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K-->π+ π- π-

π : C.F. Powell (1947)

η: A. Pevsner (1961)

ω : L.Alvarez (1961)

φ: P.L.Connolly. Pevsner (1962)

ρ: A.R.Erwin (1961) 
ρ: J. A. Anderson (1960) 



New golden (platinum?)  
era to come ...



π, K, η, η′, ρ, K∗, ω, φ

well known states

radial and orbital excitations
π′, ρ′, a2, b1, ρ3

higher excitations
X(1600), X(1650), X(1750)
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1. quark model extreme point of view: 
Breit-Wigner resonances = QQ states

2. effective theory extreme point of 
view: GB+complicated dynamical effects  

Reality (QCD) is probably somewhere in between ...
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Constituent quarks and (L,S)   
classification are consistent with 
symmetries and dynamics of QCD 



Quark model: 
facts and myths 

Q
Q
_

P = (-1)L+1

C = (-1)L+S

JPC = 0-- , 0+- , 1-+ , 2+- , ...

Constituent quarks and (L,S)   
classification are consistent with 
symmetries and dynamics of QCD 

bound vs molecular states?

Ψqq̄qq̄ =
Ψqq̄ ×Ψqq̄

or ?
Ψqqq̄q̄

|h〉 = |QQ〉Ψqq̄ + |QQg〉Ψqq̄g

+ |QQ̄QQ̄〉Ψqq̄qq̄ + · · ·



Quark model: 
facts and myths 

Q
Q
_

P = (-1)L+1

C = (-1)L+S

JPC = 0-- , 0+- , 1-+ , 2+- , ...

Constituent quarks and (L,S)   
classification are consistent with 
symmetries and dynamics of QCD 

  Non-relativistic, few body problem 
Light (constituent quarks) ~ heavy quarks originates from 

gluons -> potential 

CF (br - α/r) 
short

  range 

H = Kq + VC + VLS + VSS + Vv

long
  range compatible with pQCD 

bound vs molecular states?

Ψqq̄qq̄ =
Ψqq̄ ×Ψqq̄

or ?
Ψqqq̄q̄

|h〉 = |QQ〉Ψqq̄ + |QQg〉Ψqq̄g

+ |QQ̄QQ̄〉Ψqq̄qq̄ + · · ·



Quark model: 
facts and myths 

Q
Q
_

P = (-1)L+1

C = (-1)L+S

JPC = 0-- , 0+- , 1-+ , 2+- , ...

Constituent quarks and (L,S)   
classification are consistent with 
symmetries and dynamics of QCD 

  Non-relativistic, few body problem 
Light (constituent quarks) ~ heavy quarks originates from 

gluons -> potential 

CF (br - α/r) 
short

  range 

H = Kq + VC + VLS + VSS + Vv

long
  range compatible with pQCD 

bound vs molecular states?

Ψqq̄qq̄ =
Ψqq̄ ×Ψqq̄

or ?
Ψqqq̄q̄

|h〉 = |QQ〉Ψqq̄ + |QQg〉Ψqq̄g

+ |QQ̄QQ̄〉Ψqq̄qq̄ + · · ·

gluon propagator is IR suppressed 
(Debye screening of magetic charges)

1
p2
→ M2

M4 + p4



Quark model: 
facts and myths 

Q
Q
_

P = (-1)L+1

C = (-1)L+S

JPC = 0-- , 0+- , 1-+ , 2+- , ...

Constituent quarks and (L,S)   
classification are consistent with 
symmetries and dynamics of QCD 

  Non-relativistic, few body problem 
Light (constituent quarks) ~ heavy quarks originates from 

gluons -> potential 

CF (br - α/r) 
short

  range 

H = Kq + VC + VLS + VSS + Vv

long
  range compatible with pQCD 

bound vs molecular states?

Ψqq̄qq̄ =
Ψqq̄ ×Ψqq̄

or ?
Ψqqq̄q̄

|h〉 = |QQ〉Ψqq̄ + |QQg〉Ψqq̄g

+ |QQ̄QQ̄〉Ψqq̄qq̄ + · · ·
No evidence for One 
Gluon exchange 
effects 
beyond hyperfine-
splitting in quarkonia !

long range interactions reflect many-
body features (monopoles, strings, ...) 

gluon propagator is IR suppressed 
(Debye screening of magetic charges)

1
p2
→ M2

M4 + p4



hyperfine-splitting from OGE 

VSS ∼
α

m2
q

Sq · Sq̄δ
3(rqq̄)

MS=1 −MS=0 ∼ VSS

M2
S=1 −M2

S=0 ∼ mqVSS

apparent agreement down
 to the pion-rho 



ρ− π

K∗ −K

D∗ −D

B∗ −B

mconstituentmcurrent

pion is not a qq pair -> it is a coherent state 
of constituent qq pairs. 

The apparent 1/mq ρ-π mass splitting is 

accidental ! Even happens in absence of spin-
dependent interactions ! 

|π〉 = |QQ̄〉 + |QQ̄2〉 + |(QQ̄)3〉

hyperfine-splitting from OGE 

VSS ∼
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Sq · Sq̄δ
3(rqq̄)

MS=1 −MS=0 ∼ VSS

M2
S=1 −M2
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 to the pion-rho 



more on one-gluon 
exchange and light 
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normalization (QCD sum rules) 

rapid fall-off 
(~α2)

One gluon exchange 

... low-x partons are soft and 
coherent with the hard 
scattering sub-process

Asymmetry strongly suppressed in 
pQCD analysis (quark mass, α) ....

