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hc(1P)hc(1P)hc(1P)hc(1P) IG (JPC ) = 0−(1 +−)

Mass m = 3525.38 ± 0.11 MeV
Full width Γ = 0.7 ± 0.4 MeV

p

hc (1P) DECAY MODEShc (1P) DECAY MODEShc (1P) DECAY MODEShc (1P) DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

J/ψ(1S)ππ not seen 312

J/ψ(1S)π+π− < 2.3 × 10−3 90% 305

pp < 1.5 × 10−4 90% 1492

ppπ+π− ( 2.9±0.6)× 10−3 1390

π+π−π0 ( 1.6±0.5)× 10−3 1749

2π+2π−π0 ( 8.1±1.8)× 10−3 1716

3π+3π−π0 < 9 × 10−3 90% 1661

K+K−π+π− < 6 × 10−4 90% 1640

Radiative decaysRadiative decaysRadiative decaysRadiative decays
γ η ( 4.7±2.1)× 10−4 1720

γ η′(958) ( 1.5±0.4)× 10−3 1633

γ ηc (1S) (51 ±6 ) % 500

χc2(1P)χc2(1P)χc2(1P)χc2(1P) IG (JPC ) = 0+(2 + +)

Mass m = 3556.17 ± 0.07 MeV
Full width Γ = 1.97 ± 0.09 MeV

p

χc2(1P) DECAY MODESχc2(1P) DECAY MODESχc2(1P) DECAY MODESχc2(1P) DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

Hadronic decaysHadronic decaysHadronic decaysHadronic decays
2(π+π−) ( 1.02±0.09) % 1751

π+π−π0π0 ( 1.83±0.23) % 1752

ρ+π−π0+ c.c. ( 2.19±0.34) % 1682

4π0 ( 1.11±0.15)× 10−3 1752

K+K−π0π0 ( 2.1 ±0.4 )× 10−3 1658

K+π−K0π0+ c.c. ( 1.38±0.20) % 1657

ρ−K+K0+ c.c. ( 4.1 ±1.2 )× 10−3 1540

K∗(892)0K−π+ →

K−π+K0π0+ c.c.
( 2.9 ±0.8 )× 10−3 –

K∗(892)0K 0π0 →

K+π−K0π0+ c.c.
( 3.8 ±0.9 )× 10−3 –

K∗(892)−K+π0 →

K+π−K0π0+ c.c.
( 3.7 ±0.8 )× 10−3 –

K∗(892)+K0π− →

K+π−K0π0+ c.c.
( 2.9 ±0.8 )× 10−3 –
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f0(500)f0(500)f0(500)f0(500) IG (JPC ) = 0+(0 + +)

also known as σ; was f0(600)

See the review on ”Scalar Mesons below 2 GeV.”
Mass (T-Matrix Pole

√
s) = (400–550)−i(200–350) MeV

Mass (Breit-Wigner) = (400–550) MeV
Full width (Breit-Wigner) = (400–700) MeV

f0(500) DECAY MODESf0(500) DECAY MODESf0(500) DECAY MODESf0(500) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

ππ seen –
γ γ seen –

ρ(770)ρ(770)ρ(770)ρ(770) IG (JPC ) = 1+(1−−)

See the note in ρ(770) Particle Listings.
Mass m = 775.26 ± 0.25 MeV
Full width Γ = 149.1 ± 0.8 MeV
Γee = 7.04 ± 0.06 keV

Scale factor/ p

ρ(770) DECAY MODESρ(770) DECAY MODESρ(770) DECAY MODESρ(770) DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

ππ ∼ 100 % 363

ρ(770)± decaysρ(770)± decaysρ(770)± decaysρ(770)± decays

π±γ ( 4.5 ±0.5 )× 10−4 S=2.2 375

π±η < 6 × 10−3 CL=84% 152

π±π+π−π0 < 2.0 × 10−3 CL=84% 254

ρ(770)0 decaysρ(770)0 decaysρ(770)0 decaysρ(770)0 decays

π+π−γ ( 9.9 ±1.6 )× 10−3 362

π0γ ( 4.7 ±0.6 )× 10−4 S=1.4 376

ηγ ( 3.00±0.21 )× 10−4 194

π0π0γ ( 4.5 ±0.8 )× 10−5 363

µ+µ− [h] ( 4.55±0.28 )× 10−5 373

e+ e− [h] ( 4.72±0.05 )× 10−5 388

π+π−π0 ( 1.01+0.54
−0.36±0.34)× 10−4 323

π+π−π+π− ( 1.8 ±0.9 )× 10−5 251

π+π−π0π0 ( 1.6 ±0.8 )× 10−5 257

π0 e+ e− < 1.2 × 10−5 CL=90% 376
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IIA.  Meson Naming Scheme
1 8. Naming Scheme for Hadrons

8. Naming Scheme for Hadrons

Revised August 2019 by V. Burkert (Je�erson Lab), S. Eidelman (Budker Inst., Novosibirsk; Novosi-
birsk U.), C. Hanhart (Jülich), E. Klempt (Bonn U.), R.E. Mitchell (Indiana U.), U. Thoma (Bonn
U.), L. Tiator (KPH, JGU Mainz) and R.L. Workman (George Washington U.).

In the 1986 edition [1], the Particle Data Group extended and systematized the naming scheme
for mesons and baryons. The extensions were necessary in order to name the new particles con-
taining c or b quarks that were rapidly being discovered. With the discoveries of particles that are
candidates for states with more complicated structures than just qq or qqq, it is necessary to extend
the naming scheme again.

8.1 “Neutral-flavor” mesons
The naming of mesons is based on their quantum numbers. Although we use names established

within the naive quark model, the name does not necessarily designate a (predominantly) qq state.
In other words, the name provides information on the quantum numbers of a given state and not
about its dominant component, which might well be qq (if allowed) or tetraquark, molecule, etc.
In many cases, exotic states will be di�cult to distinguish from qq states and will likely mix with
them, and we make no attempt to, e.g., distinguish those that are “mostly gluonium” from those
that are “mostly qq.”

Table 8.1: Symbols for mesons with strangeness and heavy-flavor quan-
tum numbers equal to zero. States that do not yet appear in the RPP are
listed in parentheses.

JP C =
I 0≠+ 1+≠ 1≠≠ 0++

2≠+ 3+≠ 2≠≠ 1++

...
...

...
...

Minimal quark content
ud̄, uū ≠ dd̄, dū (I = 1) fi b fl a
dd̄ + uū and/or ss̄ (I = 0) ÷,÷Õ h,hÕ Ê,„ f ,f Õ

cc̄ ÷c hc Âú ‰c

bb̄ ÷b hb Ã ‰b

I = 1 with cc̄ ( c) Zc Rc (Wc)
I = 1 with bb̄ ( b) Zb (Rb) (Wb)

úThe J/Â remains the J/Â.

Table 8.1 shows the names for mesons having strangeness and all heavy-flavor quantum numbers
equal to zero. The rows of Table 8.1 give the minimal qq content. The columns give the possible
parity/charge-conjugation states,

PC = ≠+, +≠, ≠≠, and ++ .
Within the naive quark model, these combinations correspond one-to-one to the angular-momentum
state 2S+1LJ of the qq system being

1(L even)J , 1(L odd)J , 3(L even)J , or 3(L odd)J ,

respectively. Here S, L, and J are the spin, orbital, and total angular momenta of the qq system.
Within the naive quark model, the quantum numbers are related by P = (≠1)L+1, C = (≠1)L+S ,

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
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Separate mesons into “flavored” and 
“unflavored” ( , , ):

Flavored:
*  the name is based on the flavor of the 
       heaviest quark (or antiquark)

 , , 

*  a subscript is used for the flavor of 
       the other quark (or antiquark), if there  
       is another flavor

 , , 

*  include a * for  
        and no * for 

 

*  the spin is another subscript, but is implied 
        for  =  and 

 

S = 0 C = 0 B = 0

⟹ K D B

⟹ Ds Bs Bc

JP = 0+, 1−, 2+, 3−, . . .
JP = 0−, 1+, 2−, 3+, . . .

⟹ K, K*, . . .

JP 0− 1−

⟹ K1, K2, K*2 , . . .

π0 |η |η′ 

η |η′ 

J/ψ

Υ

u

QUARKS

A
N
TI
Q
U
A
RK
S

ϕ

d s c b

ū

d̄

s̄

c̄

b̄

K+

π−

π+

K0

K̄0

K−

D− D̄0

B+

D−
s

D0

D+

D+
s

B+
c

B−
c

B−

B̄0

B̄0
s

B0
sB0

π0 |η |η′ 

Given the name, you know at least the flavor and .JP
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π0 |η |η′ 

η |η′ 

J/ψ

Υ

u

QUARKS

A
N
TI
Q
U
A
R
K
S

ϕ

d s c b

ū

d̄

s̄

c̄

b̄

K+

π−

π+

K0

K̄0

K−

D− D̄0

B+

D−
s

D0

D+

D+
s

B+
c

B−
c

B−

B̄0

B̄0
s

B0
sB0

π0 |η |η′ 

 family
(weak decays, no mixing)

 family
(weak decays, mixing)

 family
(large electromagnetic decays)

 family
(strong decays, near or below open flavor threshold)

 family
(strong decays, above open flavor threshold)

 family
(exotic flavor quantum numbers)

K+

K0

π0

J/ψ

ρ

Zc(3900)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited 
states

ground  
state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

1−(−)

2+(+)

1+(+)

0+(+)

1+(−)

1−(−)

0−(+)

JP(C)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4430)+ → π+ψ(2S)
Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ

Zcs(4000)+ → K+J/ψ
Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ …

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited states
ground state

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited states
ground state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

,  ,  ,  ud̄ uū dd̄ ss̄ cc̄ bb̄ , ds̄ us̄ cs̄ , db̄ ub̄ sb̄, cū cd̄
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π0 |η |η′ 

η |η′ 

J/ψ

Υ

u

QUARKS

A
N
TI
Q
U
A
RK
S

ϕ

d s c b

ū

d̄

s̄

c̄

b̄

K+

π−

π+

K0

K̄0

K−

D− D̄0

B+

D−
s

D0

D+

D+
s

B+
c

B−
c

B−

B̄0

B̄0
s

B0
sB0

π0 |η |η′ 

 family
(weak decays, no mixing)

 family
(weak decays, mixing)

 family
(large electromagnetic decays)

 family
(strong decays, near or below open flavor threshold)

 family
(strong decays, above open flavor threshold)

 family
(exotic flavor quantum numbers)

K+

K0

π0

J/ψ

ρ

Zc(3900)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited 
states

ground  
state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

1−(−)

2+(+)

1+(+)

0+(+)

1+(−)

1−(−)

0−(+)

JP(C)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4430)+ → π+ψ(2S)
Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ

Zcs(4000)+ → K+J/ψ
Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ …

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited states
ground state

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited states
ground state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

,  ,  ,  ud̄ uū dd̄ ss̄ cc̄ bb̄ , ds̄ us̄ cs̄ , db̄ ub̄ sb̄, cū cd̄

6

π0 |η |η′ 

η |η′ 

J/ψ

Υ

u

QUARKS

A
N
TI
Q
U
A
R
K
S

ϕ

d s c b

ū

d̄

s̄

c̄

b̄

K+

π−

π+

K0

K̄0

K−

D− D̄0

B+

D−
s

D0

D+

D+
s

B+
c

B−
c

B−

B̄0

B̄0
s

B0
sB0

π0 |η |η′ 

 family
(weak decays, no mixing)

 family
(weak decays, mixing)

 family
(large electromagnetic decays)

 family
(strong decays, near or below open flavor threshold)

 family
(strong decays, above open flavor threshold)

 family
(exotic flavor quantum numbers)

K+

K0

π0

J/ψ

ρ

Zc(3900)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+
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8. Naming Scheme for Hadrons

Revised August 2019 by V. Burkert (Je�erson Lab), S. Eidelman (Budker Inst., Novosibirsk; Novosi-
birsk U.), C. Hanhart (Jülich), E. Klempt (Bonn U.), R.E. Mitchell (Indiana U.), U. Thoma (Bonn
U.), L. Tiator (KPH, JGU Mainz) and R.L. Workman (George Washington U.).

In the 1986 edition [1], the Particle Data Group extended and systematized the naming scheme
for mesons and baryons. The extensions were necessary in order to name the new particles con-
taining c or b quarks that were rapidly being discovered. With the discoveries of particles that are
candidates for states with more complicated structures than just qq or qqq, it is necessary to extend
the naming scheme again.

8.1 “Neutral-flavor” mesons
The naming of mesons is based on their quantum numbers. Although we use names established

within the naive quark model, the name does not necessarily designate a (predominantly) qq state.
In other words, the name provides information on the quantum numbers of a given state and not
about its dominant component, which might well be qq (if allowed) or tetraquark, molecule, etc.
In many cases, exotic states will be di�cult to distinguish from qq states and will likely mix with
them, and we make no attempt to, e.g., distinguish those that are “mostly gluonium” from those
that are “mostly qq.”

Table 8.1: Symbols for mesons with strangeness and heavy-flavor quan-
tum numbers equal to zero. States that do not yet appear in the RPP are
listed in parentheses.

JP C =
I 0≠+ 1+≠ 1≠≠ 0++

2≠+ 3+≠ 2≠≠ 1++

...
...

...
...

Minimal quark content
ud̄, uū ≠ dd̄, dū (I = 1) fi b fl a
dd̄ + uū and/or ss̄ (I = 0) ÷,÷Õ h,hÕ Ê,„ f ,f Õ

cc̄ ÷c hc Âú ‰c

bb̄ ÷b hb Ã ‰b

I = 1 with cc̄ ( c) Zc Rc (Wc)
I = 1 with bb̄ ( b) Zb (Rb) (Wb)

úThe J/Â remains the J/Â.

Table 8.1 shows the names for mesons having strangeness and all heavy-flavor quantum numbers
equal to zero. The rows of Table 8.1 give the minimal qq content. The columns give the possible
parity/charge-conjugation states,

PC = ≠+, +≠, ≠≠, and ++ .
Within the naive quark model, these combinations correspond one-to-one to the angular-momentum
state 2S+1LJ of the qq system being

1(L even)J , 1(L odd)J , 3(L even)J , or 3(L odd)J ,

respectively. Here S, L, and J are the spin, orbital, and total angular momenta of the qq system.
Within the naive quark model, the quantum numbers are related by P = (≠1)L+1, C = (≠1)L+S ,

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
14th September, 2020 2:38pm

2020 PDG

Separate mesons into “flavored” and 
“unflavored” ( , , ):
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D− D̄0

B+

D−
s

D0
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c
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s
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π0 |η |η′ 

Given the name, you know at least the isospin and .JPC

1 8. Naming Scheme for Hadrons

8. Naming Scheme for Hadrons

Revised August 2019 by V. Burkert (Je�erson Lab), S. Eidelman (Budker Inst., Novosibirsk; Novosi-
birsk U.), C. Hanhart (Jülich), E. Klempt (Bonn U.), R.E. Mitchell (Indiana U.), U. Thoma (Bonn
U.), L. Tiator (KPH, JGU Mainz) and R.L. Workman (George Washington U.).

In the 1986 edition [1], the Particle Data Group extended and systematized the naming scheme
for mesons and baryons. The extensions were necessary in order to name the new particles con-
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The naming of mesons is based on their quantum numbers. Although we use names established

within the naive quark model, the name does not necessarily designate a (predominantly) qq state.
In other words, the name provides information on the quantum numbers of a given state and not
about its dominant component, which might well be qq (if allowed) or tetraquark, molecule, etc.
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them, and we make no attempt to, e.g., distinguish those that are “mostly gluonium” from those
that are “mostly qq.”
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tum numbers equal to zero. States that do not yet appear in the RPP are
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I = 1 with cc̄ ( c) Zc Rc (Wc)
I = 1 with bb̄ ( b) Zb (Rb) (Wb)

úThe J/Â remains the J/Â.

