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Lecture	1:		What	are	hadrons?	



What	is	a	hadron?	

Lev	Okun	1929-2015							
Lepton	(pre-euro	
						Greek	coin)							

ICHEP-XI			Geneva	1962	



Outline	
•  Main	Lecture	

–  a	liVle	bit	of	the	history	of	par4cle	physics			

	discover	of	the	π	and	K	mesons	and	strange	baryons	
	units,	symmetries,	commonly	used	jargon,	etc	

-  	meson	and	baryon	octets	and	baryon	decuplet	
-  	SU(3)	flavor-symmetry	
-  	discovery	of	the	Ω-	and	the	φ(1020)	
-  	OZI	rule	and	the	need	for	something	new	

•  Special	topic	
–  Dalitz	plots	
–  ω!π+π-π0		Dalitz	plot	
–  D!Kρ0!Kπ+π-	Dalitz	plot	
–  D!K*-π+!Kπ+π-		



Standard	Model	of	Par.cle	Physics	pre	2012	
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LHC	

July	4th,	2012:		Higgs	is	discovered	at	CERN	
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Peter	
Higgs	



We	have	been	there	before	



1935:	par4cle	physics	
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Search	for	Yukawa’s	pion	



Cosmic	rays:		Nature’s	accelerator	lab	
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High	energy	proton	from	outer	space	

π mesons?	
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1936	µ,	not	π	is	discovered	

from (anomalous) ionization density 
range & momentum:  µ≈130me 

Phys	Rev	50,	263	(1936)	

Anderson-Neddermeyer	
			cloud	chamber	

B=0.45	Tesla	

cosmic	ray	
(4300	meters)	

Anderson	

Neddermeyer	

Phys	Rev	51,	884	(1937)	

"	????	



Cloud	chambers	



“improved”	π-meson	search	technique	

2) let it fly to ~ 30,000 m 

π+

3) hope that some π+ mesons 
stop in the emulsion & decay 

1) load photographic 
emulsions on a balloon 

4) get some people 
to scan the emulsion 
under a microscope 



Yukawa’s	π finally	discovered	in	1947	

e-nn.
_

C.	Powell	
1950	Nobel	Prize	

π!µ!e	decays	
registered	in	
balloon-borne	
photographic	
emulsion	

Nature	159,	4047	(1947)	

May	24,	1947	



But,	at	the	same	4me	(1947)…..	

N
S	

cosmic ray 
proton 

George	Rochester	

Clifford	Butler	

Cloud chamber 

Magnet	

3000	m						



“V”	Par4cles	#	totally	unexpected	

θ0!	π+π-	
Nature	169,	855	(1947)	

Λ0!	pπ-	

Nature	160,	855	(1947)	

Dec	20,	1947	



&	K+	mesons		(also	not	expected)	

θ+!	π+π0	

mθ ≈	mp/2	
G.D.	Rochester	&	C.C.Butler,	
Nature	160,	855	(1947)	

θ+	

π+	

cloud	chamber	

P(θ+)=(-1)(-1)	=+	θ+

q has	even	parity	
P(τ+)=(-1)3	=	-τ+

t has	odd	parity	
same mass, 

same lifetime, 
opposite P 

τ+!	π+π+π-	

mτ	=	970	me	(495	MeV)	
R.Brown	et	al.,	Nature	163,	47,82	(1949)	

photographic	emulsion	

1947	 1949	

T.D.	Lee	&	C.N.	Yang		PRL		104,	254	(1956)	θ+ 	=	τ+		(now	=	K+	meson)		&	parity	is	violated	in	weak	decays	



π0	!ΥΥ	discovery	

Berkeley	e-	

sybchrotron	

� 

γ +  N →π 0 +  N



Major	puzzle	
The	V0,	θ±	and	τ± par4cles	are	made	by	strong	interac4ons	but	
live	a	long	4me	and,	so,	must	decay	by	weak	interac4ons.		

cosmic ray 
proton 

Produ
ced	vi

a		

strong
	intera

c4on	

decays	via	weak		
interac4on	

What	prevents	them	
from	decaying		via	
Strong	Interac4ons?	