... due to final state interactions
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Meson resonances 
from Goldstone 
boson dynamics 

GB : collective excitations
 of the qq sea

_
low energy (E ~ mπ) constrained 

by chiral symmetry. 
Corrections appear at E ~ 1GeV 

and probe internal quark 
dynamics 

ππ -> ππ is crossed symmetric : Cauchy 
representation : closed system of 

equations (Roy eq.) 

A(s, t) =
∑

I,L

aI
L(s)PL(cos(θ))

solution outside the physical region 
(resonances) completely determined 
by data

al
I=0,1,2(s)
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Quark Model : resonance have small sizes  
GB dynamics: resonances have large spacial extent  
So : crucial to measure size 

QCD content ?

resonance pole moves 
towards the real axis  

|T | ∼ O(1) |T | → 0

Nc → ∞

resonance pole moves 
deep into the complex 

plane 

σ f0, 

Fit low energy constants in 
the physical region Nc = 3 ...

... and extrapolate to Nc = ∞

Pelaez, 2004
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π
+

π
−

e
iδ(M) cos δ(M)

Diffuse source suppresses resonance production (Watson theorem)

e.g. a1 via pion exchange 

long range > π exchange

“Deck effect” π

e.g. ρ, ϕ in diffractive photo-production

short range > everything else

π
+

π
−

eiδ(M) sin δ(M)

ρ



dispersive analysis of partial waves in 
of π-π+ photoproduction (CLAS g11)

ππ phase shifts scattering

on mass-shell ππ 
intermediate state

this term does 
NOT represent 

resonance 
photoproduction

off mass-shell 
meson  

intermediate state

short-range (QCD) 
production







Exotic story (ηπ0) in P-wave has JPC=1-+ !π- p -> η π0 N
-> η π- p

M = 1370 ±16−3 0
+5 0  MeV / c2

Γ = 385± 40−105
+65  MeV / c2

π−p→ ηπ−p

π−p→ ηπ0 n

M = 1597 ±10−1 0
+4 5 MeV / c2

Γ = 340 ± 40−50
+50  MeV / c2π−p→ ′ η π−p

π−p→ρ0π−p
M = 1593 ± 8−47

+29  MeV / c2

Γ = 168 ± 20−1 2
+150  MeV / c2

π−p → b1πp
π−p → f1πp

BNL (E852) and VES
new analysis reduces the strength 

New results: No consistent B-W interpretation possible but 
a weak ηπ interaction exists and can reproduce the exotic 
wave



exotic wave signal (E852) J
PC

= 1
−+

π−p→ η′π−p

π−p→ ηπ−p



P-wave

P -wave ηπ, η’π  
2 coupled channels

S, D -wave KK, ηπ, η’π  
3 coupled channels

exotic wave signal (E852) J
PC

= 1
−+

π−p→ η′π−p

π−p→ ηπ−p
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Model (in)dependence in pwa

beam

target

final state 
mesons

t/s << 1

t-channel singularities close to the 
physical region dominate (Regge sums) 

t

s
X

ρ
π

isobar model: quasi two-body decays

π

π

corrections to isobar model:
unitarity constraints

general two-body amplitudes

formalism describing unitary and analytical 3 particle final 
states exist (but have seldom being used)
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γp→ f2π
+n→ π+π−π+n

Moving                peak π2(1670)



π2(1670)

π2(1810)

γp→ f2π
+n→ π+π−π+n

Isobar-type fits could
produce spurious 

resonances

π2(1780)



+=

+

Jρ

1
Dρ(si)

Tρ = 1× Jρ(si) ≡ HρρJρ(si)

Tρ = HρρJρ(si) + HρσJσ(si)

Y.Goradia (ca 1975)



The Excited Baryon Analysis 
Center (EBAC) is conducting 
dynamical coupled-channel 
analyses of JLab data and other 
relevant data in order to extract N* 
parameters and to investigate the 
reaction mechanisms for mapping 
out the quark-gluon substructure 
of N*. This effort is also providing 
theoretical input to the data 
analyses by the experimental 
groups, especially by the CLAS 
collaboration at JLab.

similar efforts 
proposed for the 
meson program



1 Highest γ energy in the g11 data set 
Eγ ~ 3-4 GeV. Low momentum 
transfer (-t < 1 GeV2) 

dispersive analysis of partial waves 
in of π-π+ photoproduction

2 Extract moments of the angular 
distribution (correcting for the CLAS 
acceptance) by log-likelihood fit

3 Describe moments in terms of 
partial waves 

3 Parametrize partial waves 
in terms of 
known ππ phase shits and 
unknown production 
amplitudes 

4 Derive partial wave 
cross sections 
to compare with models 



ρ heavy mesons

π



ρ heavy mesons

π
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p p’



ρ heavy mesons

π

diffuse source

π
+

π-

γ

p p’

“Deck effect” π π

Δ

compact source
π
+

π-γ

p p’
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One gluon exchange 

... low-x partons are soft and 
coherent with the hard 
scattering sub-process

“artificial” enhancement of 
normalization (QCD sum rules) 

rapid fall-off 
(~α2)

more on one-gluon 
exchange and light 

quarks ΨLC(zp+, k⊥) ∼ 1
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∼ z(1− z)
k2
⊥

expansion not  valid at end points  z->0,1 !
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<Y11> ~ Re [S P+* ]

<Y10> ~ Re [S P0*] 

<Y21> ~ P0 P+* + P+ P0*

P0 and P+ OUT of phase 

<Y20> ~ 2|P0|2 -|P+|2 

P+  > P0 

P0 and P+ IN phase 