Table 8.1 shows the names for mesons having strangeness and all heavy-flavor quantum numbers
equal to zero. The rows of Table 8.1 give the minimal qq content. The columns give the possible
parity/charge-conjugation states,

PC = ≠+, +≠, ≠≠, and ++ .
Within the naive quark model, these combinations correspond one-to-one to the angular-momentum
state 2S+1LJ of the qq system being

1(L even)J , 1(L odd)J , 3(L even)J , or 3(L odd)J ,
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P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
14th September, 2020 2:38pm

*  again use subscripts for the spin, when not implied
*  note that primes are ambiguous:   is mostly ;   
      the  is not;  sometimes  , , etc.
*  spectroscopic notation is sometimes used for states with 
      two heavy quarks

f′ ss̄
η′ ρ′ = ρ(1700) ψ′ = ψ (2S)

6

π0 |η |η′ 

η |η′ 

J/ψ

Υ

u

QUARKS

A
N
TI
Q
U
A
RK
S

ϕ

d s c b

ū

d̄

s̄

c̄

b̄

K+

π−

π+

K0

K̄0

K−

D− D̄0

B+

D−
s

D0

D+

D+
s

B+
c

B−
c

B−

B̄0

B̄0
s

B0
sB0

π0 |η |η′ 

 family
(weak decays, no mixing)

 family
(weak decays, mixing)

 family
(large electromagnetic decays)

 family
(strong decays, near or below open flavor threshold)

 family
(strong decays, above open flavor threshold)

 family
(exotic flavor quantum numbers)

K+

K0

π0

J/ψ

ρ

Zc(3900)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited 
states

ground  
state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

1−(−)

2+(+)

1+(+)

0+(+)

1+(−)

1−(−)

0−(+)

JP(C)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
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B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
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K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
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Zcs(4000)+ → K+J/ψ
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excited states
ground state

 

ψ(3770)
χc2(1P)
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η η′ 

     

K*(1680)
K*2 (1430)
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K*(892)
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,  ,  ,  ud̄ uū dd̄ ss̄ cc̄ bb̄ , ds̄ us̄ cs̄ , db̄ ub̄ sb̄, cū cd̄

I = 1 I = 0 I = 0
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IIB.  Meson Quantum Numbers:    (experiment)JPC

(1) For a decay , start with  at rest with spin J and spin projection  along :A → BC A M ̂z

(2) The final state, assuming a particular configuration of helicities  and  with , is then:λB λC λ ≡ λB − λC

plane wave (p)

spherical wave (s)

Notes on Quark Flavor

RM

June 5, 2021

1 Helicity Formalism

Start with:

|Ai = |JMi |PCMi |↵Ai (1)

Then for a particular combination of helicities �B and �C :

|BCi = |JM�B�Cis |PCMi |↵BCi (2)

=

Z
d⌦ |✓��B�Cip h✓��B�C |JM�B�Cis |PCMi |↵BCi (3)

=

Z
d⌦

r
2J + 1

4⇡
D

J⇤
M,�(�, ✓, 0) |✓��B�Cip |PCMi |↵BCi (4)

I(✓,�) /
��DJ⇤

M,�(�, ✓, 0)
��2 (5)

For �B = �C = 0,

I(✓,�) /
��Y M

J (✓,�)
��2 (6)

More detail:

|BCi = |JM�B�Cis |PCMi |↵BCi (7)

=

Z
d⌦ |✓��B�Cip h✓��B�C |JM�B�Cis |PCMi |↵BCi (8)

=

Z
d⌦ |✓��B�Cip h00�B�C |R̂†(�, ✓, 0)|JM�B�Cis |PCMi |↵BCi (9)
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Z
d⌦ |✓��B�Cip
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J 0M 0

h00�B�C |J 0
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0
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�B�C |R̂†(�, ✓, 0)|JM�B�Cis |PCMi |↵BCi (10)
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Z
d⌦ |✓��B�Cip h00�B�C |J��B�Cis hJ��B�C |R̂†(�, ✓, 0)|JM�B�Cis |PCMi |↵BCi (11)

=

Z
d⌦

r
2J + 1

4⇡
D

J⇤
M,�(�, ✓, 0) |✓��B�Cip |PCMi |↵BCi (12)

1

Wigner D-function
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(1) For a decay , start with  at rest with spin J and spin projection  along :A → BC A M ̂z

(2) The final state, assuming a particular configuration of helicities  and  with , is then:λB λC λ ≡ λB − λC
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spherical wave (s)

Notes on Quark Flavor

RM

June 5, 2021

1 Helicity Formalism

Start with:

|Ai = |JMi |PCMi |↵Ai (1)

Then for a particular combination of helicities �B and �C :

|BCi = |JM�B�Cis |PCMi |↵BCi (2)

=

Z
d⌦ |✓��B�Cip h✓��B�C |JM�B�Cis |PCMi |↵BCi (3)

=

Z
d⌦

r
2J + 1

4⇡
D

J⇤
M,�(�, ✓, 0) |✓��B�Cip |PCMi |↵BCi (4)

I(✓,�) /
��DJ⇤

M,�(�, ✓, 0)
��2 (5)

For �B = �C = 0,

I(✓,�) /
��Y M

J (✓,�)
��2 (6)

More detail:

|BCi = |JM�B�Cis |PCMi |↵BCi (7)

=

Z
d⌦ |✓��B�Cip h✓��B�C |JM�B�Cis |PCMi |↵BCi (8)

=

Z
d⌦ |✓��B�Cip h00�B�C |R̂†(�, ✓, 0)|JM�B�Cis |PCMi |↵BCi (9)

=

Z
d⌦ |✓��B�Cip

X

J 0M 0

h00�B�C |J 0
M

0
�B�Cis hJ

0
M

0
�B�C |R̂†(�, ✓, 0)|JM�B�Cis |PCMi |↵BCi (10)

=

Z
d⌦ |✓��B�Cip h00�B�C |J��B�Cis hJ��B�C |R̂†(�, ✓, 0)|JM�B�Cis |PCMi |↵BCi (11)

=

Z
d⌦

r
2J + 1

4⇡
D

J⇤
M,�(�, ✓, 0) |✓��B�Cip |PCMi |↵BCi (12)

1

Wigner D-function

Notes on Quark Flavor

RM

June 5, 2021

1 Helicity Formalism

Start with:

|Ai = |JMi |PCMi |↵Ai (1)

Then for a particular combination of helicities �B and �C :

|BCi = |JM�B�Cis |PCMi |↵BCi (2)

=

Z
d⌦ |✓��B�Cip h✓��B�C |JM�B�Cis |PCMi |↵BCi (3)

=

Z
d⌦

r
2J + 1

4⇡
D

J⇤
M,�(�, ✓, 0) |✓��B�Cip |PCMi |↵BCi (4)

I(✓,�) /
��DJ⇤

M,�(�, ✓, 0)
��2 (5)

For �B = �C = 0,

I(✓,�) /
��Y M

J (✓,�)
��2 (6)

More detail:

|BCi = |JM�B�Cis |PCMi |↵BCi (7)

=

Z
d⌦ |✓��B�Cip h✓��B�C |JM�B�Cis |PCMi |↵BCi (8)

=

Z
d⌦ |✓��B�Cip h00�B�C |R̂†(�, ✓, 0)|JM�B�Cis |PCMi |↵BCi (9)

=

Z
d⌦ |✓��B�Cip

X

J 0M 0

h00�B�C |J 0
M

0
�B�Cis hJ

0
M

0
�B�C |R̂†(�, ✓, 0)|JM�B�Cis |PCMi |↵BCi (10)

=

Z
d⌦ |✓��B�Cip h00�B�C |J��B�Cis hJ��B�C |R̂†(�, ✓, 0)|JM�B�Cis |PCMi |↵BCi (11)

=

Z
d⌦

r
2J + 1

4⇡
D

J⇤
M,�(�, ✓, 0) |✓��B�Cip |PCMi |↵BCi (12)

1

Notes on Quark Flavor

RM

May 29, 2021

1 Helicity Formalism

Start with:

|Ai = |JMi |PCMi |↵Ai (1)

Then for a particular combination of helicities �B and �C :

|BCi = |JM�B�Ci |PCMi |↵BCi (2)

=

Z
d⌦ |✓��B�Ci h✓��B�C |JM�B�Ci |PCMi |↵BCi (3)

=

Z
d⌦

r
2J + 1

4⇡
D

J⇤
M,�B��C

(�, ✓, 0) |✓��B�Ci |PCMi |↵BCi (4)

I(✓,�) /
��DJ⇤

M,�B��C
(�, ✓, 0)

��2 (5)

For �B = �C = 0,

I(✓,�) /
��Y M

J (✓,�)
��2 (6)

More detail:

|BCi = |JM�B�Ci |P i (7)

=

Z
d⌦ |✓��B�Ci h✓��B�C |JM�B�Ci |P i (8)

=

Z
d⌦ |✓��B�Ci h00�B�C |R†(�, ✓, 0)|JM�B�Ci |P i (9)

=

Z
d⌦ |✓��B�Ci

X

J 0M 0

h00�B�C |J 0
M

0
�B�Ci hJ 0

M
0
�B�C |R†(�, ✓, 0)|JM�B�Ci |P i (10)

=

Z
d⌦ |✓��B�Ci h00�B�C |J(�B � �C)�B�Ci hJ(�B � �C)�B�C |R†(�, ✓, 0)|JM�B�Ci |P i (11)

=

Z
d⌦

r
2J + 1

4⇡
D

J⇤
M,�B��C

(�, ✓, 0) |✓��B�Ci |P i (12)

1

(3)  The probability to find particle  traveling in the  direction is:B (θ, ϕ)

Or if  and  both have spin-0:B C spherical harmonic

Notes on Quark Flavor

RM

June 5, 2021

1 Helicity Formalism

Start with:

|Ai = |JMi |PCMi |↵Ai (1)

Then for a particular combination of helicities �B and �C :

|BCi = |JM�B�Cis |PCMi |↵BCi (2)

=

Z
d⌦ |✓��B�Cip h✓��B�C |JM�B�Cis |PCMi |↵BCi (3)

=

Z
d⌦

r
2J + 1

4⇡
D

J⇤
M,�(�, ✓, 0) |✓��B�Cip |PCMi |↵BCi (4)

I(✓,�) /
��DJ⇤

M,�(�, ✓, 0)
��2 (5)

For �B = �C = 0,

I(✓,�) /
��Y M

J (✓,�)
��2 (6)

More detail:

|BCi = |JM�B�Cis |PCMi |↵BCi (7)

=

Z
d⌦ |✓��B�Cip h✓��B�C |JM�B�Cis |PCMi |↵BCi (8)

=

Z
d⌦ |✓��B�Cip h00�B�C |R̂†(�, ✓, 0)|JM�B�Cis |PCMi |↵BCi (9)

=

Z
d⌦ |✓��B�Cip

X

J 0M 0

h00�B�C |J 0
M

0
�B�Cis hJ

0
M

0
�B�C |R̂†(�, ✓, 0)|JM�B�Cis |PCMi |↵BCi (10)

=

Z
d⌦ |✓��B�Cip h00�B�C |J��B�Cis hJ��B�C |R̂†(�, ✓, 0)|JM�B�Cis |PCMi |↵BCi (11)

=

Z
d⌦

r
2J + 1

4⇡
D

J⇤
M,�(�, ✓, 0) |✓��B�Cip |PCMi |↵BCi (12)

1

Typically, determine the spin ( ) of a meson using the angular distribution of its decay 
to a known final state. 

J

Notes on Quark Flavor

RM

May 29, 2021

1 Helicity Formalism

Start with:

|Ai = |JMi |PCMi |↵Ai (1)

Then for a particular combination of helicities �B and �C :

|BCi = |JM�B�Ci |PCMi |↵BCi (2)

=

Z
d⌦ |✓��B�Ci h✓��B�C |JM�B�Ci |PCMi |↵BCi (3)

=

Z
d⌦

r
2J + 1

4⇡
D

J⇤
M,�B��C

(�, ✓, 0) |✓��B�Ci |PCMi |↵BCi (4)

I(✓,�) /
��DJ⇤

M,�B��C
(�, ✓, 0)

��2 (5)

For �B = �C = 0,

I(✓,�) /
��Y M

J (✓,�)
��2 (6)

More detail:

|BCi = |JM�B�Ci |P i (7)

=

Z
d⌦ |✓��B�Ci h✓��B�C |JM�B�Ci |P i (8)

=

Z
d⌦ |✓��B�Ci h00�B�C |R†(�, ✓, 0)|JM�B�Ci |P i (9)

=

Z
d⌦ |✓��B�Ci

X

J 0M 0

h00�B�C |J 0
M

0
�B�Ci hJ 0

M
0
�B�C |R†(�, ✓, 0)|JM�B�Ci |P i (10)

=

Z
d⌦ |✓��B�Ci h00�B�C |J(�B � �C)�B�Ci hJ(�B � �C)�B�C |R†(�, ✓, 0)|JM�B�Ci |P i (11)

=

Z
d⌦

r
2J + 1

4⇡
D

J⇤
M,�B��C

(�, ✓, 0) |✓��B�Ci |P i (12)

1

spin and spin projection

CM 4-vector

other quantum numbers 
(e.g. , flavor)PC

4
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(details of a few missing steps)



5 Determination of the JPC
of a ⇡+⇡�

System

Determine the J
PC of a resonance R using the decay R ! ⇡

+
⇡
�. Start with the knowledge that the ⇡

±
J
P is 0�

and that the ⇡
+ is the antiparticle of the ⇡

�:

P̂ |⇡±i = � |⇡±i (165)

Ĉ |⇡±i = � |⇡⌥i (166)

Put the ⇡
+
⇡
� system into a definite state of JPC to match the initial state (since J

PC is conserved). Assume R is
produced so that its spin projection along the ẑ-axis is M .

|JPC(⇡+
⇡
�)i ⌘ 1p

2
(1 + P̂12) |JMi |PCMi |⇡+

⇡
�i (167)

=
1p
2
(1 + P̂12)

Z
d⌦ |✓�i h✓�|JMi |PCMi |⇡+

⇡
�i (168)

=
1p
2
(1 + P̂12)

Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi |⇡+

⇡
�i (169)

=
1p
2

⇥
|⇡+

⇡
�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi (170)

|JPC(⇡+
⇡
�)i = 1p

2

⇥
|⇡+

⇡
�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi (171)

To determine J , measure the ⇡
+
⇡
� system in the state:

|p✓�i |PCMi |⇡+
⇡
�i (172)

For a fixed CM (a fixed mass of R), the angular distribution is:

I(✓,�) / |hp✓�|pJMi|2 (173)

=
��Y M

J (✓,�)
��2 (174)

J = 0, M = 0 : I / constant (175)

J = 1, M = ±1 : I / sin2 ✓ (176)

J = 1, M = 0 : I / cos2 ✓ (177)

J = 2, M = ±2 : I / sin4 ✓ (178)

J = 2, M = ±1 : I / sin2 ✓ cos2 ✓ (179)

J = 2, M = 0 : I / 9 cos4 ✓ � 6 cos2 ✓ + 1 (180)

(181)

This is also in a definite state of JPC :

P̂ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (182)

Ĉ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (183)

(184)
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Start using known information about the pion.  It has  and:J = 0
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Ĉ |⇡±i = � |⇡⌥i (2)

Put the ⇡
+
⇡
� system into a definite state of JPC to match the initial state (since J

PC is conserved). Assume R is
produced so that its spin projection along the ẑ-axis is M .

|pJMi |PCMi |⇡+
⇡
�i =

Z
d⌦ |p✓�i hp✓�|pJMi |PCMi |⇡+

⇡
�i (3)

=

Z
d⌦ Y

M
J (✓,�) |p✓�i |PCMi |⇡+

⇡
�i (4)

This is in a definite state of JP but not JPC . Symmetrize the ⇡
+
⇡
� system.

|JPC(⇡+
⇡
�)i ⌘ 1p

2
(1 + P̂12) |pJMi |PCMi |⇡+

⇡
�i (5)

=
1p
2

⇥
|⇡+

⇡
�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
J (✓,�) |p✓�i |PCMi (6)

To determine J , measure the ⇡
+
⇡
� system in the state:

|p✓�i |PCMi |⇡+
⇡
�i (7)

For a fixed CM (a fixed mass of R), the angular distribution is:

I(✓,�) / |hp✓�|pJMi|2 (8)

=
��Y M

J (✓,�)
��2 (9)

1

(1)  Put the  system into a definite state of  to match the initial state, assuming  has 
been produced so that it has spin projection  along the -axis:

π+π− JPC A
M ̂z

spherical wave

permutation symmetry plane wave

pion quantum numbers

CM 4-vector

pion quantum numbers

In addition, determine the parity ( ) and -parity ( ) using the conservation of  and .
Example:  Determine the  of a meson  decaying to .