Δt~few	nsecs	



1952:		Pais	proposes	a	new	Quantum	
Number	

!for	neutron/proton/π	(“old	par4cles”)		this	new	QN	=	0	

!for	Λ0/K0…	(“new	par4cles”)		the	new	QN	=	+1	

(Phys	Rev	86,	663	(1952)):	

Pais’	principle	of	“evenness:”				
						-Strong	interac4ons:	only	even	changes	in	the	new	QN	are	allowed	

						-Weak	Interac4ons:	odd	changes	in	the	new	QN	are	okay		

Unambiguous	predic4on:		the	new	par4cles	are	always	produced	in	pairs	

	e.g.:			π-	p	!	K0Λ0															Δ(new	QN)	=2	$	allowed	

                   π-	p	!π0Λ0																Δ(new	QN)	=	1		$	not	allowed	

A.Pais		



1953:		The	Cosmotron			
3.3	GeV	proton	accelerator	at	Brookhaven	Lab	(near	NYC)	

This	produced	the	new	par4cles	under	controlled	condi4ons	



“New”	par4cles	are	produced	in	pairs	

W.D.Fowler,	R.P.Shuk,	A.M.Thorndike	&	W.L.Whikemore	
Phys.	Rev.	93,	861	(1953)	



1955:	Pais	&	Gell-Mann	

A.Pais	

Revised	Pais’	original	idea:	

!for	neutron/proton/π	the	new	QN	=	0	

!for	K0/K+…	the	new	QN	=	+1 

!for	Λ0/Σ+/-/0…	the	new	QN	=-1	

						-Strong	interac4ons	conserve	strangeness 

						-Weak	Interac4ons	do	not	conserve  strangeness 

Gave	the	new	QN	a	name:			Strangeness 



Birth	of	High	Energy	Physics	

High	energy:			Sufficient	energy	to	produce	Strange	par4cles			



Units,	nota4on,	important	quantum	
numbers	



Units	

  

� 

In this class :  ! =  c =  1
All quantities are expressed in MeV (or GeV)
[distance] unit  ⇒  MeV-1

[time] unit         ⇒  MeV-1

to convert back to ordinary units :

     [distance] =  !c
1 MeV

 =  197 fm =  1.97 ×10−13m

     [time] =  [distance]
c

 =  !
1 MeV

 =  6.58 ×10−22sec

� 

nuclear force range ≈  1.4 fm 

=  1.4
197 MeV

 =  1
140 MeV 	≈	1/7	mproton	

Example:	
nucleon-nucleon	force	



Spectroscopic	Nota4on	

S=1	%	triplet	of	state	
S=0	%	singlet	

JPC	quantum	numbers	
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Important	Quantum	numbers	



Important	Quantum	numbers	



Slide	copied	from	Diego	BeVoni	

called an “axial” vector 



Slide	copied	from	Diego	BeVoni	

fermions	and	an4fermions		



Slide	copied	from	Diego	BeVoni	



		(Aµ ↔−Aµ 		when		q↔−q)

Slide	copied	from	Diego	BeVoni	



Slide	copied	from	Diego	BeVoni	



Slide	copied	from	Diego	BeVoni	



Slide	copied	from	Diego	BeVoni	



Slide	copied	from	Diego	BeVoni	



Slide	copied	from	Diego	BeVoni	



Slide	copied	from	Diego	BeVoni	



Slide	copied	from	Diego	BeVoni	



Slide	copied	from	Diego	BeVoni	



Slide	copied	from	Diego	BeVoni	



Slide	copied	from	Diego	BeVoni	



Slide	copied	from	Diego	BeVoni	



Slide	copied	from	Diego	BeVoni	



Slide	copied	from	Diego	BeVoni	



43. Clebsch-Gordan coefficients 1

43. CLEBSCH-GORDAN COEFFICIENTS, SPHERICAL HARMONICS,

AND d FUNCTIONS

Note: A square-root sign is to be understood over every coefficient, e.g., for −8/15 read −
√

8/15.

