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Summary	(lecture	1)	
! 	The	(expected)	discovery	of	the	π-meson	and	the	(unexpected)	
			discovery	of	the	K-meson	&	Λ	baryon	in	1947	marked	the	
			beginning	of	hadron	physics.	

! 	The	fact	that	K-mesons	were	produced	in	associa4on	with	Λ-baryons	
				led	to	the	discovery	of	Strangeness,	the	1st	flavor.		S	is	conserved	in	
				strong	and	electro-magne4c,	but	not	in	weak	interac4ons.	

! 	Experiments	showed	that	the	spin	and	parity	of	the	π,	K	and	η	
				mesons	are	all	JP=0-.		

! 	A	matching	set	of	meson	resonances	with	JP=1-,	the	ρ,	K*	and	
			ω	mesons,	were	found	in	bubble	chamber	experiments.	

! 	A	set	of	spin=3/2	baryon	resonances,	the	Δ(1232),	Y*(1385)	(now	
			called	the	Σ(1385))	and	Ξ(1530)	was	also	discovered.	

! 	Mesons	come	in	octets;	baryons	come	in	octets	and	decuplets.	



Lecture	2:	Are	hadrons	made	from	
more	fundamental	cons4tuents?	



But	1st:	Why	are	Ξ	baryons	called	
“cascades?”	

Ξ	"	Greek	leoer”Xi”																“cascade”	"English	word	for	mul4-4er	waterfall	

Cascade	Waterfall	
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Elementary	par,cle	“Zoo”	in	1963	

“stable”	hadrons	 meson	resonances	 baryon	resonances	

Two “classes” of  hadrons 

“non-strange:” n, p, p, r, … 

“strange:” L, S, K, K*, … 
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Meson	and	Baryon	Octets	

Y	=	“hypercharge”	=	S+B;	I3=	3rd	I-spin	component	

strangeness baryon number 

I3	

Y	

I3	

Y	JP=0-	meson	octet			 JP=½+	baryon	octet	



resonances	

?	

JP=1-	vector	meson	octet							

K*0	 K*+	

K*-	 K*0	
_	

ρ0	ρ-	 ρ+	

 f	
ω	

JP=3/2+	baryon	“decuplet"									
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1st	aJempts	at	Classifica,on	

Gell-Mann, Nakano, Nishijima realized that electric charge (Q) of all particles 
could be related to isospin (3rd component), Baryon number (B) and 
Strangeness (S): 

   Q = I3 +(S + B)/2= I3 +Y/2 
hypercharge (Y)  =  (S+B) 

Interesting patterns emerge when I3 is 
plotted vs. Y 

Y	

I3	

Meson	“octet”	

all	have	same	JP=0-	



1961:	Gell-Mann,	Nishijima	&	Nee’man:		The	EighXold	Way		

The	Eighsold	Way	appears	
in	the	Buddhist	teaching:		
"This	is	the	noble	truth	that	
leads	to	the	cessa4on	of	
pain.	This	is	the	noble	
eighsold	way.	.	."	



Octets	(and	decuplets)	are	representa,ons	
	of	the	SU(3)	Lie	group:	

SU(2)	group:		
Angular	Momentum	in	QM	

Pauli	Matrices	

Representa,ons:	

Spin=1/2	
Spin=1	

…	

SU(3)	group:		
Generaliza,on	of	SU(2)	

Gell-Mann	Matrices	

Representa,ons:	

octets	 decuplets	

…	



SU(3)	predic,on	for	the	Ω-	mass	

M≈1533	+	150	MeV	=	1683	MeV	
Q=-1	S=-3	

M=1533	MeV	

M=1385	MeV	

M=1232	MeV	

JP=3/2+	

Δ≈	153	MeV	

Δ	≈	148	MeV	

Gell-Mann	Okubo	mass	formula	

?	