P C C P C
JPC A π+π−

IIB.  Meson Quantum Numbers:    (experiment)JPC
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=
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⇡
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⇡
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(1)  Put the  system into a definite state of  to match the initial state, assuming  has 
been produced so that it has spin projection  along the -axis:

π+π− JPC A
M ̂z

(2)  Measure the  system in the state:

(3)  Then the angular distribution will be: 

π+π−

J = 0, M = 0 : I / constant (10)

J = 1, M = ±1 : I / sin2(✓) (11)

J = 1, M = 0 : I / cos2(✓) (12)

J = 2, M = ±2 : I / sin4(✓) (13)

J = 2, M = ±1 : I / sin2(✓) cos2(✓) (14)

J = 2, M = 0 : I / 9 cos4(✓)� 6 cos2(✓) + 1 (15)

(16)

This is also in a definite state of JPC :

P̂ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (17)

Ĉ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (18)

(19)

So the allowed J
PC are:

J
PC = 0++

, 1��
, 2++

, 3��
, ... (20)

2 Building a Meson from a Quark and Antiquark

Start with a quark and antiquark:

|s1; s1zi |~r1i |q1i |c1i (21)

|s2; s2zi |~r2i |q̄2i |c̄2i (22)

(23)

Combine them:

|nLSJJzi |q1q̄2i (|ci) =
X

LzSz

hLS;LzSz|JJzi (24)

⇥
X

s1zs2z

|s1s2; s1zs2zi hs1s2; s1zs2z|SSzi (25)

⇥
Z

d
3
r |~ri h~r|nLLzi (26)

⇥ |q1q̄2i
1p
3

X

i

|c1ic̄2ii (27)

|nLSJJzi |q1q̄2i =
X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi (28)

⇥
Z

d
3
rRnL(r)Y

L
Lz

(n̂) |~ri (29)

⇥ |q1q̄2i
1p
3

X

i

|c1ic̄2ii (30)

2
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J
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⇥
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⇥
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d
3
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3

X

i
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|nLSJJzi |q1q̄2i =
X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi (28)

⇥
Z

d
3
rRnL(r)Y

L
Lz

(n̂) |~ri (29)

⇥ |q1q̄2i
1p
3

X

i

|c1ic̄2ii (30)

2

(4)  The parity and C-parity are:

J = 0, M = 0 : I / constant (11)

J = 1, M = ±1 : I / sin2 ✓ (12)

J = 1, M = 0 : I / cos2 ✓ (13)

J = 2, M = ±2 : I / sin4 ✓ (14)

J = 2, M = ±1 : I / sin2 ✓ cos2 ✓ (15)

J = 2, M = 0 : I / 9 cos4 ✓ � 6 cos2 ✓ + 1 (16)

(17)

This is also in a definite state of JPC :

P̂ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (18)

Ĉ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (19)

(20)

So the allowed J
PC are:

J
PC = 0++

, 1��
, 2++

, 3��
, ... (21)

2 Building a Meson from a Quark and Antiquark

Start with a quark and antiquark:

|s1; s1zi |~r1i |q1i |c1i (22)

|s2; s2zi |~r2i |q̄2i |c̄2i (23)

(24)

Combine them:

|nLSJJzi |q1q̄2i (|ci) =
X

LzSz

hLS;LzSz|JJzi (25)

⇥
X

s1zs2z

|s1s2; s1zs2zi hs1s2; s1zs2z|SSzi (26)

⇥
Z

d
3
r |~ri h~r|nLLzi (27)

⇥ |q1q̄2i
1p
3

X

i

|c1ic̄2ii (28)

|nLSJJzi |q1q̄2i =
X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi (29)

⇥
Z

d
3
rRnL(r)Y

L
Lz

(n̂) |~ri (30)

⇥ |q1q̄2i
1p
3

X

i

|c1ic̄2ii (31)

2

(5)  So the possible  are:JPC

J = 0, M = 0 : I / constant (11)

J = 1, M = ±1 : I / sin2 ✓ (12)

J = 1, M = 0 : I / cos2 ✓ (13)

J = 2, M = ±2 : I / sin4 ✓ (14)

J = 2, M = ±1 : I / sin2 ✓ cos2 ✓ (15)

J = 2, M = 0 : I / 9 cos4 ✓ � 6 cos2 ✓ + 1 (16)

(17)

This is also in a definite state of JPC :

P̂ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (18)

Ĉ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (19)

(20)

So the allowed J
PC are:

J
PC = 0++

, 1��
, 2++

, 3��
, ... (21)

2 Building a Meson from a Quark and Antiquark

Start with a quark and antiquark:

|s1; s1zi |~r1i |q1i |c1i (22)

|s2; s2zi |~r2i |q̄2i |c̄2i (23)

(24)

Combine them:

|nLSJJzi |q1q̄2i (|ci) =
X

LzSz

hLS;LzSz|JJzi (25)

⇥
X

s1zs2z

|s1s2; s1zs2zi hs1s2; s1zs2z|SSzi (26)

⇥
Z

d
3
r |~ri h~r|nLLzi (27)

⇥ |q1q̄2i
1p
3

X

i

|c1ic̄2ii (28)

|nLSJJzi |q1q̄2i =
X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi (29)

⇥
Z

d
3
rRnL(r)Y

L
Lz

(n̂) |~ri (30)

⇥ |q1q̄2i
1p
3

X

i

|c1ic̄2ii (31)

2

5 Determination of the JPC
of a ⇡+⇡�

System

Determine the J
PC of a resonance R using the decay R ! ⇡

+
⇡
�. Start with the knowledge that the ⇡

±
J
P is 0�

and that the ⇡
+ is the antiparticle of the ⇡

�:

P̂ |⇡±i = � |⇡±i (165)

Ĉ |⇡±i = � |⇡⌥i (166)

Put the ⇡
+
⇡
� system into a definite state of JPC to match the initial state (since J

PC is conserved). Assume R is
produced so that its spin projection along the ẑ-axis is M .

|JPC(⇡+
⇡
�)i ⌘ 1p

2
(1 + P̂12) |JMi |PCMi |⇡+

⇡
�i (167)

=
1p
2
(1 + P̂12)

Z
d⌦ |✓�i h✓�|JMi |PCMi |⇡+

⇡
�i (168)

=
1p
2
(1 + P̂12)

Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi |⇡+

⇡
�i (169)

=
1p
2

⇥
|⇡+

⇡
�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi (170)

|JPC(⇡+
⇡
�)i = 1p

2

⇥
|⇡+

⇡
�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi (171)

To determine J , measure the ⇡
+
⇡
� system in the state:

|✓�i |PCMi |⇡+
⇡
�i (172)

For a fixed CM (a fixed mass of R), the angular distribution is:

I(✓,�) / |h✓�|JMi|2 (173)

=
��Y M

J (✓,�)
��2 (174)

J = 0, M = 0 : I / constant (175)

J = 1, M = ±1 : I / sin2 ✓ (176)

J = 1, M = 0 : I / cos2 ✓ (177)

J = 2, M = ±2 : I / sin4 ✓ (178)

J = 2, M = ±1 : I / sin2 ✓ cos2 ✓ (179)

J = 2, M = 0 : I / 9 cos4 ✓ � 6 cos2 ✓ + 1 (180)

(181)

This is also in a definite state of JPC :

P̂ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (182)

Ĉ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (183)

(184)
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In addition, determine the parity ( ) and -parity ( ) using the conservation of  and .
Example:  Determine the  of a meson  decaying to .

P C C P C
JPC A π+π−

IIB.  Meson Quantum Numbers:    (experiment)JPC
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|JPC(⇡+
⇡
�)i ⌘ 1p

2
(1 + P̂12) |JMi |PCMi |⇡+

⇡
�i (167)

=
1p
2
(1 + P̂12)

Z
d⌦ |✓�i h✓�|JMi |PCMi |⇡+

⇡
�i (168)

=
1p
2
(1 + P̂12)

Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi |⇡+

⇡
�i (169)

=
1p
2

⇥
|⇡+

⇡
�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi (170)

|JPC(⇡+
⇡
�)i = 1p

2

⇥
|⇡+

⇡
�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi (171)

To determine J , measure the ⇡
+
⇡
� system in the state:

|p✓�i |PCMi |⇡+
⇡
�i (172)

For a fixed CM (a fixed mass of R), the angular distribution is:

I(✓,�) / |hp✓�|pJMi|2 (173)

=
��Y M

J (✓,�)
��2 (174)

J = 0, M = 0 : I / constant (175)

J = 1, M = ±1 : I / sin2 ✓ (176)

J = 1, M = 0 : I / cos2 ✓ (177)

J = 2, M = ±2 : I / sin4 ✓ (178)

J = 2, M = ±1 : I / sin2 ✓ cos2 ✓ (179)

J = 2, M = 0 : I / 9 cos4 ✓ � 6 cos2 ✓ + 1 (180)

(181)

This is also in a definite state of JPC :

P̂ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (182)
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⇡
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⇥
X
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|s1s2; s1zs2zi hs1s2; s1zs2z|SSzi (25)

⇥
Z

d
3
r |~ri h~r|nLLzi (26)

⇥ |q1q̄2i
1p
3

X

i

|c1ic̄2ii (27)
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X
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X
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C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z
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⇥
Z

d
3
rRnL(r)Y

L
Lz

(n̂) |~ri (29)

⇥ |q1q̄2i
1p
3

X

i

|c1ic̄2ii (30)

2
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(5)  So the possible  are:JPC
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5 Determination of the JPC
of a ⇡+⇡�

System

Determine the J
PC of a resonance R using the decay R ! ⇡

+
⇡
�. Start with the knowledge that the ⇡

±
J
P is 0�

and that the ⇡
+ is the antiparticle of the ⇡

�:

P̂ |⇡±i = � |⇡±i (165)

Ĉ |⇡±i = � |⇡⌥i (166)

Put the ⇡
+
⇡
� system into a definite state of JPC to match the initial state (since J

PC is conserved). Assume R is
produced so that its spin projection along the ẑ-axis is M .

|JPC(⇡+
⇡
�)i ⌘ 1p

2
(1 + P̂12) |JMi |PCMi |⇡+

⇡
�i (167)

=
1p
2
(1 + P̂12)

Z
d⌦ |✓�i h✓�|JMi |PCMi |⇡+

⇡
�i (168)

=
1p
2
(1 + P̂12)

Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi |⇡+

⇡
�i (169)

=
1p
2

⇥
|⇡+

⇡
�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi (170)

|JPC(⇡+
⇡
�)i = 1p

2

⇥
|⇡+

⇡
�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi (171)

To determine J , measure the ⇡
+
⇡
� system in the state:

|✓�i |PCMi |⇡+
⇡
�i (172)

For a fixed CM (a fixed mass of R), the angular distribution is:

I(✓,�) / |h✓�|JMi|2 (173)

=
��Y M

J (✓,�)
��2 (174)

J = 0, M = 0 : I / constant (175)

J = 1, M = ±1 : I / sin2 ✓ (176)

J = 1, M = 0 : I / cos2 ✓ (177)

J = 2, M = ±2 : I / sin4 ✓ (178)

J = 2, M = ±1 : I / sin2 ✓ cos2 ✓ (179)

J = 2, M = 0 : I / 9 cos4 ✓ � 6 cos2 ✓ + 1 (180)

(181)

This is also in a definite state of JPC :

P̂ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (182)

Ĉ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (183)

(184)

11

5 Determination of the JPC
of a ⇡+⇡�

System

Determine the J
PC of a resonance R using the decay R ! ⇡

+
⇡
�. Start with the knowledge that the ⇡

±
J
P is 0�

and that the ⇡
+ is the antiparticle of the ⇡

�:

P̂ |⇡±i = � |⇡±i (165)
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In addition, determine the parity ( ) and -parity ( ) using the conservation of  and .
Example:  Determine the  of a meson  decaying to .

P C C P C
JPC A π+π−

1.0− 0.8− 0.6− 0.4− 0.2− 0.0 0.2 0.4 0.6 0.8 1.0

θcos

0.00

0.05

0.10

0.15

0.20

0.25

f(x) = (1-x^2)*x^2

1.0− 0.8− 0.6− 0.4− 0.2− 0.0 0.2 0.4 0.6 0.8 1.0

θcos

0.0

0.2

0.4

0.6

0.8

1.0

f(x) = (1-x^2)

IIB.  Meson Quantum Numbers:    (experiment)JPC
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Another Example:  Determine the  of a meson decaying to .JPC η′ π0

We know the  of the  and  are both :JPC π0 η′ 0−+
5 Determination of the JPC

of a ⇡+⇡�
System

P̂ |⇡0i = � |⇡0i (165)

Ĉ |⇡0i = + |⇡0i (166)

P̂ |⌘0i = � |⌘0i (167)

Ĉ |⌘0i = + |⌘0i (168)

P̂ |JPC(⌘0⇡0)i = (�1)J |JPC(⌘0⇡0)i (169)

Ĉ |JPC(⌘0⇡0)i = + |JPC(⌘0⇡0)i (170)

Determine the J
PC of a resonance R using the decay R ! ⇡

+
⇡
�. Start with the knowledge that the ⇡

±
J
P is 0�

and that the ⇡
+ is the antiparticle of the ⇡

�:

P̂ |⇡±i = � |⇡±i (171)

Ĉ |⇡±i = � |⇡⌥i (172)

Put the ⇡
+
⇡
� system into a definite state of JPC to match the initial state (since J

PC is conserved). Assume R is
produced so that its spin projection along the ẑ-axis is M .

|JPC(⇡+
⇡
�)i ⌘ 1p

2
(1 + P̂12) |JMi |PCMi |⇡+

⇡
�i (173)

=
1p
2
(1 + P̂12)

Z
d⌦ |✓�i h✓�|JMi |PCMi |⇡+

⇡
�i (174)

=
1p
2
(1 + P̂12)

Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi |⇡+

⇡
�i (175)

=
1p
2

⇥
|⇡+

⇡
�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi (176)

|JPC(⇡+
⇡
�)i = 1p

2

⇥
|⇡+

⇡
�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi (177)

To determine J , measure the ⇡
+
⇡
� system in the state:

|✓�i |PCMi |⇡+
⇡
�i (178)

For a fixed CM (a fixed mass of R), the angular distribution is:

I(✓,�) / |h✓�|JMi|2 (179)

=
��Y M

J (✓,�)
��2 (180)
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Ĉ |JPC(⌘0⇡0)i = + |JPC(⌘0⇡0)i (170)

Determine the J
PC of a resonance R using the decay R ! ⇡

+
⇡
�. Start with the knowledge that the ⇡

±
J
P is 0�

and that the ⇡
+ is the antiparticle of the ⇡

�:

P̂ |⇡±i = � |⇡±i (171)
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� system into a definite state of JPC to match the initial state (since J

PC is conserved). Assume R is
produced so that its spin projection along the ẑ-axis is M .
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⇡
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⇡
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�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
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⇡
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M
J (✓,�) |✓�i |PCMi (177)

To determine J , measure the ⇡
+
⇡
� system in the state:

|✓�i |PCMi |⇡+
⇡
�i (178)

For a fixed CM (a fixed mass of R), the angular distribution is:

I(✓,�) / |h✓�|JMi|2 (179)

=
��Y M

J (✓,�)
��2 (180)

11

Since  and:J = L

the total  will be
  (S-wave)
  (P-wave)  (exotic)
  (D-wave)
  (F-wave)  (exotic)

etc.

JPC

0++

1−+

2++

3−+

IIB.  Meson Quantum Numbers:    (experiment)JPC
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Fig. 1: Invariant mass spectra (not acceptance corrected) for (a) ⌘⇡� and (b) ⌘0⇡�. Acceptances (con-
tinuous lines) refer to the kinematic ranges of the present analysis.
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Fig. 2: Data (not acceptance corrected) as a function of the invariant ⌘⇡� (a) and ⌘0⇡� (b) mass and of
the cosine of the decay angle in the respective Gottfried-Jackson frames where cos#GJ = 1 corresponds
⌘
(0) emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

The data were subjected to a partial-wave analysis (PWA) using a program developed at Illinois and
VES [21–23]. Independent fits were carried out in 40MeV/c

2 wide bins of the four-body mass from
threshold up to 3GeV/c

2 (so-called mass-independent PWA). Momentum transfers were limited to the
range given above.

An ⌘(0)⇡� partial-wave is characterised by the angular momentum L, the absolute value of the magnetic
quantum number M = |m| and the reflectivity ✏ = ±1, which is the eigenvalue of reflection about
the production plane. Positive (negative) ✏ is chosen to correspond to natural (unnatural) spin-parity
of the exchanged Reggeon with J

P
tr = 1� or 2+ or 3� . . . (0� or 1+ or 2� . . . ) transfer to the beam

particle [18, 24]. These two classes are incoherent.

In each mass bin, the differential cross section as a function of four-body kinematic variables ⌧ is taken
to be proportional to a model intensity I(⌧) which is expressed in terms of partial-wave amplitudes
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of the exchanged Reggeon with J
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Another Example:  Determine the  of a meson decaying to .JPC η′ π0

We know the  of the  and  are both :JPC π0 η′ 0−+
5 Determination of the JPC

of a ⇡+⇡�
System

P̂ |⇡0i = � |⇡0i (165)

Ĉ |⇡0i = + |⇡0i (166)

P̂ |⌘0i = � |⌘0i (167)

Ĉ |⌘0i = + |⌘0i (168)

P̂ |JPC(⌘0⇡0)i = (�1)J |JPC(⌘0⇡0)i (169)

Ĉ |JPC(⌘0⇡0)i = + |JPC(⌘0⇡0)i (170)

Determine the J
PC of a resonance R using the decay R ! ⇡

+
⇡
�. Start with the knowledge that the ⇡

±
J
P is 0�

and that the ⇡
+ is the antiparticle of the ⇡

�:

P̂ |⇡±i = � |⇡±i (171)

Ĉ |⇡±i = � |⇡⌥i (172)

Put the ⇡
+
⇡
� system into a definite state of JPC to match the initial state (since J

PC is conserved). Assume R is
produced so that its spin projection along the ẑ-axis is M .

|JPC(⇡+
⇡
�)i ⌘ 1p

2
(1 + P̂12) |JMi |PCMi |⇡+

⇡
�i (173)

=
1p
2
(1 + P̂12)

Z
d⌦ |✓�i h✓�|JMi |PCMi |⇡+

⇡
�i (174)

=
1p
2
(1 + P̂12)

Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi |⇡+

⇡
�i (175)

=
1p
2

⇥
|⇡+

⇡
�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi (176)

|JPC(⇡+
⇡
�)i = 1p

2

⇥
|⇡+

⇡
�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi (177)

To determine J , measure the ⇡
+
⇡
� system in the state:

|✓�i |PCMi |⇡+
⇡
�i (178)

For a fixed CM (a fixed mass of R), the angular distribution is:

I(✓,�) / |h✓�|JMi|2 (179)

=
��Y M

J (✓,�)
��2 (180)

11

5 Determination of the JPC
of a ⇡+⇡�

System

P̂ |⇡0i = � |⇡0i (165)
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Ĉ |⌘0i = + |⌘0i (168)

P̂ |JPC(⌘0⇡0)i = (�1)J |JPC(⌘0⇡0)i (169)
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Since  and:J = L

the total  will be
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Fig. 3. Intensities of the L = 1–6, M = 1 and L = 2, M = 2 partial waves from the partial-wave analysis of the ηπ− data in mass bins of 40 MeV/c2 width. The light-coloured
part of the L = 4 intensity below 1.5 GeV/c2 is due to feedthrough from the L = 2 wave. The error bars correspond to a change of the log-likelihood by half a unit and do 
not include MC fluctuations which are on the order of 5%.