Y 0
1

=

√

3

4π
cos θ

Y 1
1

= −
√

3

8π
sin θ eiφ

Y 0
2

=

√

5

4π

(3

2
cos2 θ −

1

2

)

Y 1
2

= −
√

15

8π
sin θ cos θ eiφ

Y 2
2

=
1

4

√

15

2π
sin2 θ e2iφ

Y −m
ℓ = (−1)mY m∗

ℓ ⟨j1j2m1m2|j1j2JM⟩
= (−1)J−j1−j2⟨j2j1m2m1|j2j1JM⟩d ℓ

m,0 =

√

4π

2ℓ + 1
Y m

ℓ e−imφ

d j
m′,m = (−1)m−m′

d j
m,m′ = d j

−m,−m′ d 1
0,0 = cos θ d

1/2

1/2,1/2
= cos

θ

2

d
1/2

1/2,−1/2
= − sin

θ

2

d 1
1,1 =

1 + cos θ

2

d 1
1,0 = −

sin θ√
2

d 1
1,−1

=
1 − cos θ

2

d
3/2

3/2,3/2
=

1 + cos θ

2
cos

θ

2

d
3/2

3/2,1/2
= −

√
3
1 + cos θ

2
sin

θ

2

d
3/2

3/2,−1/2
=

√
3
1 − cos θ

2
cos

θ

2

d
3/2

3/2,−3/2
= −

1 − cos θ

2
sin

θ

2

d
3/2

1/2,1/2
=

3 cos θ − 1

2
cos

θ

2

d
3/2

1/2,−1/2
= −

3 cos θ + 1

2
sin

θ

2

d 2
2,2 =

(1 + cos θ

2

)2

d 2
2,1 = −

1 + cos θ

2
sin θ

d 2
2,0 =

√
6

4
sin2 θ

d 2
2,−1

= −
1 − cos θ

2
sin θ

d 2
2,−2

=
(1 − cos θ

2

)2

d 2
1,1 =

1 + cos θ

2
(2 cos θ − 1)

d 2
1,0 = −

√

3

2
sin θ cos θ

d 2
1,−1

=
1 − cos θ

2
(2 cos θ + 1) d 2

0,0 =
(3

2
cos2 θ −

1

2

)

Figure 43.1: The sign convention is that of Wigner (Group Theory, Academic Press, New York, 1959), also used by Condon and Shortley (The
Theory of Atomic Spectra, Cambridge Univ. Press, New York, 1953), Rose (Elementary Theory of Angular Momentum, Wiley, New York, 1957),
and Cohen (Tables of the Clebsch-Gordan Coefficients, North American Rockwell Science Center, Thousand Oaks, Calif., 1974).

important	page	in	PDG	for	this	class	



proper4es	of	π-	and	K-mesons	



Spin	of	the	π+	

M

p	

p	

π	

d	

  

� 

dσ
dΩ

∝ M 2 × ps × (# spin states)

� 

pp↔π +d

same both ways 

=4/3 for sπ = 0 
=4/9 for sπ = 1 

 sπ = 1 

 sπ =0  

 expt 

� 

dσ
dΩ

pp→π +d( )← compare→ dσ
dΩ

π +d → pp( )



Parity	of	the	π-	

� 

π−d →nn     ⇐ observed
capture occurs 
 in an S-wave  
   J=Sd=1  

stopped 

only Pauli-allowed’ 
J=1 nn state is 3P1 

� 

⇒ PπPd = −1;    since Pd = 1,  Pπ = −1



Spin	of	π0			%		Yang’s	theorem	

C.N.	Yang:				Spin=1	par4cle	cannot	decay	to	2	photons	

Gell-Mann	C.N.Yang	

Phys.	Rev.	77,	242	(1950)	

� 

π 0 →γγ ⇐ cannot be S =1



Parity	of	π0	$use	double	“Dalitz”	decays	 			

e+	

e-	

e+	

e-	

φ	

		e
+e− ←γ *←π 0→γ *→ e+e−

� 

µ + µ−← Z 0← H →Z*0 →µ + µ− used to determine parity of the Higgs

Phys.	Rev.	98,	1355	(1955)	