Each	unit	of	Strangeness	increases	M	by	150	MeV		



1965:		Ω-	discovery	

1965:		the	Ω-	was	discovered	at	
the	Brookhaven	Lab	in	NY.	USA		
with	S=-3	&	M	=	1672	MeV,	near	
the	Gell-Mann/Okubo	predic4on	



Ω-	seen	at	CERN	too	



another	important	discovery	occurred	
at	about	the	same	4me	



Discovery	of	the	φ(1020)	
--	more	important	than	the	Ω-	?	--	

€ 

K −p →K 0K 0n 
K −p →K +K −n 

Phys.Rev.Leo.	10,	134	(1963)		

€ 

⇐ PK − = 2.23 GeV

� 

Mφ = 1019.5 ±  MeV
Γφ = 4.26 ± 0.04 MeV

JP = 1−

I = 0

"well	above	3π	threshold	

"narrower	than	ω(782)		



no	φ$π+π-;	φ$π+π-π0	<φ$K+K-	

1020	MeV	

1020	MeV	

For	J=1-	and	I=0.	φ$π+π-	is	forbidden		

� 

Bf (φ →π +π −π 0)
Bf (φ →K +K −)

= 0.31± 0.3

φ$π+π-π0	is	allowed	and	has	lots	of	phase-	
space.	Why	is	it	suppressed	rela4ve	to	
φ$K+K-,	which	has	4ny	phase-space?		



what’s	the	difference	between	the	
ω(782)	and	the	φ(1020)?	

� 

Γ(ω(782) →π +π −π 0) ≈ 7.5 MeV
Γ(φ(1020) →π +π −π 0) ≈ 0.65 MeV

Par4al	width:	

� 

Γ(X →Y + Z) ≡ Bf (X →Y + Z) × Γtotal
X

This	is	what	theorists	calculate	--	

same	quantum	
				numbers	

φ	has	more	phase	space	

ω	is	10×larger	



“totalitarian”	principle	

Gell-
Mann	What isn’t 

forbidden, 
is mandatory 

What	enhances	φ$K+K-	&	
		suppresses	φ$π+π-π0	?		

极权主义	



early	aoempts	to	iden4fy	hadron	
cons4tuents	



1st	aoempt	to	iden4fy	hadron	
cons4tuents:	Fermi-Yang	

Fermi & Yang in 1949  
(7 years before p discovery):	

				if NN potential is attractive, N & N  
  could bind to form a π-meson.	

		

π + = p n

π 0 = 1
2
p p + n n( )

π − = n p

pg	1739	



2nd	aoempt	to	iden4fy	hadron	
cons4tuents:	Sakata	



Sakata’s	Notebook	

Sakata	calls	the	Λ0	and	the		K	mesons	by	their	old	names:	V0,	θ+,0	and	τ+,0	

Fermi-Yang paper 
 prominently cited 



Sakata	model	produce	the	meson	
octets		

I3	

Y	

JP=0-	meson	octet			

I3	

Y	

pΛ		_	
pn	_	

nΛ	

_	

nΛ	

_	

np	_	 _	 _	

_		

Λn	

nn±pp	



but	the	baryon	decuplet	has	problems	

npn	 nnn	 ppp	 pnp	

npΛ	 nnΛ	 pnΛ	

ΛpΛ	 ΛnΛ	

???	