Here, N stands for the integrated Breit–Wigner intensities of the 
given decay branches. The errors given above are dominated by 
the systematic uncertainty, which is estimated by comparing fits 

with and without coherent backgrounds, a2(1700) or π1(1400). 
The masses and B2 agree with the PDG values [26]. The decay 
branching ratio B4 is extracted here for the first time.
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Fig. 4. Intensities of the L = 1–6, M = 1 partial waves from the partial-wave analysis of the η′π− data in mass bins of 40 MeV/c2 width (circles). Shown for comparison 
(triangles) are the ηπ− results scaled by the relative kinematical factor given in Eq. (7).

For a detailed comparison of the results from the mass-
independent PWA of both channels, their different phase spaces 
and angular-momentum barriers are taken into account. For the 
decay of pointlike particles, transition rates are expected to be 
proportional to

g(m, L) = q(m) × q(m)2L (6)

with break-up momentum q(m) [30–32]. Overlaid on the PWA re-
sults for η′π− in Fig. 4 are those for ηπ− , multiplied in each bin 
by the relative kinematical factor

c(m, L) = b × g′(m, L)

g(m, L)
, (7)

where g(′) refers to η(′)π− with break-up momentum q(′) , and the 
factor b = 0.746 accounts for the decay branchings of η and η′ into 
π−π+γ γ [26].

By integrating the invariant mass spectra of each partial wave, 
scaled by [g(′)(m, L)]−1, from the η′π− threshold up to 3 GeV/c2, 
we obtain scaled yields I(′)L and derive the ratios

R L = b × I L/I ′L . (8)

As an alternative to the angular-momentum barrier factors q(m)2L

of Eq. (6), we have also used Blatt–Weisskopf barrier factors [33]. 
For the range parameter involved there, an upper limit of r =
0.4 fm was deduced from systematic studies of tensor meson de-
cays, including the present channels [30,31], whereas for r = 0 fm
Eq. (6) is recovered. To demonstrate the sensitivity of R L on the 
barrier model, the range of values corresponding to these upper 
and lower limits is given in Table 1.

The comparison in Fig. 4 reveals a conspicuous resemblance of 
the even-L partial waves of both channels. This feature remains if 
r = 0.4 fm, but the values of R L increase with increasing r (Ta-
ble 1). This similarity is corroborated by the relative phases as 
observed in Figs. 5 (d) and (f). The observed behaviour is expected 
from a quark-line picture where only the non-strange components 
nn̄ (n = u, d) of the incoming π− and the outgoing system are in-
volved. The similar values of R L for L = 2, 4, 6 suggest that the 
respective intermediate states couple to the same flavour content 
of the outgoing system.
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Fig. 3. Intensities of the L = 1–6, M = 1 and L = 2, M = 2 partial waves from the partial-wave analysis of the ηπ− data in mass bins of 40 MeV/c2 width. The light-coloured
part of the L = 4 intensity below 1.5 GeV/c2 is due to feedthrough from the L = 2 wave. The error bars correspond to a change of the log-likelihood by half a unit and do 
not include MC fluctuations which are on the order of 5%.

Here, N stands for the integrated Breit–Wigner intensities of the 
given decay branches. The errors given above are dominated by 
the systematic uncertainty, which is estimated by comparing fits 

with and without coherent backgrounds, a2(1700) or π1(1400). 
The masses and B2 agree with the PDG values [26]. The decay 
branching ratio B4 is extracted here for the first time.
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Fig. 4. Intensities of the L = 1–6, M = 1 partial waves from the partial-wave analysis of the η′π− data in mass bins of 40 MeV/c2 width (circles). Shown for comparison 
(triangles) are the ηπ− results scaled by the relative kinematical factor given in Eq. (7).

For a detailed comparison of the results from the mass-
independent PWA of both channels, their different phase spaces 
and angular-momentum barriers are taken into account. For the 
decay of pointlike particles, transition rates are expected to be 
proportional to

g(m, L) = q(m) × q(m)2L (6)

with break-up momentum q(m) [30–32]. Overlaid on the PWA re-
sults for η′π− in Fig. 4 are those for ηπ− , multiplied in each bin 
by the relative kinematical factor

c(m, L) = b × g′(m, L)

g(m, L)
, (7)

where g(′) refers to η(′)π− with break-up momentum q(′) , and the 
factor b = 0.746 accounts for the decay branchings of η and η′ into 
π−π+γ γ [26].

By integrating the invariant mass spectra of each partial wave, 
scaled by [g(′)(m, L)]−1, from the η′π− threshold up to 3 GeV/c2, 
we obtain scaled yields I(′)L and derive the ratios

R L = b × I L/I ′L . (8)

As an alternative to the angular-momentum barrier factors q(m)2L

of Eq. (6), we have also used Blatt–Weisskopf barrier factors [33]. 
For the range parameter involved there, an upper limit of r =
0.4 fm was deduced from systematic studies of tensor meson de-
cays, including the present channels [30,31], whereas for r = 0 fm
Eq. (6) is recovered. To demonstrate the sensitivity of R L on the 
barrier model, the range of values corresponding to these upper 
and lower limits is given in Table 1.

The comparison in Fig. 4 reveals a conspicuous resemblance of 
the even-L partial waves of both channels. This feature remains if 
r = 0.4 fm, but the values of R L increase with increasing r (Ta-
ble 1). This similarity is corroborated by the relative phases as 
observed in Figs. 5 (d) and (f). The observed behaviour is expected 
from a quark-line picture where only the non-strange components 
nn̄ (n = u, d) of the incoming π− and the outgoing system are in-
volved. The similar values of R L for L = 2, 4, 6 suggest that the 
respective intermediate states couple to the same flavour content 
of the outgoing system.

Another Example:  Determine the  of a meson decaying to .JPC η′ π0

We know the  of the  and  are both :JPC π0 η′ 0−+
5 Determination of the JPC

of a ⇡+⇡�
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Determine the J
PC of a resonance R using the decay R ! ⇡
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�. Start with the knowledge that the ⇡
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P is 0�

and that the ⇡
+ is the antiparticle of the ⇡
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� system into a definite state of JPC to match the initial state (since J

PC is conserved). Assume R is
produced so that its spin projection along the ẑ-axis is M .
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� system in the state:
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For a fixed CM (a fixed mass of R), the angular distribution is:
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=
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�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi (177)

To determine J , measure the ⇡
+
⇡
� system in the state:

|✓�i |PCMi |⇡+
⇡
�i (178)

For a fixed CM (a fixed mass of R), the angular distribution is:

I(✓,�) / |h✓�|JMi|2 (179)

=
��Y M

J (✓,�)
��2 (180)
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5 Determination of the JPC
of a ⇡+⇡�

System

P̂ |⇡0i = � |⇡0i (165)

Ĉ |⇡0i = + |⇡0i (166)

P̂ |⌘0i = � |⌘0i (167)

Ĉ |⌘0i = + |⌘0i (168)

P̂ |JPC(⌘0⇡0)i = (�1)J |JPC(⌘0⇡0)i (169)

Ĉ |JPC(⌘0⇡0)i = + |JPC(⌘0⇡0)i (170)

Determine the J
PC of a resonance R using the decay R ! ⇡

+
⇡
�. Start with the knowledge that the ⇡

±
J
P is 0�

and that the ⇡
+ is the antiparticle of the ⇡

�:

P̂ |⇡±i = � |⇡±i (171)

Ĉ |⇡±i = � |⇡⌥i (172)

Put the ⇡
+
⇡
� system into a definite state of JPC to match the initial state (since J

PC is conserved). Assume R is
produced so that its spin projection along the ẑ-axis is M .

|JPC(⇡+
⇡
�)i ⌘ 1p

2
(1 + P̂12) |JMi |PCMi |⇡+

⇡
�i (173)

=
1p
2
(1 + P̂12)

Z
d⌦ |✓�i h✓�|JMi |PCMi |⇡+

⇡
�i (174)

=
1p
2
(1 + P̂12)

Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi |⇡+

⇡
�i (175)

=
1p
2

⇥
|⇡+

⇡
�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi (176)

|JPC(⇡+
⇡
�)i = 1p

2

⇥
|⇡+

⇡
�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
J (✓,�) |✓�i |PCMi (177)

To determine J , measure the ⇡
+
⇡
� system in the state:

|✓�i |PCMi |⇡+
⇡
�i (178)

For a fixed CM (a fixed mass of R), the angular distribution is:

I(✓,�) / |h✓�|JMi|2 (179)

=
��Y M

J (✓,�)
��2 (180)
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Since  and:J = L

the total  will be
  (S-wave)
  (P-wave)  (exotic)
  (D-wave)
  (F-wave)  (exotic)

etc.

JPC

0++

1−+

2++

3−+

IIB.  Meson Quantum Numbers:    (experiment)JPC

a2(1320) a2(1320)

π1(1600) π1(1600)



J = 0, M = 0 : I / constant (11)

J = 1, M = ±1 : I / sin2 ✓ (12)

J = 1, M = 0 : I / cos2 ✓ (13)

J = 2, M = ±2 : I / sin4 ✓ (14)

J = 2, M = ±1 : I / sin2 ✓ cos2 ✓ (15)

J = 2, M = 0 : I / 9 cos4 ✓ � 6 cos2 ✓ + 1 (16)

(17)

This is also in a definite state of JPC :

P̂ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (18)

Ĉ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (19)

(20)

So the allowed J
PC are:

J
PC = 0++

, 1��
, 2++

, 3��
, ... (21)

2 Building a Meson from a Quark and Antiquark

Start with a quark and antiquark:

|s1; s1zi |~r1i |q1i |c1i (22)

|s2; s2zi |~r2i |q̄2i |c̄2i (23)

(24)

Combine them:

|nLSJJzi |q1q̄2i (|ci) =
X

LzSz

hLS;LzSz|JJzi
X

s1zs2z

|s1s2; s1zs2zi hs1s2; s1zs2z|SSzi (25)

⇥
Z

d
3
r |~ri h~r|nLLzi |q1q̄2i

1p
3

X

i

|c1ic̄2ii (26)

=
X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi (27)

⇥
Z

d
3
rRnL(r)Y

Lz
L (n̂) |~ri |q1q̄2i

1p
3

X

i

|c1ic̄2ii (28)

|nLSJJzi |q1q̄2i =
X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi (29)

⇥
Z

d
3
rRnL(r)Y

Lz
L (n̂) |~ri (30)

⇥ |q1q̄2i
1p
3

X

i

|c1ic̄2ii (31)

2
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In the quark model, the  of a meson can be related to the internal  state:   
                                            and . 

JPC qq̄
P = (−1)L+1 C = (−1)L+S

(2)  Combine them: Clebsch-Gordan coefficients

spin state

color singlet

radial wavefunction spherical harmonic

(1)  Start with a quark and an antiquark:

J = 0, M = 0 : I / constant (11)

J = 1, M = ±1 : I / sin2 ✓ (12)

J = 1, M = 0 : I / cos2 ✓ (13)

J = 2, M = ±2 : I / sin4 ✓ (14)

J = 2, M = ±1 : I / sin2 ✓ cos2 ✓ (15)

J = 2, M = 0 : I / 9 cos4 ✓ � 6 cos2 ✓ + 1 (16)

(17)

This is also in a definite state of JPC :

P̂ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (18)

Ĉ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (19)

(20)

So the allowed J
PC are:

J
PC = 0++

, 1��
, 2++

, 3��
, ... (21)

2 Building a Meson from a Quark and Antiquark

Start with a quark and antiquark:

|s1; s1zi |~r1i |q1i |c1i (22)

|s2; s2zi |~r2i |q̄2i |c̄2i (23)

(24)

Combine them:

|nLSJJzi |q1q̄2i (|ci) =
X

LzSz

hLS;LzSz|JJzi
X

s1zs2z

|s1s2; s1zs2zi hs1s2; s1zs2z|SSzi (25)

⇥
Z

d
3
r |~ri h~r|nLLzi |q1q̄2i

1p
3

X

i

|c1ic̄2ii (26)

=
X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi (27)

⇥
Z

d
3
rRnL(r)Y

L
Lz

(n̂) |~ri |q1q̄2i
1p
3

X

i

|c1ic̄2ii (28)

|nLSJJzi |q1q̄2i =
X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi (29)

⇥
Z

d
3
rRnL(r)Y

L
Lz

(n̂) |~ri (30)

⇥ |q1q̄2i
1p
3

X

i

|c1ic̄2ii (31)

2

color

anticolor

flavorspin state position

IIB.  Meson Quantum Numbers:    (  model)JPC qq̄



J = 0, M = 0 : I / constant (11)

J = 1, M = ±1 : I / sin2 ✓ (12)

J = 1, M = 0 : I / cos2 ✓ (13)

J = 2, M = ±2 : I / sin4 ✓ (14)

J = 2, M = ±1 : I / sin2 ✓ cos2 ✓ (15)

J = 2, M = 0 : I / 9 cos4 ✓ � 6 cos2 ✓ + 1 (16)

(17)

This is also in a definite state of JPC :

P̂ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (18)

Ĉ |JPC(⇡+
⇡
�)i = (�1)J |JPC(⇡+

⇡
�)i (19)

(20)

So the allowed J
PC are:

J
PC = 0++

, 1��
, 2++

, 3��
, ... (21)

2 Building a Meson from a Quark and Antiquark

Start with a quark and antiquark:

|s1; s1zi |~r1i |q1i |c1i (22)

|s2; s2zi |~r2i |q̄2i |c̄2i (23)

(24)

Combine them:

|nLSJJzi |q1q̄2i (|ci) =
X

LzSz

hLS;LzSz|JJzi
X

s1zs2z

|s1s2; s1zs2zi hs1s2; s1zs2z|SSzi (25)

⇥
Z

d
3
r |~ri h~r|nLLzi |q1q̄2i

1p
3

X

i

|c1ic̄2ii (26)

=
X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi (27)

⇥
Z

d
3
rRnL(r)Y

Lz
L (n̂) |~ri |q1q̄2i

1p
3

X

i

|c1ic̄2ii (28)

|nLSJJzi |q1q̄2i =
X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi (29)

⇥
Z

d
3
rRnL(r)Y

Lz
L (n̂) |~ri (30)

⇥ |q1q̄2i
1p
3

X

i

|c1ic̄2ii (31)

2
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Clebsch-Gordan coefficients

spin state

color singlet

radial wavefunction spherical harmonic

(3)  Antisymmetrize them:

spectroscopic notation

exchange antisymmetry

(2)  Combine them:

P̂12 |nLSJJzi |q1q̄2i = (�1)S+1
X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi (32)

⇥ (�1)L
Z

d
3
rRnL(r)Y

Lz
L (n̂) |~ri (33)

⇥ |q̄2q1i
1p
3

X

i

|c̄2ic1ii (34)

|n2S+1
LJ(q1q̄2)i =

1p
2
(1� P̂12) |nLSJJzi |q1q̄2i (35)

=
1p
6

X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi
Z

d
3
rRnL(r)Y

Lz
L (n̂) |~ri (36)

⇥
"
|q1q̄2i

X

i

|c1ic̄2ii+ (�1)L+S |q̄2q1i
X

i

|c̄2ic1ii
#

(37)

P̂ |n2S+1
LJ(q1q̄2)i = (�1)L+1 |n2S+1

LJ(q1q̄2)i (38)

Ĉ |n2S+1
LJ(qq̄)i = (�1)L+S |n2S+1

LJ(qq̄)i (39)

3 Quantum Numbers for Counting Quarks

Baryon Number (B). In all Standard Model (SM) interactions, quarks (q) and antiquarks (q̄) are only produced
and destroyed in qq̄ pairs. This means that the total number of quarks (Nq) minus the total number of antiquarks (Nq̄)
is conserved in all SM interactions. Defining the baryon number (B) as + 1

3 for quarks and � 1
3 for antiquarks, the

total baryon number is

B ⌘ 1

3
(Nq �Nq̄).

So the conservation of Nq �Nq̄ is equivalent to the conservation of baryon number.

Strangeness (S), Charm (C), Bottomness (B), Topness (T). The strong and electromagnetic interactions go
one step further. Besides conserving baryon number, they also conserve Nq�Nq̄ separately for each quark flavor. For
example, whenever a strange quark (s) is created or destroyed in a strong or electromagnetic interaction, a strange
antiquark (s̄) is also created or destroyed. This implies separate conservation laws for strangeness (S), charm (C),
bottomness (B), and topness (T ), for the strange (s), charm (c), bottom (b), and top (t) quarks, respectively:

S ⌘ Ns̄ �Ns

C ⌘ Nc �Nc̄

B ⌘ Nb̄ �Nb

T ⌘ Nt �Nt̄.

The signs of S, C, B, and T are defined to be the same as the signs of the total electric charge: so for a system of
strange or bottom quarks, the electric charge is 1

3S or 1
3B, respectively; and for a system of charm or top quarks,

the electric charge is 2
3C or 2

3T , respectively.