		

dN
dφ

∝1±α cos2φ

		+	⇒0+ ;		-⇒0−

“Dalitz”	decays	

2x“Dalitz”	decays	

π0	decay	modes	
				from	PDG	



		e
+e− ←γ *←π 0→γ *→ e+e−

Phys.	Rev.	LeV.	3,	525	(1959)	

for	this	expt’s	acceptance:	αtheory	=	0.48	

“typical”	event	

Pπ0	=	-1	



Parity	of	the	K-	

capture occurs 
 in an S-wave  
      J=0  

strong interaction 

� 

⇒ PK =  Pπ = −1

� 

K − 4He→π− Λ
4He

stopped 4He nucleus 
with n!Λ 

� 

JP :  0?    0+      0-     0+

He	bubble	chamber	



Resonances	
The	Fermi	π-Nucleon	resonance:		Δ(1236)	

σtot	

π+p	

π-p	

� 

Ecm
max (π +p) = 1.19 GeV

Based	on	these	data,	Fermi	
predicted	a	J=3/2;	I=3/2	
resonance	with	mass	just	
above	1200	MeV	



The	Δ(1232)	resonance	



Breit	Wigner	line	shape	

� 

ΔM = Γ = FWHM

� 

ABW =
Γ/2

(M −M0) − iΓ/2
:   ⇒   BW = ABW

2
=

Γ2 /4
(M −M0)2 + Γ2 /4

� 

BW = ABW
2

Please	note:			This	is	the	simplest	version	of	many	different	expressions	used	to	
describe	resonance	line	shapes.	These	general	features	are	common	to	all	forms.			



Phase	structure	of	ABW	

� 

BW = ABW
2

� 

ℜe ABW( )

Re	

Im	

Re	

Im	
Re	

Im	

Γ

M	

M0	

≈900	

≈00	

≈1800	

� 

ℑm ABW( )

� 

ℑm ABW( ) &  ℜe(ABW )

� 

phase =  A tan
ℑm ABW( )
ℜe ABW( )

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

� 

ℜe(ABW )

� 

ℑm ABW( )

M=M0	

M=0	

												Argand	plot	

--	ABW	moves	CCW	in	a	circle	

--	rapid	“phase	mo4on”	where	
			|ABW|	is	maximum	

M0/2	3M0/2	



return	to	the	Fermi	resonance:	Δ(1232)	

� 

ℑm J = 3
2 ;I = 3

2( )

� 

ℜe(J = 3
2 ;I = 3

2)

� 

M = 1232 ± 2 MeV
Γ =117 ± 3 MeV

JP = 3
2

+

I = 3
2



Other	Resonances	

--	The	glory	days	of	Bubble	Chambers	--	



Bubble	chambers	
Pressurize	the	liquid	to	~10	Atm	
			to	keep	it	from	boiling	

Pass	par4cle		beam	through	liquid	

Rapidly	depressurize	the	liquid	
	--it	starts	to	boil	around	the	
				track-induced	ions.	

Allow	bubbles	to	grow	for	~3	msec	

Flash	lamps;	take	photographs	

Recompress	before	general	boiling	
				occurs.	

Repeat	

Cryogenic	liquid	
above	its	normal	
boiling	point		

Donald	Glaser	
1926-2013	

1959	Nobel	physics	prize	



80-inch	bubble	chamber	at	Brookhaven	



80-inch	bubble	chamber	op4cs	



Bubble	chamber	event	



Lots	and	lots	of	pictures	
--	most	of	them	uninteres4ng	--	

Scanner			



First	large-scale	applica4ons	of	digital	
computers.	

On	many	University	campuses,	the	most	powerful	computers	were	in	the	HEP	lab.	



