u@c\&'\on 'S
)N\gg—-m ‘)\\g \:O
‘J\Z\ M\\"’m
The matrix is HermmiAN | co if we

choose to make khe states \/REP\L_)
Mg =Meg, . .




Solving, ’
(Mgg— m) (Mu-w) - Mg\ =0
e (Mg +My)m + (Mey M,(; IMa{?)=0
gluing iso\ut'\ovx% ‘.
My =5 (Mea+™h) + St w4 Ml
M = \/2% (Mgg+ i) ;J(Mag%m)z + 6 Mg, ,% |

where as before My and me, ate \abels
ot the ohysical - states.

\-\omeuer These ecllua‘c\ons ¢ kil muo\ue
h\(\e Voriables N\gg} W GNd \J\@\)Qﬁ‘
which we \<now how ko calculake

OY\\\/ Mgug -
M / (4 - mg)
| - (&(om the GNO 30((’\0\&)

Nok e a\coo») .&Q\A'ma hhe/eﬁ?(%g\d\ﬂb
§o< m(b anh m“) -



@

mcp + M = Meg+ N

.. but we need a  new approach Jor My

\F\)e 'mbroA.uce the MuxiNG &QNGLE) f,}
W kerms of which we dexine two Q&ganvectors
05- the perturbation ma trix
| <cos€§) -&snb
5\n O - " cosB )
\n terms oj which
6> = cosB 18> + smd|1>
lw? = -snB 18> +cs®I>

Thog

<‘V\88 Mg¢>(co563 = My (<056>
M\3 Hn sn O “wnb
SO | |
Mg cos 8 + My sin® = My cos® [e]
1  and

(MQQ M\g( -51nQ -m -5nB
' Mg N /| cos® (0 Cop0




@

SO - | | S
- Mgs S B + Mg, Cbse = = My S S} Lg]

| Feom [Qj)co\\ec’ciﬂs Lerme

(V‘sg -mq)\) cos® + Mpg sinB =0

A\"to\ﬂe‘: mcpf; M&g | [‘Qﬁj
t"\g, :

Fcom EE:]
<N\88-m®)sln5 = Mg, co;e

ton® = _Ma [84]
Mes—f_“w» -

Com‘o.'\-n'mg LA ond  [B1)

tc'xhz@ -_-. %-—Hw C
g [c]
and

Mg, = (my—Meg)(Meg- M)

= \\)\88 V\u -J'h@ vm)

/

-~ Nokice *hak in [ uQe Q\aee»(eF\aced one unkKnww
Lﬂgﬂ ‘o\/ ano ther [ton O |




U\\'\?O@TQ‘}&QTEL\{) rjof mesons £ hese
ﬁormu\ae do not woerk very well. 1¢

Wa s C‘(ulckly ﬁound thak USQ‘Y’S m> qave
bekter resalts khan asing m.

~ The FeEYNMAN fRESCRIPTION  for
mesens s ko Wse M- wnstead oF m . i
qains oM V\Qust\oi\(ty from the Cu'gwnenik'
that In 'bosrm j el theories one deals |
wikh Y“L whi e Sor ermions one deds

' S
wiehn W,

IY\ Summar\]')' we ha\)e;ﬁ o

o \\ _ { 0 | . : M'—
LN L8
bontO = mp- g
Weg = M 2
- w

The lobels 4-/,@/ K,S fejeb ‘éo Poglf‘ions e |
£he none’c:s/ and Coauldh agf))y to any nonet




©

Exam €€ ln the \" nonet |
mg = T68.3Mel m - T8l my = 10194 MeV
m\(.*' = '8Q\'8 Y}\Q_\f

SO

Mg = 429.23% Mel®

ME = 887.01" Me\*
§ = 249.8%

Ockel - singlet  mixing olters the
%\&\100.1’ com Pos'\‘tioa\ O{f ‘c_he P\f\\/g'\ cal g{;(&{:eg
| The :&\c&\mu\f mcx\)ejusnc tlons  for %he \amre“‘:“
‘ ‘SuC'Q ctates are

\8> = \\I/Z" (U\u + 44 ——Zss)
0y = (w403 488 )
OB

We now determine Jche ”ma%{c'\

..mmm% cmg)\a B which gives F\\YS&QQ\‘./
ckokes  separated inko  pure 8

~ and non-strange statee.