3

P̂12 |nLSJJzi |q1q̄2i = (�1)S+1
X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi (32)

⇥ (�1)L
Z

d
3
rRnL(r)Y

Lz
L (n̂) |~ri (33)

⇥ |q̄2q1i
1p
3

X

i

|c̄2ic1ii (34)

|n2S+1
LJ(q1q̄2)i =

1p
2
(1� P̂12) |nLSJJzi |q1q̄2i (35)

=
1p
6

X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi
Z

d
3
rRnL(r)Y

Lz
L (n̂) |~ri (36)

⇥
"
|q1q̄2i

X

i

|c1ic̄2ii+ (�1)L+S |q̄2q1i
X

i

|c̄2ic1ii
#

(37)

P̂ |n2S+1
LJ(q1q̄2)i = (�1)L+1 |n2S+1

LJ(q1q̄2)i (38)

Ĉ |n2S+1
LJ(qq̄)i = (�1)L+S |n2S+1

LJ(qq̄)i (39)

3 Quantum Numbers for Counting Quarks

Baryon Number (B). In all Standard Model (SM) interactions, quarks (q) and antiquarks (q̄) are only produced
and destroyed in qq̄ pairs. This means that the total number of quarks (Nq) minus the total number of antiquarks (Nq̄)
is conserved in all SM interactions. Defining the baryon number (B) as + 1

3 for quarks and � 1
3 for antiquarks, the

total baryon number is

B ⌘ 1

3
(Nq �Nq̄).

So the conservation of Nq �Nq̄ is equivalent to the conservation of baryon number.

Strangeness (S), Charm (C), Bottomness (B), Topness (T). The strong and electromagnetic interactions go
one step further. Besides conserving baryon number, they also conserve Nq�Nq̄ separately for each quark flavor. For
example, whenever a strange quark (s) is created or destroyed in a strong or electromagnetic interaction, a strange
antiquark (s̄) is also created or destroyed. This implies separate conservation laws for strangeness (S), charm (C),
bottomness (B), and topness (T ), for the strange (s), charm (c), bottom (b), and top (t) quarks, respectively:

S ⌘ Ns̄ �Ns

C ⌘ Nc �Nc̄

B ⌘ Nb̄ �Nb

T ⌘ Nt �Nt̄.

The signs of S, C, B, and T are defined to be the same as the signs of the total electric charge: so for a system of
strange or bottom quarks, the electric charge is 1

3S or 1
3B, respectively; and for a system of charm or top quarks,

the electric charge is 2
3C or 2

3T , respectively.

3

P̂12 |nLSJJzi |q1q̄2i = (�1)S+1
X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi (32)

⇥ (�1)L
Z

d
3
rRnL(r)Y

Lz
L (n̂) |~ri (33)

⇥ |q̄2q1i
1p
3

X

i

|c̄2ic1ii (34)

|n2S+1
LJ(q1q̄2)i =

1p
2
(1� P̂12) |nLSJJzi |q1q̄2i (35)

=
1p
6

X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi
Z

d
3
rRnL(r)Y

Lz
L (n̂) |~ri (36)

⇥
"
|q1q̄2i

X

i

|c1ic̄2ii+ (�1)L+S |q̄2q1i
X

i

|c̄2ic1ii
#

(37)

P̂ |n2S+1
LJ(q1q̄2)i = (�1)L+1 |n2S+1

LJ(q1q̄2)i (38)

Ĉ |n2S+1
LJ(qq̄)i = (�1)L+S |n2S+1

LJ(qq̄)i (39)

3 Quantum Numbers for Counting Quarks

Baryon Number (B). In all Standard Model (SM) interactions, quarks (q) and antiquarks (q̄) are only produced
and destroyed in qq̄ pairs. This means that the total number of quarks (Nq) minus the total number of antiquarks (Nq̄)
is conserved in all SM interactions. Defining the baryon number (B) as + 1

3 for quarks and � 1
3 for antiquarks, the

total baryon number is

B ⌘ 1

3
(Nq �Nq̄).

So the conservation of Nq �Nq̄ is equivalent to the conservation of baryon number.

Strangeness (S), Charm (C), Bottomness (B), Topness (T). The strong and electromagnetic interactions go
one step further. Besides conserving baryon number, they also conserve Nq�Nq̄ separately for each quark flavor. For
example, whenever a strange quark (s) is created or destroyed in a strong or electromagnetic interaction, a strange
antiquark (s̄) is also created or destroyed. This implies separate conservation laws for strangeness (S), charm (C),
bottomness (B), and topness (T ), for the strange (s), charm (c), bottom (b), and top (t) quarks, respectively:

S ⌘ Ns̄ �Ns

C ⌘ Nc �Nc̄

B ⌘ Nb̄ �Nb

T ⌘ Nt �Nt̄.

The signs of S, C, B, and T are defined to be the same as the signs of the total electric charge: so for a system of
strange or bottom quarks, the electric charge is 1

3S or 1
3B, respectively; and for a system of charm or top quarks,

the electric charge is 2
3C or 2

3T , respectively.

3

IIB.  Meson Quantum Numbers:    (  model)JPC qq̄
In the quark model, the  of a meson can be related to the internal  state:   
                                            and . 

JPC qq̄
P = (−1)L+1 C = (−1)L+S
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spectroscopic notation

exchange antisymmetry(3)  Antisymmetrize them:

(4)  Determine the parity and C-parity (when ):q1 = q2

P̂12 |nLSJJzi |q1q̄2i = (�1)S+1
X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi (32)

⇥ (�1)L
Z

d
3
rRnL(r)Y

L
Lz

(n̂) |~ri (33)

⇥ |q̄2q1i
1p
3

X

i

|c̄2ic1ii (34)

|n2S+1
LJ(q1q̄2)i =

1p
2
(1� P̂12) |nLSJJzi |q1q̄2i (35)

=
1p
6

X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi
Z

d
3
rRnL(r)Y

L
Lz

(n̂) |~ri (36)

⇥
"
|q1q̄2i

X

i

|c1ic̄2ii+ (�1)L+S |q̄2q1i
X

i

|c̄2ic1ii
#

(37)

P̂ |n2S+1
LJ(q1q̄2)i = (�1)L+1 |n2S+1

LJ(q1q̄2)i (38)

Ĉ |n2S+1
LJ(qq̄)i = (�1)L+S |n2S+1

LJ(qq̄)i (39)

3 Quantum Numbers for Counting Quarks

Baryon Number (B). In all Standard Model (SM) interactions, quarks (q) and antiquarks (q̄) are only produced
and destroyed in qq̄ pairs. This means that the total number of quarks (Nq) minus the total number of antiquarks (Nq̄)
is conserved in all SM interactions. Defining the baryon number (B) as + 1

3 for quarks and � 1
3 for antiquarks, the

total baryon number is

B ⌘ 1

3
(Nq �Nq̄).

So the conservation of Nq �Nq̄ is equivalent to the conservation of baryon number.

Strangeness (S), Charm (C), Bottomness (B), Topness (T). The strong and electromagnetic interactions go
one step further. Besides conserving baryon number, they also conserve Nq�Nq̄ separately for each quark flavor. For
example, whenever a strange quark (s) is created or destroyed in a strong or electromagnetic interaction, a strange
antiquark (s̄) is also created or destroyed. This implies separate conservation laws for strangeness (S), charm (C),
bottomness (B), and topness (T ), for the strange (s), charm (c), bottom (b), and top (t) quarks, respectively:

S ⌘ Ns̄ �Ns

C ⌘ Nc �Nc̄

B ⌘ Nb̄ �Nb

T ⌘ Nt �Nt̄.

The signs of S, C, B, and T are defined to be the same as the signs of the total electric charge: so for a system of
strange or bottom quarks, the electric charge is 1

3S or 1
3B, respectively; and for a system of charm or top quarks,

the electric charge is 2
3C or 2

3T , respectively.

3

using Pq = − Pq̄

(5) Also write the state in terms of observable properties:
spin, parity, mass, etc. flavor and C-parity  is set by convention

when 
C

q1 ≠ q2
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LzSz
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JJz ;LzSz
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SSz ;s1zs2z
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Lz
L (n̂) |~ri (33)

⇥ |q̄2q1i
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3

X

i

|c̄2ic1ii (34)

|n2S+1
LJ(q1q̄2)i =

1p
2
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IIB.  Meson Quantum Numbers:    (  model)JPC qq̄
In the quark model, the  of a meson can be related to the internal  state:   
                                            and . 

JPC qq̄
P = (−1)L+1 C = (−1)L+S
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ū

d̄

s̄

c̄

b̄

K+

π−

π+

K0

K̄0

K−

D− D̄0

B+

D−
s

D0

D+

D+
s

B+
c

B−
c

B−

B̄0

B̄0
s

B0
sB0

π0 |η |η′ 

 family
(weak decays, no mixing)

 family
(weak decays, mixing)

 family
(large electromagnetic decays)

 family
(strong decays, near or below open flavor threshold)

 family
(strong decays, above open flavor threshold)

 family
(exotic flavor quantum numbers)

K+

K0

π0

J/ψ

ρ

Zc(3900)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited 
states

ground  
state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

1−(−)

2+(+)

1+(+)

0+(+)

1+(−)

1−(−)

0−(+)

JP(C)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4430)+ → π+ψ(2S)
Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ

Zcs(4000)+ → K+J/ψ
Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ …

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited states
ground state

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited states
ground state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

13P2
13P1
13P0
11P1
13S1
11S0

Since  and , not all  are allowed for  states (e.g. ).P = (−1)L+1 C = (−1)L+S JPC qq̄ 1−+

PD
G

 Q
uark M

odel A
ssignm

ents

6

π0 |η |η′ 

η |η′ 

J/ψ

Υ

u

QUARKS

A
N
TI
Q
U
A
RK
S

ϕ

d s c b

ū

d̄

s̄

c̄

b̄

K+

π−

π+

K0

K̄0

K−

D− D̄0

B+

D−
s

D0

D+

D+
s

B+
c

B−
c

B−

B̄0

B̄0
s

B0
sB0

π0 |η |η′ 

 family
(weak decays, no mixing)

 family
(weak decays, mixing)

 family
(large electromagnetic decays)

 family
(strong decays, near or below open flavor threshold)

 family
(strong decays, above open flavor threshold)

 family
(exotic flavor quantum numbers)

K+

K0

π0

J/ψ

ρ

Zc(3900)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited 
states

ground  
state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

1−(−)

2+(+)

1+(+)

0+(+)

1+(−)

1−(−)

0−(+)

JP(C)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4430)+ → π+ψ(2S)
Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ

Zcs(4000)+ → K+J/ψ
Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ …

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited states
ground state

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited states
ground state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

,  ,  ,  ud̄ uū dd̄ ss̄ cc̄ bb̄ , ds̄ us̄ cs̄ , db̄ ub̄ sb̄, cū cd̄

IIB.  Meson Quantum Numbers:    (  model)JPC qq̄
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Charmonium system 1

Charmonium System

Updated August 2019.

 = PCJ − +0 − −1 + +0 + +1+ −1 + +2 − −2 − −3

(2S) cη

(1S) cη

(2S)ψ

(4660)ψ

(4360)ψ

(4260)ψ

(4415)ψ

(4160)ψ

(4040)ψ

(3770)ψ

(1S) ψ/J

(1P) ch

(1P) 
c2

χ

(3930) 
c2

χ
(3872)

c1
χ

(1P) 
c1

χ

(1P) 
c0

χ

(3823)
2

ψ

(3915) X
?]++[2

(4140)
c1

χ

(4274)
c1

χ

(4430) cZ

(4020) X

(3900) cZ

(3860)
c0

χ

(4500)
c0

χ

(4700)
c0

χ

(4200) cZ(4230)ψ

(4390)ψ

(3842) 
3

ψ

0π

π π

η

0π

π π
η

π π
KK

π π

π π

ω, π π

0π
π

π

π

ω

φ

Thresholds:

DD 

*DD 
sD sD

*D *D
sD *sD

*sD *sD

2900

3100

3300

3500

3700

3900

4100

4300

4500

4700

Mass (MeV)

The level scheme of meson states containing a minimal quark content of cc. The name of
a state is determined by its quantum numbers IGJPC (see the review “Naming Scheme
for Hadrons”). States with unestablished quantum numbers are called X and are drawn
according to our best estimate of their likely JPC . States included in the Summary
Tables are shown with solid lines; selected states not in the Summary Tables, but with
assigned quantum numbers, are shown with dotted lines. The arrows indicate the most
dominant hadronic transitions. Single photon transitions, including ψ(nS) → γηc(mS),
ψ(nS) → γχcJ(1P ), and χcJ (1P ) → γJ/ψ, are omitted for clarity. For orientation, the
location of the thresholds related to a pair of ground state open charm mesons is indicated
in the figure.

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
June 1, 2020 08:27

Charmonium System
2020 PDG

Examples in charmonium:

  [ground state]ηc(1S)
n = 1, L = 0, S = 0
n2S+1LJ = 11S0
JPC = 0−+

J/ψ(1S)
n = 1, L = 0, S = 1
n2S+1LJ = 13S1
JPC = 1−−

hc(1P)
n = 1, L = 1, S = 0
n2S+1LJ = 11P1
JPC = 1+−

χc0(1P)
n = 1, L = 1, S = 1
n2S+1LJ = 13P0
JPC = 0++

χc1(1P)
n = 1, L = 1, S = 1
n2S+1LJ = 13P1
JPC = 1++

χc2(1P)
n = 1, L = 1, S = 1
n2S+1LJ = 13P2
JPC = 2++

Connect  to  with  and .JPC n2S+1LJ P = (−1)L+1 C = (−1)L+S

IIB.  Meson Quantum Numbers:    (  model)JPC qq̄
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IIC.  Meson Quantum Numbers:  Flavor

8

q q

γ

−iQqeγμ
q q

−igsTa
ijγμ

g
g

g
g

g

g

g

g

q

q̄

γ

q

q̄

γ

W±

q q′ 
−i

gW

2
γμ 1

2 (1 − γ5)Vqq′ 

ELECTROMAGNETIC

8

q q

γ

−iQqeγμ
q q

−igsTa
ijγμ

g
g

g
g

g

g

g

g

q

q̄

γ

q

q̄

γ

W±

q q′ 
−i

gW

2
γμ 1

2 (1 − γ5)Vqq′ 

STRONG

8

q q

γ

−iQqeγμ
q q

−igsTa
ijγμ

g
g

g
g

g

g

g

g

q

q̄

γ

q

q̄

γ

W±

q q′ 
−i

gW

2
γμ 1

2 (1 − γ5)Vqq′ 

WEAK

Flavor quantum numbers:
   (“upness”)
   (“downness”)

     (strangeness)
    (charm)
    (bottomness)

U ≡ Nu − Nū
D ≡ Nd̄ − Nd
S ≡ Ns̄ − Ns
C ≡ Nc − Nc̄
B ≡ Nb̄ − Nb

These are absolutely conserved by the strong and electromagnetic forces.

Also:
I3 ≡

1
2

U +
1
2

D

(third component of isospin)

(hypercharge)

Y ≡
1
3

U −
1
3

D +
2
3

S

π0 |η |η′ 

η |η′ 

J/ψ

Υ

u

QUARKS
A
N
TI
Q
U
A
R
K
S

ϕ

d s c b

ū

d̄

s̄

c̄

b̄

K+

π−

π+

K0

K̄0

K−

D− D̄0

B+

D−
s

D0

D+

D+
s

B+
c

B−
c

B−

B̄0

B̄0
s

B0
sB0

π0 |η |η′ 
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Examples:

( )

( )

(
)

K*(892)+ → K0π+

S = 1, U = 1, I3 =
1
2

B*s2(5840) → B+K−

B = 1, S = − 1

X(2900)0 → D−K+

C = − 1, D = − 1, S = 1,
U = 1, I3 = 0

Flavor quantum numbers:
   (“upness”)
   (“downness”)

     (strangeness)
    (charm)
    (bottomness)

U ≡ Nu − Nū
D ≡ Nd̄ − Nd
S ≡ Ns̄ − Ns
C ≡ Nc − Nc̄
B ≡ Nb̄ − Nb

These are absolutely conserved by the strong and electromagnetic forces.

Also:
I3 ≡

1
2

U +
1
2

D

(third component of isospin)

(hypercharge)

Y ≡
1
3

U −
1
3

D +
2
3

S

π0 |η |η′ 

η |η′ 

J/ψ

Υ

u

QUARKS
A
N
TI
Q
U
A
R
K
S

ϕ

d s c b

ū

d̄

s̄

c̄

b̄

K+

π−

π+

K0

K̄0

K−

D− D̄0

B+

D−
s

D0

D+

D+
s

B+
c

B−
c

B−

B̄0

B̄0
s

B0
sB0

π0 |η |η′ 

IIC.  Meson Quantum Numbers:  Flavor
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Off-diagonal combinations
are eigenstates of :

For example,

whenever 

implies

 but note

Hs,em

< qq̄ |Hs,em |ud̄ > = 0
qq̄ ≠ ud̄

Hs,em |ud̄ >

= ∑
qq̄

|qq̄ > < qq̄ |Hs,em |ud̄ >

= < ud̄ |Hs,em |ud̄ > |ud̄ >

* < uūud̄ |Hs,em |ud̄ > = ?

Flavor quantum numbers:
   (“upness”)
   (“downness”)

     (strangeness)
    (charm)
    (bottomness)

U ≡ Nu − Nū
D ≡ Nd̄ − Nd
S ≡ Ns̄ − Ns
C ≡ Nc − Nc̄
B ≡ Nb̄ − Nb

These are absolutely conserved by the strong and electromagnetic forces.