K-p!	K0	Ξ0	π+	π-	event	



Invariant	mass	

A	 A	

b	

c	

resonance	or	par4cle	
we	want	to	study	

very	short	life4me	

daughter	par4cles	
(the	ones	we	measure)	

  

� 

pA = (! p A,EA)

  

� 

pb = (! p b,Eb)

  

� 

pc = (! p c,Ec)

  

� 

MA = pA
2 = EA

2 − ! p A
2

� 

pA = pb + pc

  

� 

MA = (pb + pc)
2 = (Eb + Ec)

2 − ! p b + ! p c
2

energy-momentum	conserva4on	

Einstein	rest-mass	vs	energy	rela4on	
“invariant	mass”	of	par4cles	a	and		b	

� 

+



S=-1	resonances	

€ 

K −p→Y *−π +

€ 

→Λ0π−|	

€ 

K −p→Y *+π−

€ 

→Λ0π +|	

“reflec4on”	from	Y*-	

€ 

K −p→Λ0π +π−  ⇐ PK =1.15 GeV

Y*-	

π-	

π+	

Y*-	!π-Λ	
“signal”	

“reflec
4on”	

	K-p	 Λ	

Phys.Rev.LeV.	5,	115	(1960)	

€ 

MY *
2 = Ecm

2 +mπ
2 − 2EcmEπ −bachelor

“bachelor” π 

“Dalitz	plot”	



Y*(1385)	!	Λπ	

� 

M = 1384 ± 2 MeV
Γ = 36 ± 2 MeV

JP = 3
2

+

I = 1



S=-2	resonance:	Ξ*(1530)!Ξ	π	

� 

M = 1533 ± 2 MeV
Γ = 10 ± 1 MeV
JP = 3

2

I = 1
2



Meson	resonance:	K*(892)!Kπ	

M
(K
π)
		M

eV
		

� 

K −p→K*−(892)p

� 

→K 0π−
|	

Eπ	(Mev)	

E p
	(M

ev
)		
		

“Dalitz	plot”	
� 

K − p →K 0π− p  ⇐ PK = 1.15 GeVPhys.Rev.LeV.	6,	120	(1961)			



Meson	resonance:	ρ(770)!ππ	

€ 

π−p→π−π 0p 
π−p→π +π−n 

Phys.Rev.LeV.	6,	124	(1961)		

€ 

⇐ Pπ =1.89 GeV

€ 

π−p→π−π 0p 

€ 

π−p→π +π−n 

M(	ππ)		MeV		

I=1 is favored 

� 

Mρ = 775.5 ± 0.4MeV
Γρ =149 ± 1 MeV

JP = 1−

I = 1



Meson	resonance:	ω(782)!π+π-π0	

Phys.Rev.LeV.	7,	126	(1961)		

€ 

⇐ Pp =1.61 GeV

M(	πππ)		GeV		

€ 

π +π +π 0

€ 

π−π−π 0
€ 

p p →π +π +π−π−π 0

€ 

π +π−π 0

€ 

p p →ω(782)π +π −

€ 

→π +π−π 0
|	

� 

Mω = 782.6 ± 0.1 MeV
Γω = 8.5 ± 0.1 MeV
JP = 1−

I = 0



Quantum	numbers	of	the	ρ	&	ω	



ρ	meson	quantum	numbers	
Known:		ρ0!π+π-	and	Ispin=1																															

		

ρ0 = 1
2

π + π − − π − π +⎡
⎣

⎤
⎦ 		⇐ 	asymmetric	in	π + ↔π−

		to	preserve	Bose	statistics:	need	asymmetry	in	parity
				⇒ 	π +π − 	must	be	in	a	P-wave,	P=-1	& J P =1−

� 

C ρ0 = 1
2 C π + π − −C π − π +[ ] = 1

2 π − π + − π + π −[ ] = − ρ0

                                         ⇒  C = -1

� 

JP :

� 

C :

� 

G
ρ+

ρ0

ρ=

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ 

= CeiπI 2

ρ+

ρ0

ρ=

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ 

= +
ρ+

ρ0

ρ=

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ 
  ⇒ G = +

� 

G :
JPC=1-	-	



ω	meson	quantum	numbers	
Known:		ω0!π+π-	π0	and	Ispin=1																															

� 

Gω = Cω e
iπI 2 ω = −ω   for I = 0, eiπI 2 = 1  ⇒   Cω = −1

� 

JP :