Choos'mg @ to Maké the ct ¢ boke

pure 9

8 = cooB ! (0Tcdd-28) +sinB L (oT+ddast)
el 73 |

50 b
cosd + J2 cm®=0 . l

tan® =\ = 8=35%

e, an ang\e very  close fo khe
Phencmenclogical wiking angle for the b,



Mass SPLITTING (N THE QUARK MoDEL

The mass se\lk’cfnﬁ_s n Sady) muH:{(ﬂe’cs
can alse be derwed '('.\Mous\q Quqyk Model

dynamics,

* Assume uw and A& q,uafks Nave the‘s}\nné
mass, but U’\a{‘: theve s an additiona| \ncrement
Sov < quarks, |

* Assume 4hee s a term represent ing b{nd\ng |
potencial, $Pin -5 pin coupling, etc. ‘W e assume
this to be FLAvoUR INDEPEDENT, j.e. to have
. CoNSTANY \)u\ué }ov‘ A%iuem mu”:.'?‘.eﬂb_

usins tRig scheme the mass o*j 6 Mmeson
Wit %uo«\a content AT is

<Adg|H|dz> = V. +d+s

while :gof (e.q) the pute octet T=O state wehave
For (0@ +ad- 22 H g (0 +dd-258) )= 1"+ £ (4u +85)



We shall now a’c{:em‘o’c to Tetneve {:hé
Gell-Wan Okubo mass &ormu\& ?reuious\\/ obtained

b\, S\Imme’cr\/ cx«e\uments The ke\( sta’ces ‘N

6.0 SUCE) multiplet are the Kwen, and. 1, .
For these we obtain

mKoA:-.. <d§H’Ud§> = Mg +d+s=M+u+s

M. e = <—'-r. (oa- uK)‘j’U"ﬁ (dz—uﬁ>>=mé +'/(q.u) =M+ 20

My = <\|-- (uu. +AA-—Zss)|H|p(uu+M Zss)> M+ (4-u+8 %)
Mq, =$e (b +ad +2)|H |55 (ua+aa+s§)>=¥\.c+—g (4u42s)

We have j'ou ecl,ua’t.ions and thfee un knowws !

| Me,d and 5. For khe khreg chuuhons for
{:\ne ectet mem‘oars \(° T° énd\ 1?.8 nJe Can

climnate the unknowne to obtain

2
botge — My = 2y

which s the  GELL-MaD Okued Mass Jormal



OCTET- SINELET mixing 1s dealt with in
ocvery similar way to the simple Su(?)

arguinent.
LQ‘DQ\\(N% the Ph\lgicq\ otoates aos ,]Z Qnd’fl‘)

we may write

M = "lé cosB + n, sinb
’YL' = -, sinB T ul cos B
| Inveft\'ng) |

’chos@ — *Q' sinb =1,

Assumi no the pure octet mass ko be qiven by

the GMO fcxma\a ond noking that the physical
stakes v and n' are o Mfgmaf eygenstates

TN e TV gy

ot Phe mass matrx

‘mqa ::-. <7lco59 - ‘Qj‘sin@"d’“'n cos6 — Q’sin B>
= cos'® I + sinBLY’ I:HIQ 7

= costh m,l + sin 6mrL




A?P\\}\ﬂg the GMO formula and o\i\)ic)\'mé
by cog'®
(4 mK°"mTr> 3(60 Gm”l

(4mKo mye) (+tan')= I m

+ sin'Omy V)

0 + ?D-Lanz@ m

Col\ec\:\ng tetms

(4— m,@— Moo~ E) m,v) t&ﬂle =% mYL— 4- mKo'\' Myo %
S0

L} .
tan © = %mq—4—m|<°+'m“°
4 Mygo— Mye -Sm,,L:

which s the same vesulk as obtained

Pfeuious\\/.