Also:
I3 ≡

1
2

U +
1
2

D

(third component of isospin)

(hypercharge)

Y ≡
1
3

U −
1
3

D +
2
3

S

π0 |η |η′ 

η |η′ 

J/ψ

Υ

u

QUARKS
A
N
TI
Q
U
A
R
K
S

ϕ

d s c b

ū

d̄

s̄

c̄

b̄

K+

π−

π+

K0

K̄0

K−

D− D̄0

B+

D−
s

D0

D+

D+
s

B+
c

B−
c

B−

B̄0

B̄0
s

B0
sB0

π0 |η |η′ 

IIC.  Meson Quantum Numbers:  Flavor
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Flavor quantum numbers:
   (“upness”)
   (“downness”)

     (strangeness)
    (charm)
    (bottomness)

U ≡ Nu − Nū
D ≡ Nd̄ − Nd
S ≡ Ns̄ − Ns
C ≡ Nc − Nc̄
B ≡ Nb̄ − Nb

These are absolutely conserved by the strong and electromagnetic forces.

On-diagonal combinations are not 
necessarily eigenstates of :Hs,em

For example,

  and are 
        not eigenstates of 

 small
  might be nearly 

        an eigenstate of 

  is more likely 
        an eigenstate of 

 but note

< uū |Hs,em |dd̄ > ≠ 0
⟹ |uū > |dd̄ >

Hs,em

< uū |Hs,em |ss̄ >
⟹ |ss̄ >

Hs,em

< uū |Hs,em |cc̄ > ≈ 0
⟹ |cc̄ >

Hs,em

* < uūcc̄ |Hs,em |cc̄ > = ?

Also:
I3 ≡

1
2

U +
1
2

D

(third component of isospin)

(hypercharge)

Y ≡
1
3

U −
1
3

D +
2
3

S

π0 |η |η′ 

η |η′ 

J/ψ

Υ

u

QUARKS
A
N
TI
Q
U
A
R
K
S

ϕ

d s c b

ū

d̄

s̄

c̄

b̄

K+

π−

π+

K0

K̄0

K−

D− D̄0

B+

D−
s

D0

D+

D+
s

B+
c

B−
c

B−

B̄0

B̄0
s

B0
sB0

π0 |η |η′ 

IIC.  Meson Quantum Numbers:  Flavor



|nni, we can use R̂ud to relate |ppi with |nni and to relate |pni with |npi, but we can’t relate for example |ppi with
|pni. However, if protons and neutrons are really the same, we expect some relationship between |ppi and |pni.

A better approach is to employ the machinery of SU(2). If we think of the up and down quarks as forming a two-
dimensional represenation of SU(2), then the strong Hamiltonian is invariant under rotations in this space. Even
though the only physical rotations in SU(2) are those that change up quarks to down quarks and vice versa, the
framework can be used to build up higher-order representations (like the way a spin-1 system can be built from two
spin- 12 particles). This solves both of the problems above. First, since Î3 commutes with Ĥs, |pi and |ni are a better

basis for eignestates of Ĥs. Second, a lowering operator, Î�, can be used to connect |ppi with 1p
2
(|pni+ |npi), for

example.

5.1 Isospin for Quarks

The QCD Lagrangian is almost invariant under SU(2) rotations. Rotate

| i = u |ui+ d |di (85)

| 0i = u
0 |ui+ d

0 |di (86)

(87)

0

@u
0

d
0

1

A =

0

@ a b

�b
⇤

a
⇤

1

A

0

@u

d

1

A = e
i↵·Î

0

@u

d

1

A (88)

0

@ū
0

d̄
0

1

A =

0

@a
⇤

b
⇤

�b a

1

A

0

@ū

d̄

1

A (89)

Just like spin, we have states |I, I3i with the usual properties:

Î3 |I, I3i = I3 |I, I3i
Î
2 |I, I3i = I(I + 1) |I, I3i

Î± |I, I3i =
p

(I ⌥ I3)(I ± I3 + 1) |I, I3 ± 1i (90)

S =

0

@0 �1

1 0

1

A

0

@0 �1

1 0

1

A

0

@ū
0

d̄
0

1

A =

0

@0 �1

1 0

1

A

0

@a
⇤

b
⇤

�b a

1

A

0

@ 0 1

�1 0

1

A

0

@0 �1

1 0

1

A

0

@ū

d̄

1

A (91)

8

22

IIC.  Meson Quantum Numbers:  Flavor (Isospin)
Since , the strong force has an additional, approximately conserved,  
quantum number:  isosopin.

mu ≈ md

Strong interactions are almost invariant under SU(2) rotations that mix the up and down 
quarks (using the 2d fundamental representation ):2

This is just like spin and leads to a new conserved quantum number called isospin.

Just like spin, we have states labeled by  and  with the usual properties:I I3
Just like spin, we have states |I, I3i with the usual properties:

Î3 |I, I3i = I3 |I, I3i
Î
2 |I, I3i = I(I + 1) |I, I3i

Î± |I, I3i =
p

(I ⌥ I3)(I ± I3 + 1) |I, I3 ± 1i (44)

We can think of up and down quarks as forming a two-dimensional (2) representation of SU(2), like a spin- 12 particle.
We can label SU(2) states with |II3i, so we can identify |ui = | 12+

1
2 i and |di = | 12�

1
2 i. Then we have the usual

relations:

Î3 |ui = +
1

2
|ui

Î3 |di = �1

2
|di

Î� |di = Î+ |ui = 0 (45)

Î� |ui = |di
Î+ |di = |ui

R̂y(⇡) |ui = + |di
R̂y(⇡) |di = � |ui

Other quarks with flavor f have zero isospin. Combine up and down quarks with other flavors using |fiizi.

And a general transformation looks like:
0

@ a b

�b
⇤

a
⇤

1

A

0

@|ui

|di

1

A =

0

@|u0i

|d0i

1

A (46)

4.2 Isospin for Antiquarks

Let |ui and |di transform according to a 2d representation of SU(2) (2):

|ui = |1
2
+
1

2
i (47)

|di = |1
2
�1

2
i (48)

0

@ a b

�b
⇤

a
⇤

1

A

0

@|ui

|di

1

A =

0

@|u0i

|d0i

1

A (49)

Then the charge conjugate states Ĉ |ui and Ĉ |di transform according to the conjugate representation (2̄):

0

@a
⇤

b
⇤

�b a

1

A

0

@Ĉ |ui

Ĉ |di

1

A =

0

@Ĉ |u0i

Ĉ |d0i

1

A (50)

6

Relabel the up and down quark flavors using  and .|u > ≡ |
1
2

, +
1
2

> |d > ≡ |
1
2

, −
1
2

>
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Since , the strong force has an additional, approximately conserved,  
quantum number:  isosopin.

mu ≈ md

The corresponding rotation for antiquarks is given by (using the 2d conjugate representation ):2̄

Relabel the up and down antiquark flavors using  and .| ū > ≡ |
1
2

, −
1
2

> | d̄ > ≡ − |
1
2

, +
1
2

>

0

@ū
0

d̄
0

1

A =

0

@a
⇤

b
⇤

�b a

1

A

0

@ū

d̄

1

A (44)

Just like spin, we have states |I, I3i with the usual properties:

Î3 |I, I3i = I3 |I, I3i
Î
2 |I, I3i = I(I + 1) |I, I3i

Î± |I, I3i =
p

(I ⌥ I3)(I ± I3 + 1) |I, I3 ± 1i (45)

We can think of up and down quarks as forming a two-dimensional (2) representation of SU(2), like a spin- 12 particle.
We can label SU(2) states with |II3i, so we can identify |ui = | 12+

1
2 i and |di = | 12�

1
2 i. Then we have the usual

relations:

Î3 |ui = +
1

2
|ui

Î3 |di = �1

2
|di

Î� |di = Î+ |ui = 0 (46)

Î� |ui = |di
Î+ |di = |ui

R̂y(⇡) |ui = + |di
R̂y(⇡) |di = � |ui

Other quarks with flavor f have zero isospin. Combine up and down quarks with other flavors using |fiizi.

And a general transformation looks like:
0

@ a b

�b
⇤

a
⇤

1

A

0

@|ui

|di

1

A =

0

@|u0i

|d0i

1

A (47)

4.2 Isospin for Antiquarks

Let |ui and |di transform according to a 2d representation of SU(2) (2):

|ui = |1
2
+
1

2
i (48)

|di = |1
2
�1

2
i (49)

0

@ a b

�b
⇤

a
⇤

1

A

0

@|ui

|di

1

A =

0

@|u0i

|d0i

1

A (50)

6

This can be transformed to look like the quark rotations (using the 2d fundamental representation ).  
Multiply left and right by           : 

2

0

@ū
0

d̄
0

1

A =

0

@a
⇤

b
⇤

�b a

1

A

0

@ū

d̄

1

A (44)

Just like spin, we have states |I, I3i with the usual properties:

Î3 |I, I3i = I3 |I, I3i
Î
2 |I, I3i = I(I + 1) |I, I3i

Î± |I, I3i =
p

(I ⌥ I3)(I ± I3 + 1) |I, I3 ± 1i (45)

S =
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@0 �1

1 0
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A
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@ū
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⇤
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ū
0

1

A =

0

@ a b

�b
⇤
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⇤

1

A

0

@�d̄

ū

1

A (47)

We can think of up and down quarks as forming a two-dimensional (2) representation of SU(2), like a spin- 12 particle.
We can label SU(2) states with |II3i, so we can identify |ui = | 12+

1
2 i and |di = | 12�

1
2 i. Then we have the usual

relations:

Î3 |ui = +
1

2
|ui

Î3 |di = �1

2
|di

Î� |di = Î+ |ui = 0 (48)

Î� |ui = |di
Î+ |di = |ui

R̂y(⇡) |ui = + |di
R̂y(⇡) |di = � |ui

Other quarks with flavor f have zero isospin. Combine up and down quarks with other flavors using |fiizi.

And a general transformation looks like:
0

@ a b

�b
⇤

a
⇤

1

A

0

@|ui

|di

1

A =

0

@|u0i

|d0i

1

A (49)
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⇤
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@ū
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A (44)

Just like spin, we have states |I, I3i with the usual properties:

Î3 |I, I3i = I3 |I, I3i
Î
2 |I, I3i = I(I + 1) |I, I3i

Î± |I, I3i =
p

(I ⌥ I3)(I ± I3 + 1) |I, I3 ± 1i (45)
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⇤
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ū
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A =
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@ a b

�b
⇤

a
⇤

1

A

0

@�d̄

ū

1

A (47)

We can think of up and down quarks as forming a two-dimensional (2) representation of SU(2), like a spin- 12 particle.
We can label SU(2) states with |II3i, so we can identify |ui = | 12+

1
2 i and |di = | 12�

1
2 i. Then we have the usual

relations:

Î3 |ui = +
1

2
|ui

Î3 |di = �1

2
|di

Î� |di = Î+ |ui = 0 (48)

Î� |ui = |di
Î+ |di = |ui

R̂y(⇡) |ui = + |di
R̂y(⇡) |di = � |ui

Other quarks with flavor f have zero isospin. Combine up and down quarks with other flavors using |fiizi.

And a general transformation looks like:
0

@ a b

�b
⇤

a
⇤

1

A

0

@|ui

|di

1

A =

0

@|u0i

|d0i

1

A (49)
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Just like spin, we have states |I, I3i with the usual properties:

Î3 |I, I3i = I3 |I, I3i
Î
2 |I, I3i = I(I + 1) |I, I3i

Î± |I, I3i =
p

(I ⌥ I3)(I ± I3 + 1) |I, I3 ± 1i (45)
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⇤
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1
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@�d̄

ū

1

A (47)

We can think of up and down quarks as forming a two-dimensional (2) representation of SU(2), like a spin- 12 particle.
We can label SU(2) states with |II3i, so we can identify |ui = | 12+

1
2 i and |di = | 12�

1
2 i. Then we have the usual

relations:

Î3 |ui = +
1

2
|ui

Î3 |di = �1

2
|di

Î� |di = Î+ |ui = 0 (48)

Î� |ui = |di
Î+ |di = |ui

R̂y(⇡) |ui = + |di
R̂y(⇡) |di = � |ui

Other quarks with flavor f have zero isospin. Combine up and down quarks with other flavors using |fiizi.

And a general transformation looks like:
0

@ a b

�b
⇤

a
⇤

1

A

0

@|ui

|di

1

A =

0

@|u0i

|d0i

1

A (49)

6

note:  using
the convention
Ĉ |u > = | ū >
Ĉ |d > = | d̄ >
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Since , the strong force has an additional, approximately conserved,  
quantum number:  isosopin.

mu ≈ md

Combine isodoublets into higher-order representations just like spin (e.g. ):2 ⊗ 2 = 3 ⊕ 1
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⇤
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2 i
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2 i

1
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0
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2 i
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2 i

1
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� |ud̄i = |1, +1i
1p
2

�
|uūi � |dd̄i

�
= |1, 0i
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1

CCCA
�
⇣

1p
2

�
|uūi+ |dd̄i

�
= |0, 0i

⌘
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1
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1
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2
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1
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⇣
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3
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3
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3
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⇡
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⌘
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1
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1
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0
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0i
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1
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q
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�
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1

A (97)

Ĝ ⌘ ĈR̂y(⇡) = R̂y(⇡)Ĉ = Ĉe
�i⇡Îy (98)

9

I =
1
2

I =
1
2

I = 1 I = 0

(  part will also contain 
in two different combinations)
I = 0 ss̄

P̂12 |nLSJJzi |q1q̄2i = (�1)S+1
X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi (32)

⇥ (�1)L
Z

d
3
rRnL(r)Y

Lz
L (n̂) |~ri (33)

⇥ |q̄2q1i
1p
3

X

i

|c̄2ic1ii (34)

|n2S+1
LJ(q1q̄2)i =

1p
2
(1� P̂12) |nLSJJzi |q1q̄2i (35)

=
1p
6

X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi
Z

d
3
rRnL(r)Y

Lz
L (n̂) |~ri (36)

⇥
"
|q1q̄2i

X

i

|c1ic̄2ii+ (�1)L+S |q̄2q1i
X

i

|c̄2ic1ii
#

(37)

P̂ |n2S+1
LJ(q1q̄2)i = (�1)L+1 |n2S+1

LJ(q1q̄2)i (38)

Ĉ |n2S+1
LJ(qq̄)i = (�1)L+S |n2S+1

LJ(qq̄)i (39)

|JP (C)(q1q̄2)(mass)i = |JP (mass)i 1p
2
[|q1q̄2i+ C |q̄2q1i] (40)

3 Quantum Numbers for Counting Quarks

Baryon Number (B). In all Standard Model (SM) interactions, quarks (q) and antiquarks (q̄) are only produced
and destroyed in qq̄ pairs. This means that the total number of quarks (Nq) minus the total number of antiquarks (Nq̄)
is conserved in all SM interactions. Defining the baryon number (B) as + 1

3 for quarks and � 1
3 for antiquarks, the

total baryon number is

B ⌘ 1

3
(Nq �Nq̄).

So the conservation of Nq �Nq̄ is equivalent to the conservation of baryon number.

Strangeness (S), Charm (C), Bottomness (B), Topness (T). The strong and electromagnetic interactions go
one step further. Besides conserving baryon number, they also conserve Nq�Nq̄ separately for each quark flavor. For
example, whenever a strange quark (s) is created or destroyed in a strong or electromagnetic interaction, a strange
antiquark (s̄) is also created or destroyed. This implies separate conservation laws for strangeness (S), charm (C),
bottomness (B), and topness (T ), for the strange (s), charm (c), bottom (b), and top (t) quarks, respectively:

S ⌘ Ns̄ �Ns

C ⌘ Nc �Nc̄

3

With this notation:

The pion is:

P̂12 |nLSJJzi |q1q̄2i = (�1)S+1
X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi (32)

⇥ (�1)L
Z

d
3
rRnL(r)Y

Lz
L (n̂) |~ri (33)

⇥ |q̄2q1i
1p
3

X

i

|c̄2ic1ii (34)

|n2S+1
LJ(q1q̄2)i =

1p
2
(1� P̂12) |nLSJJzi |q1q̄2i (35)

=
1p
6

X

s1zs2z

X

LzSz

C
LS
JJz ;LzSz

C
s1s2
SSz ;s1zs2z

|s1s2; s1zs2zi
Z

d
3
rRnL(r)Y

Lz
L (n̂) |~ri (36)

⇥
"
|q1q̄2i

X

i

|c1ic̄2ii+ (�1)L+S |q̄2q1i
X

i

|c̄2ic1ii
#

(37)

P̂ |n2S+1
LJ(q1q̄2)i = (�1)L+1 |n2S+1

LJ(q1q̄2)i (38)

Ĉ |n2S+1
LJ(qq̄)i = (�1)L+S |n2S+1

LJ(qq̄)i (39)

|JP (C)(q1q̄2)(mass)i = |JP (mass)i 1p
2
[|q1q̄2i+ C |q̄2q1i] (40)

|⇡+i = |0�(140)i 1p
2

⇥
� |ud̄i � |d̄ui

⇤
(41)

|⇡0i = |0�(135)i 1
2

⇥
|uūi � |dd̄i+ |ūui � |d̄di

⇤
(42)

|⇡�i = |0�(140)i 1p
2
[|dūi+ |ūdi] (43)

(44)

3 Quantum Numbers for Counting Quarks

Baryon Number (B). In all Standard Model (SM) interactions, quarks (q) and antiquarks (q̄) are only produced
and destroyed in qq̄ pairs. This means that the total number of quarks (Nq) minus the total number of antiquarks (Nq̄)
is conserved in all SM interactions. Defining the baryon number (B) as + 1

3 for quarks and � 1
3 for antiquarks, the

total baryon number is

B ⌘ 1

3
(Nq �Nq̄).