� 

C :
� 

G :

� 

G nπ = -1( )n nπ   for ω →3π,  n = 3 &  Gϖ = -1 

0’s	in	the	Dalitz	plot:	C.	Zemach		
Phys.Rev.	113.	B1201	(1964)		

		 

1− →π +π −π 0 	decay	amplitude

						∝ −1( )3 !pπ + ×
!
p
π−

JPC=1-	-	

(π	parity)3	

event	density	is	
0	at	boundary	



What	about	K*(892)	quantum	numbers?		

KE	(π)	

KE
p	
(M

ev
)		
		

� 

K − p →K 0π− p  ⇐ PK = 1.15 GeV

--	examine	the	Dalitz	plot	--	

M2	(Kp)	

not	uniform	

more	events	 more	events	

few	(≈0)	events	



What	about	K*(892)	quantum	numbers?		

� 

⇐ K*−(892)

KE	(π)	

KE
p	
(M

ev
)		
		

� 

K − p →K 0π− p  ⇐ PK = 1.15 GeV

--	examine	the	Dalitz	plot	--	
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cosθK≈+1	cosθK≈-1	

most	events	@	cosθK≈	±1	
			≈	0	events	at	cosθK≈0	
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What	about	K*(892)	quantum	numbers?		
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Discovery	of	the	η	meson	(1961)	
Phys.Rev.LeV.	7,	131	(1961)		

� 

⇐ Pπ + = 1.23 GeV

� 

π +d → ppπ +π−π 0

� 

π +d →η(548)pp

� 

→π +π−π 0|	
� 

π +d →ω(782)pp

� 

→π +π−π 0|	

π+	

Deuterium	–filled	
80”	bubble	chamber	

d	

p	

π-
π0

p	

π+

p	

π0	is	not	detected.	
presence	inferred	
by	kinema4cs	



η	is	also	seen	in	η!γγ	decay	mode	

θγγ	

Phys.Rev.LeV.	9,	127	(1962)		

--	by	Yang’s	theorem,	
			spin	1	is	not	allowed	 $	Spin=0	

--	η!ππ	not	seen	 $	Parity=-1	

--	η!γγ	seen	 $Charge	Parity=+1	

--	η!πππ	violates	
				G-parity	

$Elec-Mag	process	

JPC=0-+	

η!γγ	

  

� 

minimum γγ opening angle
   depends on mη  and ! p η



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*, … 

X

S

L

N

K	

p

m

e	

K*	

r

w

K2*	

Y*	

D

X*	

#”wallet cards” 



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"									



History:	
(sub-atomic	
par.cles)	

1932:		proton	&	neutron	

	 		..all	we	need???	

1937:	muon	
	 	“Who	ordered	that?”	

1947:	pion	

	 	predicted	in	1935	

1950’s:		π,K,Λ,…		

	“Had	I	foreseen	that,	I	would	have		

							gone	into	botany”	–	Fermi	

chadwick	

Fermi	

Ting	Peters	 Jones	

Rabi	

Yukawa	

Joliet-Curie	



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	
				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.	



some	discussion	items/ques4ons	

Prove	Yang’s	theorem.	

Why	would	the	decay	η(547)!ππ	violate	parity	conserva4on?	

Although	the	η(547)	mass	is	well	above	3mπ,	the	par4al	decay	width	
			Γ(η!3π)	is	only	≈1	keV,	which	means	it	is	not	an	allowed	strong	Interac4on	
			process.	Why	is	η!3π	not	an	allowed	strong	Interac4on	process?				

Why	doesn’t	the	ρ(770)0	decay	to	π0π0?		

Why	doesn’t	the	ω(782)0	decay	to	π0π0π0?		

		Show	that	for	f 	 f 	states,	C = (−1)
L+S , 	where	f 	is	a	fermion.