Notice that we haye obtained the
fornula in it “m' rather thon it "m?"
Version, |

+ It is not easy to juctify the "m" |

| {;orm in this appreach, while in the Sulz)

orgument we were ree ko put in any
expression dor the perturbing Hawmiltonion,

» A c)«'\{ykztev\’c, (and more complica{qcﬂ argument

'S feo\,u'\veo\ ’-&or BARYONS w thig apfraadq)
while wikh Sul2) no addikis gl
yuskidicakion was 29U red,




CHARM 9 'reod'\\\j handled in the
q/uafk mode\, For symmetry Qrcﬁume_nts/it

meang we should 940 {to SU(@, where
our SU@) velakion

23 -108
becbmes
LOF = I® 15

Thus there are 7 new states per SpUN Malﬁifle‘t:
D wikh ¢ =4

M(0™) (¥eV) | w(MeV)
cw 0 lge¢.  p* 207 |
C X Dt | 869 ot 2010
CS Df \168 DY 210
S with ¢=-)

Cowu D°

Fa O

s D

and\

¢.T M 2976 3[4 2097

The ¢T stoke may of may nek mMix with the non-chame.
q.q, skates. -




The eﬁacti\)e C. C‘lumk mass 1S CO\fJStDE,RﬁsLE,

A((:hou.s\‘/\ mass splittings are handled (n £he
Same way when CcHARM ¢ \nc\udeﬁkj

the &orm 'oﬂ- the (‘Po’cenﬁ.{a\" Lerm maust

now be more caretully considered. We

now have

m(q, 3) = m 4m, +a(s.60
m Me

where 6.5, represents €ho sg(n—s?(n mkerackion

and

A fit Lo khe O and 17 multipleks yiclds

My =M= 0.2\ Q;g,\j/ M=l 680, ™, =\, 656&?\)} & =Q.Q1




IMASsS  SPLTTING IN THE QUARK V\QDE(_‘

The mass sg\l&’cfn% n Saa) muuzl(ale‘cs
can alse be derived H\ro‘uah Qgcuk Model

Ay namics,

* Assume W and A q,uafks have the same
mass , but that thewe is an additional increment
for s %ua«ks, | |

« Assume khee v a term re?v'esevklng b{nd'\ﬂa
?Dta(\t‘\a\' pin -6 pin couphng, ete. "W e assume
(:'\\{s ko be FLAvouQ mDEP«SwDEM‘i’} .. Jc_g hav-e‘
o CoNSTANT Jalue }o./ Ao‘);uem mu"ci?‘e%_ |

ULs'mS thie sc‘(\éme)' the mass o{( 6 Mesovy
wiEn OVU‘C“K content 4T is

<delHtlazy = vd+ s
while £€>f (eq.) the pure octet T=0 state wé nav e
(o (65 xda-22)| H 1 (i +dT-258))= 1+ (4u+85)

e TS TYONE T SN ST X S
£ S8 an D st intin .
R AT R g iR

L i B SAAENR Y S



We shal\ Now a’cjcem‘:’c to Tetmneve the

Gell-Namn Okubo  mass formula ) Previously obtaine

b\; symme’cr\/ m%uments. The “ke\( states’ 1n

o n SUCE) multiplet are the KST5 16 and, .
For these we obtain

Myo = <d§lH\d§> = Mg +d-\‘—As = Mo+ut+s

e = < (0T DI H b (4T = M 5 ) = M, 20
my, = felua +45—25)H 2 (au+43-25))= Mo+ g (4a485)
Ma, = <\o5 (0T + 42 +52)|H [z (0m4adrsg)> =M +1 (4u+2s)
We have j‘our QC_Luq{{ons and three unknouns:

Me,d and s, For the theee 2quakions for
the ectet members K 7° and Mg, “ecan

e\im'\nate 'H\Q unknowﬂs to o\a’ca'\v\

4_ Mo — M T° = A e

ve
- .
PSS .
x

which Vs the  Gerl-vans oxued mass Jormule



DeTET- SINGLET Miking is dealt with in
o very similar way to the sim‘:\e SuCr)
orqument. |
Lobelling  £he physical states as m and7),

wWe may wrnte

Y(. = Mg cos B +;'Yb sinB
"(Ll = g «sinb T M, cos B

Taverting,

'Tlcos@ — ”Q‘ sinB =1,

Assumi no the \ou{e octet mass Lo be given by

the GMO formula, ond noting that the physical
states v and 1 ore r/z‘_f?rqcm £14enNsTaTES
of the  moss moz;‘rf&’ \

4m —<YLCOSB Y(_smeltﬁlﬂ_wse Qsma>
= cos@(TL j’”’rz) + oin 9<7UCH'TL>

= cosb m,l + sin qu




A?P\\/ing the @MO Formula and, dividing -
by  cot®

(4- mKo—m“-> ?D(Coszem + S\Yl em,z>

1

(4_mK° Mye )(H—‘tcm 6> Am. + 3tanz@m

1 'Z.
Col\ec{:{ng temms

(4— Myo - mTro - %{Am.,l.) t&ﬁle = % m.,z— 4.m,<o+ m.uc ‘
So |
tan'® = §m1—4—mn<°+ Mo

4 mge— mMgpe "‘%mtz’

which is the same 'fesul{: s ob{dfned

Pfeuio_us\y.




Notice +that we haye obtained the |

&omu\a (n ke “m' rather than its 'm®’ |

Vers\on

« Tt is nok easy to justijy the.
Smm \n this e\Q(Jrocxc_\!\ while in the Sulz)

&rgumeﬂh we wefe ﬁ(QQ ko Pu’k N an\/
| Q_xpcqsswn Jor the perturbing Havm Konian,

1 'L A\

» A A\&&Q{Q{\’c (and. more Compl\cakecﬁ wsumen‘tv
LS fec\,u'wzo\ for BARYONS w thig approach |

while with Sula) no addikisnal
yuskifricakion was f?gu'\f»?d, |




“‘

CHRRM s 'reod'dy handled in the
quark mode\, For Symmetry Qr%uments.iﬁ

Mmeang  we should 9o o SU(4) where
ouy SU@) relakion

3®3 = 1D8
‘becomes |
LBOE = D 15

Thus there are 7 new ctates Per PN Mal/c\fle*
?) N\Q»\ C=+)

M) () n(rMeV)

ck D 1866 D* 207

c X Dt | £69 Dt 2010

cE DI M6e8 B 20

3 with c=-] ‘

cu P

. \ D

7S D¢

and |

e.T M 2376 I 2047

The ¢z stake may of mavy not mix with the non-chasme.
q.a, skates .




SQQU\’E c C‘/uo«k Mmass 1S CONSIDERABLE,

agh mass SP\(‘H:\V\%_S are homcﬂeds ‘n the
12 wWay thV\ CHARM 15 \nc\uded)

ne &o_rm of {:he Po’cen_h(a\ term must

now He more m:e’xu\\y considered. We
now Yave

m(q, 3,) = m, M, + o (S0
m M'L

where 6.5, ver esents th o s{?(n—s?(m mterackio
and |
6.8 = -3 for 5=0

&0 = -\ 50,/ =\ ,

A Eit ko khe O and 7 maltiplets yields

My =Mz Q21N M=l e etal! my =l SC@U X =Q.0L

/
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