So the conservation of Nq �Nq̄ is equivalent to the conservation of baryon number.

3

(choose  for 
 to match  )

C = +
π± π0

note:  
Ĉ |π+ > = − |π− >

π0 |η |η′ 

η |η′ 

J/ψ

Υ

u

QUARKS

A
N
TI
Q
U
A
RK
S

ϕ

d s c b

ū

d̄

s̄

c̄
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K+

π−

π+
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D− D̄0

B+

D−
s

D0

D+

D+
s

B+
c

B−
c

B−

B̄0

B̄0
s

B0
sB0

π0 |η |η′ 

IIC.  Meson Quantum Numbers:  Flavor (Isospin)
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Ĝ ⌘ ĈR̂y(⇡) = R̂y(⇡)Ĉ = Ĉe
�i⇡Îy (98)
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(  part will also contain 
in two different combinations)
I = 0 ss̄
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Since , the strong force has an additional, approximately conserved,  
quantum number:  isosopin.

mu ≈ md

Combine isodoublets into higher-order representations just like spin (e.g. ):2 ⊗ 2 = 3 ⊕ 1
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π0 |η |η′ 

η |η′ 

J/ψ

Υ

u

QUARKS
A
N
TI
Q
U
A
R
K
S

ϕ

d s c b

ū

d̄

s̄

c̄

b̄

K+

π−
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s

D0
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s

B+
c
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c

B−

B̄0

B̄0
s

B0
sB0

π0 |η |η′ 

 family
(weak decays, no mixing)

 family
(weak decays, mixing)

 family
(large electromagnetic decays)

 family
(strong decays, near or below open flavor threshold)

 family
(strong decays, above open flavor threshold)

 family
(exotic flavor quantum numbers)

K+

K0

π0

J/ψ

ρ

Zc(3900)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+
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Ds1(2536)+
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Υ(4S)
χb2(1P)
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f2(1270)
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η η′ 

     

K*(1680)
K*2 (1430)
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K*0 (1430)
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 | 
             

D*2 (2460)
D1(2430)
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D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0
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B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited 
states

ground  
state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ
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Ĉ |n2S+1
LJ(qq̄)i = (�1)L+S |n2S+1

LJ(qq̄)i (39)

|JP (C)(q1q̄2)(mass)i = |JP (mass)i 1p
2
[|q1q̄2i+ C |q̄2q1i] (40)

3 Quantum Numbers for Counting Quarks

Baryon Number (B). In all Standard Model (SM) interactions, quarks (q) and antiquarks (q̄) are only produced
and destroyed in qq̄ pairs. This means that the total number of quarks (Nq) minus the total number of antiquarks (Nq̄)
is conserved in all SM interactions. Defining the baryon number (B) as + 1

3 for quarks and � 1
3 for antiquarks, the

total baryon number is

B ⌘ 1

3
(Nq �Nq̄).

So the conservation of Nq �Nq̄ is equivalent to the conservation of baryon number.

Strangeness (S), Charm (C), Bottomness (B), Topness (T). The strong and electromagnetic interactions go
one step further. Besides conserving baryon number, they also conserve Nq�Nq̄ separately for each quark flavor. For
example, whenever a strange quark (s) is created or destroyed in a strong or electromagnetic interaction, a strange
antiquark (s̄) is also created or destroyed. This implies separate conservation laws for strangeness (S), charm (C),
bottomness (B), and topness (T ), for the strange (s), charm (c), bottom (b), and top (t) quarks, respectively:

S ⌘ Ns̄ �Ns

C ⌘ Nc �Nc̄
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3 Quantum Numbers for Counting Quarks

Baryon Number (B). In all Standard Model (SM) interactions, quarks (q) and antiquarks (q̄) are only produced
and destroyed in qq̄ pairs. This means that the total number of quarks (Nq) minus the total number of antiquarks (Nq̄)
is conserved in all SM interactions. Defining the baryon number (B) as + 1

3 for quarks and � 1
3 for antiquarks, the

total baryon number is

B ⌘ 1

3
(Nq �Nq̄).

So the conservation of Nq �Nq̄ is equivalent to the conservation of baryon number.

3

note:  
Ĉ |π+ > = − |π− >

(choose  for 
 to match  )

C = +
π± π0

IIC.  Meson Quantum Numbers:  Flavor (Isospin)
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Ĉ |n2S+1
LJ(qq̄)i = (�1)L+S |n2S+1

LJ(qq̄)i (39)

|JP (C)(q1q̄2)(mass)i = |JP (mass)i 1p
2
[|q1q̄2i+ C |q̄2q1i] (40)

|⇡+i = |0�(140)i 1p
2

⇥
� |ud̄i � |d̄ui

⇤
(41)

|⇡0i = |0�(135)i 1
2

⇥
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Since , the strong force has an additional, approximately conserved,  
quantum number:  isosopin.

mu ≈ md

Combine isodoublets into higher-order representations just like spin (e.g. ):2 ⊗ 2 = 3 ⊕ 1
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π−
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(large electromagnetic decays)
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(strong decays, near or below open flavor threshold)
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(exotic flavor quantum numbers)
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X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited 
states

ground  
state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ
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Zb(10650)+ → π+hb, π+Υ
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3 Quantum Numbers for Counting Quarks

Baryon Number (B). In all Standard Model (SM) interactions, quarks (q) and antiquarks (q̄) are only produced
and destroyed in qq̄ pairs. This means that the total number of quarks (Nq) minus the total number of antiquarks (Nq̄)
is conserved in all SM interactions. Defining the baryon number (B) as + 1

3 for quarks and � 1
3 for antiquarks, the

total baryon number is

B ⌘ 1

3
(Nq �Nq̄).

So the conservation of Nq �Nq̄ is equivalent to the conservation of baryon number.

Strangeness (S), Charm (C), Bottomness (B), Topness (T). The strong and electromagnetic interactions go
one step further. Besides conserving baryon number, they also conserve Nq�Nq̄ separately for each quark flavor. For
example, whenever a strange quark (s) is created or destroyed in a strong or electromagnetic interaction, a strange
antiquark (s̄) is also created or destroyed. This implies separate conservation laws for strangeness (S), charm (C),
bottomness (B), and topness (T ), for the strange (s), charm (c), bottom (b), and top (t) quarks, respectively:

S ⌘ Ns̄ �Ns

C ⌘ Nc �Nc̄
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Ĝ ⌘ ĈR̂y(⇡) = R̂y(⇡)Ĉ = Ĉe
�i⇡Îy (98)
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I =
1
2

I =
1
2

I = 1 I = 0

(  part will also contain 
in two different combinations)
I = 0 ss̄

(choose  for 
 to match  )

C = −
ρ± ρ0

IIC.  Meson Quantum Numbers:  Flavor (Isospin)
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Since , the strong force has an additional, approximately conserved,  
quantum number:  isosopin.

mu ≈ md

Also combine up and down quarks with other quarks to make isodoublets ( ):2 ⊗ 1 = 2
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We can think of up and down quarks as forming a two-dimensional (2) representation of SU(2), like a spin- 12 particle.
We can label SU(2) states with |II3i, so we can identify |ui = | 12+

1
2 i and |di = | 12�

1
2 i. Then we have the usual

relations:

Î3 |ui = +
1

2
|ui

Î3 |di = �1

2
|di

Î� |di = Î+ |ui = 0 (61)

Î� |ui = |di
Î+ |di = |ui

R̂y(⇡) |ui = + |di
R̂y(⇡) |di = � |ui
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We can think of up and down quarks as forming a two-dimensional (2) representation of SU(2), like a spin- 12 particle.
We can label SU(2) states with |II3i, so we can identify |ui = | 12+

1
2 i and |di = | 12�

1
2 i. Then we have the usual

relations:

Î3 |ui = +
1

2
|ui

Î3 |di = �1

2
|di

Î� |di = Î+ |ui = 0 (61)

Î� |ui = |di
Î+ |di = |ui

R̂y(⇡) |ui = + |di
R̂y(⇡) |di = � |ui

7

The kaon can then be identified as:

(choose  using 
quark model  )

C = +
(−1)L+S

|K+i = |0�(494)i 1p
2
[|us̄i+ |s̄ui] (49)

|K0i = |0�(498)i 1p
2
[|ds̄i+ |s̄di] (50)

|K̄0i = |0�(498)i 1p
2

⇥
� |d̄si � |sd̄i

⇤
(51)

|K�i = |0�(498)i 1p
2
[|ūsi+ |sūi] (52)

3 Quantum Numbers for Counting Quarks

Baryon Number (B). In all Standard Model (SM) interactions, quarks (q) and antiquarks (q̄) are only produced
and destroyed in qq̄ pairs. This means that the total number of quarks (Nq) minus the total number of antiquarks (Nq̄)
is conserved in all SM interactions. Defining the baryon number (B) as + 1

3 for quarks and � 1
3 for antiquarks, the

total baryon number is

B ⌘ 1

3
(Nq �Nq̄).

So the conservation of Nq �Nq̄ is equivalent to the conservation of baryon number.

Strangeness (S), Charm (C), Bottomness (B), Topness (T). The strong and electromagnetic interactions go
one step further. Besides conserving baryon number, they also conserve Nq�Nq̄ separately for each quark flavor. For
example, whenever a strange quark (s) is created or destroyed in a strong or electromagnetic interaction, a strange
antiquark (s̄) is also created or destroyed. This implies separate conservation laws for strangeness (S), charm (C),
bottomness (B), and topness (T ), for the strange (s), charm (c), bottom (b), and top (t) quarks, respectively:

S ⌘ Ns̄ �Ns

C ⌘ Nc �Nc̄

B ⌘ Nb̄ �Nb

T ⌘ Nt �Nt̄.

The signs of S, C, B, and T are defined to be the same as the signs of the total electric charge: so for a system of
strange or bottom quarks, the electric charge is 1

3S or 1
3B, respectively; and for a system of charm or top quarks,

the electric charge is 2
3C or 2

3T , respectively.

The Third Component of Isospin (I3). Corresponding conserved quantities for the up (u) and down (d) quarks,
which might be called “upness” (U ⌘ Nu �Nū) and “downness” (D ⌘ Nd̄ �Nd), could also be defined, but usually
aren’t. Instead, the numbers of up and down quarks are combined into a single quantity, usually labeled I3, which
is given by:

I3 ⌘ 1

2
(Nu �Nū) +

1

2
(Nd̄ �Nd) =

1

2
U +

1

2
D.

Like S, C, B, and T , and for the same reasons, I3 is absolutely conserved in strong and electromagnetic interactions.
The sign is again chosen according to the electric charge: for a system of up and down quarks, a positive I3 corresponds
to a positive electric charge and vice versa (but the value of the electric charge depends on U and D). Notice that the
combined conservation of I3, S, C, B, T , and B implies the conservation of U and D. So the separate conservation
of U and D adds nothing new. [Conservation of I3 = 1

2U + 1
2D, S, C, B, T , and 3B = U � D + C � S + T � B

implies conservation of U and D since 2U = 3B � C + S � T +B + 2I3 and �2D = 3B � C + S � T +B � 2I3.]

4

note:  
Ĉ |K+ > = + |K− >
Ĉ |K0 > = − | K̄0 >
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Since , the strong force has an additional, approximately conserved,  
quantum number:  isosopin.

mu ≈ md

Also combine up and down quarks with other quarks to make isodoublets ( ):2 ⊗ 1 = 2
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ū

1

A (56)

0

@|ui = | 12 , + 1
2 i

|di = | 12 , � 1
2 i

1

A⌦

0

@� |d̄i = | 1̄2 , + 1
2 i
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We can think of up and down quarks as forming a two-dimensional (2) representation of SU(2), like a spin- 12 particle.
We can label SU(2) states with |II3i, so we can identify |ui = | 12+

1
2 i and |di = | 12�

1
2 i. Then we have the usual

relations:

Î3 |ui = +
1

2
|ui

Î3 |di = �1

2
|di

Î� |di = Î+ |ui = 0 (61)

Î� |ui = |di
Î+ |di = |ui

R̂y(⇡) |ui = + |di
R̂y(⇡) |di = � |ui
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|ūi = | 1̄2 , � 1
2 i

1

A =

0

BBB@

� |ud̄i = |1, +1i
1p
2

�
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We can think of up and down quarks as forming a two-dimensional (2) representation of SU(2), like a spin- 12 particle.
We can label SU(2) states with |II3i, so we can identify |ui = | 12+

1
2 i and |di = | 12�

1
2 i. Then we have the usual

relations:

Î3 |ui = +
1

2
|ui

Î3 |di = �1

2
|di

Î� |di = Î+ |ui = 0 (61)

Î� |ui = |di
Î+ |di = |ui

R̂y(⇡) |ui = + |di
R̂y(⇡) |di = � |ui

7

The kaon can then be identified as:

(choose  using 
quark model  )

C = +
(−1)L+S

|K+i = |0�(494)i 1p
2
[|us̄i+ |s̄ui] (49)

|K0i = |0�(498)i 1p
2
[|ds̄i+ |s̄di] (50)

|K̄0i = |0�(498)i 1p
2

⇥
� |d̄si � |sd̄i

⇤
(51)

|K�i = |0�(498)i 1p
2
[|ūsi+ |sūi] (52)

3 Quantum Numbers for Counting Quarks

Baryon Number (B). In all Standard Model (SM) interactions, quarks (q) and antiquarks (q̄) are only produced
and destroyed in qq̄ pairs. This means that the total number of quarks (Nq) minus the total number of antiquarks (Nq̄)
is conserved in all SM interactions. Defining the baryon number (B) as + 1

3 for quarks and � 1
3 for antiquarks, the

total baryon number is

B ⌘ 1

3
(Nq �Nq̄).

So the conservation of Nq �Nq̄ is equivalent to the conservation of baryon number.

Strangeness (S), Charm (C), Bottomness (B), Topness (T). The strong and electromagnetic interactions go
one step further. Besides conserving baryon number, they also conserve Nq�Nq̄ separately for each quark flavor. For
example, whenever a strange quark (s) is created or destroyed in a strong or electromagnetic interaction, a strange
antiquark (s̄) is also created or destroyed. This implies separate conservation laws for strangeness (S), charm (C),
bottomness (B), and topness (T ), for the strange (s), charm (c), bottom (b), and top (t) quarks, respectively:

S ⌘ Ns̄ �Ns

C ⌘ Nc �Nc̄

B ⌘ Nb̄ �Nb

T ⌘ Nt �Nt̄.

The signs of S, C, B, and T are defined to be the same as the signs of the total electric charge: so for a system of
strange or bottom quarks, the electric charge is 1

3S or 1
3B, respectively; and for a system of charm or top quarks,

the electric charge is 2
3C or 2

3T , respectively.

The Third Component of Isospin (I3). Corresponding conserved quantities for the up (u) and down (d) quarks,
which might be called “upness” (U ⌘ Nu �Nū) and “downness” (D ⌘ Nd̄ �Nd), could also be defined, but usually
aren’t. Instead, the numbers of up and down quarks are combined into a single quantity, usually labeled I3, which
is given by:

I3 ⌘ 1

2
(Nu �Nū) +

1

2
(Nd̄ �Nd) =

1

2
U +

1

2
D.

Like S, C, B, and T , and for the same reasons, I3 is absolutely conserved in strong and electromagnetic interactions.
The sign is again chosen according to the electric charge: for a system of up and down quarks, a positive I3 corresponds
to a positive electric charge and vice versa (but the value of the electric charge depends on U and D). Notice that the
combined conservation of I3, S, C, B, T , and B implies the conservation of U and D. So the separate conservation
of U and D adds nothing new. [Conservation of I3 = 1

2U + 1
2D, S, C, B, T , and 3B = U � D + C � S + T � B

implies conservation of U and D since 2U = 3B � C + S � T +B + 2I3 and �2D = 3B � C + S � T +B � 2I3.]

4

note:  
Ĉ |K+ > = + |K− >
Ĉ |K0 > = − | K̄0 >
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1

2
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L > ≈

1

2
[ |K0 > − | K̄0 > ]

The   and  are linear combinations  
of  and :

K0
S K0

L
K0 K̄0

So that:

Ĉ ̂P |K0
S > ≈ + |K0

S >

Ĉ ̂P |K0
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L >

(and the  of the  is )JPC K0
S 0−−
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IIC.  Meson Quantum Numbers:  Flavor (Isospin)
Since , the strong force has an additional, approximately conserved,  
quantum number:  isosopin.

mu ≈ md

Combine pion isotriplets using Clebsch-Gordon coefficients ( ):3 ⊗ 3 = 5 ⊕ 3 ⊕ 1
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|uūi+ |dd̄i

�
= |0, 0i

⌘
(57)

Example:

0

BBB@

|⇡+i = |1, 1i

|⇡0i = |1, 0i

|⇡�i = |1,�1i

1

CCCA
⌦

0

BBB@

|⇡+i = |1, 1i

|⇡0i = |1, 0i

|⇡�i = |1,�1i

1

CCCA
=

0

BBBBBBBBBB@

|2, 2i

|2, 1i

|2, 0i

|2,�1i

|2,�2i

1

CCCCCCCCCCA

�

0

BBB@

1p
2
|⇡+

⇡
0i � 1p

2
|⇡0

⇡
+i

1p
2
|⇡+

⇡
�i � 1p

2
|⇡�

⇡
+i

1p
2
|⇡0

⇡
�i � 1p

2
|⇡�

⇡
0i

1

CCCA
�

⇣
1p
3
|⇡+

⇡
�i � 1p

3
|⇡0

⇡
0i+ 1p

3
|⇡�

⇡
+i

⌘

(58)

We can think of up and down quarks as forming a two-dimensional (2) representation of SU(2), like a spin- 12 particle.
We can label SU(2) states with |II3i, so we can identify |ui = | 12+

1
2 i and |di = | 12�

1
2 i. Then we have the usual

relations:

Î3 |ui = +
1

2
|ui

Î3 |di = �1

2
|di

Î� |di = Î+ |ui = 0 (59)

Î� |ui = |di
Î+ |di = |ui

R̂y(⇡) |ui = + |di
R̂y(⇡) |di = � |ui

Other quarks with flavor f have zero isospin. Combine up and down quarks with other flavors using |fiizi.