Q=-1	 Q=0	 Q=+1	 Q=+2	

Sakata’s	decuplet	

mass	spli�ng	is	uniform		and	
≈mΛ-mN=175	MeV,	not	so	bad		

ppn	 nnp	

ppΛ	

_

_	 _	

_	 _	

_	_	 _
__

_
_

for	S=-3,	need	ΛΛΛ	
but	ΛΛΛ	has	Q=0	



Sakata’s	baryon	octet	is	a	liole	peculiar	

nnn	 ppp	

npΛ	 pnΛ	

ΛpΛ	 ΛnΛ	

Q=0	 Q=+1	

Sakata’s	baryon	octet	

ppn	 nnp	

_

_	 _	

_	 _	

_
__

_nnΛ	
ppΛ	

_
_

S=0	

S=-1	

S=-2	

mul4ple	nucleon	
										states	



Sakata	also	explains	why	
φ$K+K-	and	ω$π+π-π0		

φ	

nn	
_		

pn	_		 ΛΛ	_		

Λp	_		

pΛ	_		

K-	

K+		

np	_		

nn	_		

np	_		

ρ-	

ω	

π0	

π-	

π+	

for		φ$π+π-π0	,	the	ini4al	Λ	and	Λ	
have	to	somehow	disappear	

_	



OZI	suppression	

φ			
Λ																				

_																														
Λ						 π+ 	p			

n			
n			
n			
n		

_		p			

		_		

		_																								

π0 	

π- 	

ini4al	state		 ini4al	state		

processes	in	which	there	are	no	cons4tuent	lines	
connec4ng	the	ini4al	&final	states	are	suppressed		



Comments	on	the	Sakata	model	

• It	reproduces	the	meson	octets	

• it	can	explain	the	φ-ω	puzzle	

• It	can	produce	baryon	octets	and	decuplets,	but	with	
								some	S=-3	state	charge	shi�ed	by	ΔQ=+1	

• It	treats	the	p.	n	and	Λ	as	special,	for	no		obvious	reason	

• It	contains	some	truth	but	it	is	not	the	whole	story	



Quarks	(Aces?)	

Gell-Mann	

Zwieg	

SU(3)-group	
structure	
“Quarks”	

ω-φ	puzzle	
“Aces	

l-1/3		

B	=	1/3		

Y=+1/3	

Y=-2/3	

Q	=-1/3	 Q	=+2/3	Frac/onal	
charges!!	

p			

B	=	1		

Y=1			

Y=-0	

Q	=-0	 Q	=+1	

n			

Λ						

u2/3	d-1/3	

s-1/3	

Sakata	



1964:		triplet	=	the	most	fundamental	
representa,on	of	SU(3)	

n-1/3		

l-1/3		

p-2/3		

Gell-Mann	

Zwieg	

“Quarks” “Aces” 

B	=	1/3		

Y=+1/3	

Y=-2/3	

Q	=-1/3	 Q	=+2/3	

Y=0	

Y=+1	

Y=-1	

Y=-2	

Frac/onal	
charges!!	



Textbooks:	Quark-Parton-Model	

� 

Λ = (uds)

mesons	=	quark-an4quark		 baryons	=	quark-quark-quark	
(qq)	_	 (qqq)	



Google	Search:											quark:										25,500,000	results	

Fabulously successful 
Quarks are probably the most 

well known particle physics quantity 
among the general public 

																							17,300,000	results		Yao	Ming:	



Quarks	&	An4quarks	in	Iz-Y	space	

d	 u	

s	

s	
_	

d	u	

_	

_	 _	

Iz	 Iz	

Y	 Y	

Iz=	z	component	of	Isospin		

Y=hypercharge	(=Baryon#	+	Strangeness)	

quarks	have	Baryon#=⅓		



Make	mesons	from	quark-an,quark	

d	 u	

s	

s	
_	

_	 d	
_	

_	

u	
_	

us	
_	

ud	
_	uu	

ds	
_	

du	
_	

sd	
_	

su	
_	

ss	

dd	
_	

Q=electric-charge	(=Iz+Y/2)	

9	states:	 SU(3)	singlet	
+	SU(3)	octet	



Ground	state	mesons		
JP=0-	

JP=1-	

K*0	 K*+	

K*-	 K*0	
_	

ρ0	ρ-	 ρ+	

 φ	
ω	

139	 139	

135	
548	

958	

498	

498	

494	

494	

896	

896	

892	

892	

776	776	776	 783	

1020	

nr=0	
nr=0	

(ρ+,ρ0,ρ-)=lightest	(π+,π0,π-)=lightest	
no s-quarks no s-quarks 



Discovery	of	the	η’	meson	

M=957.8	±1	MeV			Γ=0.20	±0.01	MeV					JP=0-	

� 

η→π +π −π 0

Phys.Rev.Leo.	12,	527	(1964)		 Phys.Rev.Leo.	12,	546	(1964)		