And a general transformation looks like:

0

@ a b

�b
⇤

a
⇤

1

A

0

@|ui

|di

1

A =

0

@|u0i

|d0i

1

A (60)
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Notes on Quark Flavor

RM

May 2, 2021

1 Determination of the JPC of a ⇡+⇡� System

Determine the J
PC of a resonance R using the decay R ! ⇡

+
⇡
�. Start with the knowledge that the ⇡

±
J
P is 0�

and that the ⇡
+ is the antiparticle of the ⇡

�:

P̂ |⇡±i = � |⇡±i (1)

Ĉ |⇡±i = � |⇡⌥i (2)

Put the ⇡
+
⇡
� system into a definite state of JPC to match the initial state (since J

PC is conserved). Assume R is
produced so that its spin projection along the ẑ-axis is M .

|JPC(⇡+
⇡
�)i ⌘ 1p

2
(1 + P̂12) |pJMi |PCMi |⇡+

⇡
�i (3)

=
1p
2
(1 + P̂12)

Z
d⌦ |p✓�i hp✓�|pJMi |PCMi |⇡+

⇡
�i (4)

=
1p
2
(1 + P̂12)

Z
d⌦ Y

M
J (✓,�) |p✓�i |PCMi |⇡+

⇡
�i (5)

=
1p
2

⇥
|⇡+

⇡
�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
J (✓,�) |p✓�i |PCMi (6)

|JPC(⇡+
⇡
�)i = 1p

2

⇥
|⇡+

⇡
�i+ (�1)J |⇡�

⇡
+i

⇤ Z
d⌦ Y

M
J (✓,�) |p✓�i |PCMi (7)

To determine J , measure the ⇡
+
⇡
� system in the state:

|p✓�i |PCMi |⇡+
⇡
�i (8)

For a fixed CM (a fixed mass of R), the angular distribution is:

I(✓,�) / |hp✓�|pJMi|2 (9)

=
��Y M

J (✓,�)
��2 (10)

1

Comparing to the general  system in a definite state of  (first example, slide  8): π+π− JPC ≈

 for even   ( )
 for odd   ( )

I = 0 J 0++, 2++, . . . = f0, f2, . . .
I = 1 J 1−−, 3−−, . . . = ρ1, ρ3, . . .

I = 1 I = 1
I = 2

I = 1
I = 0
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Ĝ ⌘ ĈR̂y(⇡) = R̂y(⇡)Ĉ = Ĉe
�i⇡Îy (66)

R̂y(⇡) =

0

BBB@

0 0 +1

0 �1 0

+1 0 0

1

CCCA
(67)

R̂y(⇡) |⇡+i = + |⇡�i (68)

R̂y(⇡) |⇡0i = � |⇡0i (69)

R̂y(⇡) |⇡�i = + |⇡+i (70)

ĈR̂y(⇡) |⇡+i = � |⇡+i (71)

ĈR̂y(⇡) |⇡0i = � |⇡0i (72)

ĈR̂y(⇡) |⇡�i = � |⇡�i (73)

R̂y(⇡) |⇢+i = + |⇢�i (74)

R̂y(⇡) |⇢0i = � |⇢0i (75)

R̂y(⇡) |⇢�i = + |⇢+i (76)

ĈR̂y(⇡) |⇢+i = + |⇢+i (77)

ĈR̂y(⇡) |⇢0i = + |⇢0i (78)

ĈR̂y(⇡) |⇢�i = + |⇢�i (79)

We can think of up and down quarks as forming a two-dimensional (2) representation of SU(2), like a spin- 12 particle.
We can label SU(2) states with |II3i, so we can identify |ui = | 12+

1
2 i and |di = | 12�

1
2 i. Then we have the usual

relations:

Î3 |ui = +
1

2
|ui

Î3 |di = �1

2
|di

Î� |di = Î+ |ui = 0 (80)

Î� |ui = |di
Î+ |di = |ui

R̂y(⇡) |ui = + |di
R̂y(⇡) |di = � |ui
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Ĝ ⌘ ĈR̂y(⇡) = R̂y(⇡)Ĉ = Ĉe
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Î� |di = Î+ |ui = 0 (80)

Î� |ui = |di
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Ĝ ⌘ ĈR̂y(⇡) = R̂y(⇡)Ĉ = Ĉe
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Î3 |di = �1

2
|di
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Î+ |di = |ui

R̂y(⇡) |ui = + |di
R̂y(⇡) |di = � |ui

8
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8

Combine isospin rotations and charge conjugation to define G-Parity.  
Like isospin, G-parity is approximately conserved by the strong force. 

The states  and , for example, are not eigenstates of , but are eigenstates of .|π+ > |ρ+ > Ĉ Ĝ

Starting with the  representation of : 3 R̂y(π)

⟹

⟹

⟹

⟹

Ĝ |π > = − |π >⟹

Ĝ |ρ > = + |ρ >⟹

In general, for eigenstates of : 
                                                     where C is given by the neutral member of the group

Ĝ
G = C(−1)I

IIC.  Meson Quantum Numbers:  Flavor (G-Parity)
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Î� |ui = |di
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Î3 |ui = +
1

2
|ui
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Î3 |di = �1

2
|di
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ĈR̂y(⇡) |⇡0i = � |⇡0i (72)
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ĈR̂y(⇡) |⇡�i = � |⇡�i (73)

R̂y(⇡) |⇢+i = + |⇢�i (74)

R̂y(⇡) |⇢0i = � |⇢0i (75)

R̂y(⇡) |⇢�i = + |⇢+i (76)
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Î� |di = Î+ |ui = 0 (80)
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Î+ |di = |ui

R̂y(⇡) |ui = + |di
R̂y(⇡) |di = � |ui

8
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Î3 |ui = +
1

2
|ui
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Combine isospin rotations and charge conjugation to define G-Parity.  
Like isospin, G-parity is approximately conserved by the strong force. 

The states  and , for example, are not eigenstates of , but are eigenstates of .|π+ > |ρ+ > Ĉ Ĝ

Starting with the  representation of : 3 R̂y(π)

⟹

⟹

⟹

⟹

Ĝ |π > = − |π >⟹

Ĝ |ρ > = + |ρ >⟹

In general, for eigenstates of : 
                                                     where C is given by the neutral member of the group

Ĝ
G = C(−1)I
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ū

d̄

s̄

c̄

b̄

K+

π−

π+

K0

K̄0

K−

D− D̄0

B+

D−
s

D0

D+

D+
s

B+
c

B−
c

B−

B̄0

B̄0
s

B0
sB0

π0 |η |η′ 

π0 |η |η′ 

η |η′ 

J/ψ

Υ

u

QUARKS

A
N
TI
Q
U
A
RK
S

ϕ

d s c b

ū
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Extend SU(2) isospin symmetry to SU(3) flavor symmetry by including the 
strange quark.  (Since , SU(3) flavor symmetry is less strict than isospin.)mu ≈ md ≪ ms

SU(2) Flavor Symmetry (isospin)

3 generators:  ̂I1, ̂I2, ̂I3 8 generators:  ̂T1, ̂T2, ̂T3, ̂T4, ̂T5, ̂T6, ̂T7, ̂T8

SU(3) Flavor Symmetry

Notes on Quark Flavor

RM

May 6, 2021

1 SU(3) Flavor Symmetry
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Û+ |si = |di (6)

V̂� |ui = |si (7)

V̂+ |si = |ui (8)

(9)

1

|nni, we can use R̂ud to relate |ppi with |nni and to relate |pni with |npi, but we can’t relate for example |ppi with
|pni. However, if protons and neutrons are really the same, we expect some relationship between |ppi and |pni.

A better approach is to employ the machinery of SU(2). If we think of the up and down quarks as forming a two-
dimensional represenation of SU(2), then the strong Hamiltonian is invariant under rotations in this space. Even
though the only physical rotations in SU(2) are those that change up quarks to down quarks and vice versa, the
framework can be used to build up higher-order representations (like the way a spin-1 system can be built from two
spin- 12 particles). This solves both of the problems above. First, since Î3 commutes with Ĥs, |pi and |ni are a better

basis for eignestates of Ĥs. Second, a lowering operator, Î�, can be used to connect |ppi with 1p
2
(|pni+ |npi), for

example.

5.1 Isospin for Quarks

The QCD Lagrangian is almost invariant under SU(2) rotations. Rotate
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Just like spin, we have states |I, I3i with the usual properties:
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Extend SU(2) isospin symmetry to SU(3) flavor symmetry by including the 
strange quark.  (Since , SU(3) flavor symmetry is less strict than isospin.)mu ≈ md ≪ ms

SU(2) Flavor Symmetry (isospin)

3 generators:  
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label states by , , ,  (hypercharge) 
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@ū

d̄

1

A (89)

Just like spin, we have states |I, I3i with the usual properties:
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Extend SU(2) isospin symmetry to SU(3) flavor symmetry by including the 
strange quark.  (Since , SU(3) flavor symmetry is less strict than isospin.)mu ≈ md ≪ ms

SU(3) Flavor Symmetry
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r
4

3
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2 Determination of the JPC of a ⇡+⇡� System

Determine the J
PC of a resonance R using the decay R ! ⇡

+
⇡
�. Start with the knowledge that the ⇡

±
J
P is 0�

and that the ⇡
+ is the antiparticle of the ⇡

�:

P̂ |⇡±i = � |⇡±i (28)

Ĉ |⇡±i = � |⇡⌥i (29)

Put the ⇡
+
⇡
� system into a definite state of JPC to match the initial state (since J

PC is conserved). Assume R is
produced so that its spin projection along the ẑ-axis is M .

2

The 8 SU(3) generators:

isospin subgroup

hypercharge quantum number

raising and lowering 
operators

Y ≡
1
3

U −
1
3

D +
2
3

S

I3 ≡
1
2

U +
1
2

D

Recall from earlier that  and  count quarks:I3 Y
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Û� |s̄i = � |d̄i (12)
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T̂4 ± iT̂5 = V̂± (22)

T̂6 ± iT̂7 = Û± (23)
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Û� |di = |si (5)
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Û+ |d̄i = � |s̄i (17)

V̂� |s̄i = � |ūi (18)
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Extend SU(2) isospin symmetry to SU(3) flavor symmetry by including the 
strange quark.  (Since , SU(3) flavor symmetry is less strict than isospin.)mu ≈ md ≪ ms
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Ĉ |⇡±i = � |⇡⌥i (29)

Put the ⇡
+
⇡
� system into a definite state of JPC to match the initial state (since J

PC is conserved). Assume R is
produced so that its spin projection along the ẑ-axis is M .
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Û� |di = |si (9)
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Extend SU(2) isospin symmetry to SU(3) flavor symmetry by including the 
strange quark.  (Since , SU(3) flavor symmetry is less strict than isospin.)mu ≈ md ≪ ms
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Extend SU(2) isospin symmetry to SU(3) flavor symmetry by including the 
strange quark.  (Since , SU(3) flavor symmetry is less strict than isospin.)mu ≈ md ≪ ms
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d ū u d̄

d s̄

s ū
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             |π0 > =
1

2
[ |uū > − |dd̄ > ]

|η > ≈ |η8 > =
1

6
[ |uū > + |dd̄ > − 2 |ss̄ > ]

|η′ > ≈ |η1 > =
1

3
[ |uū > + |dd̄ > + |ss̄ > ]

In the center of the nonet:
m0

π ≈ 135 MeV

mη ≈ 548 MeV

mη′ ≈ 958 MeV

note:   is much larger than quark model expectations!mη′ 
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Extend SU(2) isospin symmetry to SU(3) flavor symmetry by including the 
strange quark.  (Since , SU(3) flavor symmetry is less strict than isospin.)mu ≈ md ≪ ms
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s
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π0 |η |η′ 

 family
(weak decays, no mixing)

 family
(weak decays, mixing)

 family
(large electromagnetic decays)

 family
(strong decays, near or below open flavor threshold)

 family
(strong decays, above open flavor threshold)

 family
(exotic flavor quantum numbers)

K+

K0

π0

J/ψ

ρ

Zc(3900)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
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D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+
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D+
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K*0 (1430)
K1(1270)
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 | 
             

D*2 (2460)
D1(2430)
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D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited 
states

ground  
state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

1−(−)

2+(+)

1+(+)

0+(+)

1+(−)

1−(−)

0−(+)

JP(C)
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χc2(1P)
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D*s0(2317)+
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Zc(4020)+ → π+hc
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Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ …

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ
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I = 1 I = 0 I = 0

 

 

 

|ρ0 > =
1

2
[ |uū > − |dd̄ > ]

|ω > ≈
1

2
[ |uū > + |dd̄ > ]

|ϕ > ≈ |ss̄ >

Excited states have closer to “ideal mixing”:

 
                                  

mρ ≈ 770 MeV

mω ≈ 782 MeV
mK* ≈ 892 MeV

mϕ ≈ 1020 MeV
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 family
(weak decays, no mixing)
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(weak decays, mixing)
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(large electromagnetic decays)
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(strong decays, near or below open flavor threshold)
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(strong decays, above open flavor threshold)
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(exotic flavor quantum numbers)
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s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited 
states

ground  
state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

1−(−)

2+(+)

1+(+)
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Zc(4430)+ → π+ψ(2S)
Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ

Zcs(4000)+ → K+J/ψ
Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ …

X(2900)0 → D+K−
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f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
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D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
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Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ
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I =
1
2

note:       and      as expectedmρ ≈ mω mω + mϕ ≈ 2mK*

IIC.  Meson Quantum Numbers:  Flavor SU(3)
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Extend SU(2) isospin symmetry to SU(3) flavor symmetry by including the 
strange quark.  (Since , SU(3) flavor symmetry is less strict than isospin.)mu ≈ md ≪ ms

“nonet”
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(strong decays, above open flavor threshold)
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(exotic flavor quantum numbers)
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Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
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X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited 
states
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state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ
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Tccc̄c̄(6900) → J/ψJ/ψ

excited states
ground state

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)
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I = 1 I = 0 I = 0
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1−(−)

0−(+)

JP(C)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4430)+ → π+ψ(2S)
Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ

Zcs(4000)+ → K+J/ψ
Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ …

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited states
ground state

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited states
ground state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

I =
1
2

There are many ways to probe the quark content, e.g. :Γee

  Γee(ρ) ∝
1
2

(Qu − Qd)2 =
1
2

(1)2 =
1

18
(9)

Γee(ω) ∝
1
2

(Qu + Qd)2 =
1
2

(
1
3

)2 =
1

18
(1)

Γee(ϕ) ∝ (Qs)2 = (−
1
3

)2 =
1

18
(2)

14

q q

γ

−iQqeγμ

q̄

qe−

e+
γ

−iQqeγμ

Experiment:   
              ,  ,  (with errors )

              
Γee(ρ) = 6.98 keV Γee(ω) = 0.62 keV Γee(ϕ) = 1.26 keV ≈ 1 %

⟹ Γee(ρ) : Γee(ω) : Γee(ϕ) = 11.2 : 1.0 : 2.0
19

Y

d u

s− 2
3

1
3

I3− 1
2

1
2

3 Y

ū d̄

s̄

− 1
3

2
3

I3

− 1
2

1
2

3̄

Y
1

I3
− 1

2
1
2

3 ⊗ 3̄
= 8 ⊕ 1

−1

d ū u d̄

d s̄

s ū

u s̄

s d̄

u ū

d d̄

s s̄

 

 

 

|ρ0 > =
1

2
[ |uū > − |dd̄ > ]

|ω > ≈
1

2
[ |uū > + |dd̄ > ]

|ϕ > ≈ |ss̄ >

Excited states have closer to “ideal mixing”:

 
                                  

mρ ≈ 770 MeV

mω ≈ 782 MeV
mK* ≈ 892 MeV

mϕ ≈ 1020 MeV

note:       and      as expectedmρ ≈ mω mω + mϕ ≈ 2mK*

IIC.  Meson Quantum Numbers:  Flavor SU(3)
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LECTURE II.  Meson Quantum Numbers

IIA.  Meson Naming Scheme 

IIB.     (spin, parity, C-parity)

* from experiment

* from a  model

IIC.  Flavor

* Strangeness, Charm, Bottomness

* Isospin

* G-Parity

* Flavor SU(3)

JPC

qq̄
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LECTURE II.  Meson Quantum Numbers

Meson quantum numbers include  and 
flavor, which can be determined experimentally.

The  and flavor can also be mapped to 
a meson’s quark content, but with ambiguities.

Given the name of a meson, you know 
its  and flavor.

JPC

JPC

JPC

Prologue:  Definitions and Philosophy

I.  A Field Guide to Meson Families

II.  Meson Quantum Numbers

III.  The Quark Model

IV.  Exotic Mesons

V.  Current and Future Experiments