� 

K −p→Λ0 ′ η (958)

� 

→π +π−η
|	

Berkeley	72”	BC	
Brookhaven	80”	BC	



meson	“nonet”	=	octet	+	singlet	

I3	

Y	

JP=0-	meson	octet			
JP=0-	meson	singlet			

η1	
I3	

Y	

η8	

the	η8	and	η1	differ	only	
by	SU(3)	quantum	numbers	
%	they	mix	



η-η’mixing	
SU(3)	has	two	η-mesons,	an	“octet”	η8,	and	a	singlet	η1,	where:	

� 

η 1 = 1
3 uu + dd + ss ( )

η 8 = 1
6 uu + dd − 2ss ( )

However,	SU(3)	is	a	broken	symmetry,	so	η1	an	η8	“mix”.		Thus	
the	physical	η	and	η’	mesons	are	each	mixtures	of	η1	and	η8	:	

		

η
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⎟
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where	θP	is	the	“pseudoscalar	mixing	angle.”		The	range	of	
	of	allowed	values	is:	

� 

θP = −11o ⇔ −25o

For	θP=-9.7o,	the	η	&	η’	have	same	ss	and	(uu+dd)/√2	content	
(with	opposite	rela4ve	sign).		

_		 _		 _		



ω-φ	mixing	

� 

θV ≈ 37o

The	ω	and	φ	also	mix,	but	in	this	case	θV,		the	“vector	mixing	
angle”	is	large	and	posi4ve:		

this	is	very	close	to	the	“ideal”	mixing	angle		

� 

θV
ideal = arctan( 1 2) = 35.3o

in	which	case	the	φ-meson	would	be	100%	ss	while	the	
ω-meson	would	be	100%	(uu+dd)/√2.	In	fact	the	ss	content	
of	the	ω	is	about	3%	of	(uu+dd)/√2.	

_		
_		_		 _		

_		_		



How	about	the	baryons=qqq	model?	



d	 u	

s	

d	 u	

s	

d	 u	

s	

duu	

HW:		Finish	the	procedure	

uus	

uuu	

Make	baryons	from	3	quarks	



Answer	

uud	
uud	 uuu	dud	

sdd	

ddd	 dud 

sdd	 sud	sud	 suu	
suu	

ssd	 ssd	 ssu	 ssu	

sss	

sud	

27	states:	
1	SU(3)	decuplet	
+2	SU(3)	octets	
+1	SU(3)	singet	
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Ground	state	Baryons	

M=1672	MeV	

M=1533	MeV	

M=1385	MeV	

M=1232	MeV	

1192	

1115	

1189	

938	

1197	

939	

1321	 1315	

JP=1/2+	
JP=3/2+	

all	nr=0	
all	nr=0	



Summary	(lecture	2)	
• 	The	frac4onally	charged	quark	model	does	a	good	job	
			at	explaining	then	paoerns	and	proper4es	of	the	ground	
			state	mesons	and	baryons.		

• 	The	qq=mesons	and	qqq=baryon	prescrip4ons	work	well	
		for	the	lowest-lying	mesons	&	baryons,	but	fail	otherwise	

_	



Discussion/HW	items		

Why	is	φ(1020)$ππ	forbidden?	

In	octet-singlet	meson	mixing	there	are	two	extreme	cases:	
			--in	one,	called	“Ideal	mixing,”	one	of	the	physical	mesons	is	
						purely	ss,	while	the	other	is	purely	(uu+dd)/√2.	

			--in	the	other	extreme,	the	two	physical	mesons	have	equal	
						ss	and	(uu+dd)/√2	content,	with	opposite	rela4ve	sign.	

Show	that	ideal	mixing	occurs	when	the	mixing	angle	θ=35.3o	

and	the	equal	ss-content	cases	occurs	when	θ=-9.7o.	

_	 _	 _	

_	 _	 _	

_	


