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Long time ago hadrons were made from valence quarks



DD
_

DD*
_

Z(4020)

Zb(10610)
Pc(4450)

O
(10) open flavor decay thresholds



before we can address this question… 



… but state of the art analyst  
is based on analogy with 

…we need to know how 
to interpret “peaks”

Violin Resonances
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Example of known non-ordinary: σ

Possible evidence for non-
qq nature of light scalars

non-qq nonet

qq nonet

non-ordinary σ ordinary trajectory 

Striking similarity with 
Yukawa potential 

Pelaez

Pelaez



lattice : simulated 
scattering experiment 

Lusher condition :

(lattice) Z(Ei) = T(Ei) (infinite volume) 



A(s,t)

Unitarity forces cuts : the name of the game is 
analyticity (different from microscopic models)
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Bumps/peaks on the real axis 
(experiment) come from 
singularities of in the complex 
domain. Complexity of Al due to 
open channels, in t,s,u (unitarity) 
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Coleman-Norton theorem 

s

t-channel resonance can 
produce s-channel “band” if:

μ(K)

m2 (p) 

λ (hyperon)

t
m1 (cc)

_

t λmax2 =(M-m1)2 = tmax

M (Λb)

all particles 
on-shell
m2 and m1 collinear

s

v(m2) > v(m1)

λ  off-shell

v(m1) = 0

λmin2  = t @ streshold 
and umax

v(m1) = v(m2)

v(m1) > v(m2)

induced
 band 



Coleman-Norton requires 



Zc(3900) Charged charmonium ? 

e+e� ! Y (4260)

! ⇡+Z�
c (3900)

! ⇡+⇡�J/ 

Breit-Wigner model fit

close to D*D threshold coupling to DD*
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Zc(3900) via  
D0* (2420)
exchange Zb(10610) 

via  
BJ**(5698) 
exchange



Analyticity is a powerful constraint ! 

⇡1(µ)

Y (M)

J/ (M 0)

⇡2(µ)

Bl(s)

Cl(s)

D⇤(m⇤)

D̄(m)

Violates causality

Artifact of a model (quark model wave function overlap) 

Cl(s), Bl(s) ⇠ exp(�s/1 GeV

2
)

(e.g. Bugg,Swanson)
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J = L + S

C = (-1)L + S

P = (-1)
L + 1

Mesons with  JPC = 0--,0+-,1-+,2+- : Exotic Quantum Numbers ___

π1

Expected to have very similar properties to ordinary QQ mesons 
_

Gluon excitations 



 lowest-mass
 hybrid 

multiplet

0-+ 1-+  2-+  1--

J. Dudek et al. 



new multiplets from lattice 

quark model states

π

ρ

hybrid interpretation of the Y(4260)
same pattern in ss, cc 

_ _

large overlap with
 gluonic operators
includes 1-+ exotic 

0-+ 1-+  2-+  1--

 lowest-mass 
 hybrid multiplet

NEW states



Hunting for Resonances in 
fixed target experiments

JLAB 12 GeV 

target

“slow”

rapidity
 gap

beam

“fast”A
exchanged 

particle 
“Force”

particle exchange  
= “Force”

target = photon (JLab) 
              pion (COMPAS)

Resonance, “R” production

Particle ↔ Force 
duality 

diffractive-dissociation 
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...mathematically, 
it is expressed 
through Regge 

theory  

J =
1

2⇡�
M2 = ↵0M2

Force-Resonance duality = 
Regge theory  



π- p → π-π+π- p

CERN ca. 1970

 evolution in statistics 
BNL (E852) ca 1995

E852  (Full sample)

COMPASS 2010

O(102 /10MeV ) 

O(103 /10MeV ) 

O(105 /10MeV ) 

O(106 /10MeV ) 



New a1 in f0 π  P-wave  

“Old” a1 in ρπ  S-wave  



particle exchange  
= “Force”

Resonance, “R” production



Resonance

π 

ρ
Force 

3pion spectrum in diffractive  
dissociation on hydrogen  

COMPASS vs E852/BNL and VES 



1-+ Exotic   
COMPASS
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π
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π
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Force 

Resonance

a2 , π1

η

π

Pomeron

π

duality —> the production channel is dominated by spin-
even partial waves.   What is the exotic (P-wave) dual to ?
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Υp→ηπ0p (g12) A.Celentano, PhD, HASPEC/JPAC 



JPAC: helping to repair the gap 

Develop 
theoretical,phenomenological/
computational tools for hadron 

experiments

 Experiment-theory 
collaboration

GLOBAL EFFORT 

Create a vibrant 
community 



JPAC : Specific Analyses 

Light meson decays and light quark resonance
ω/φ → 3π, πγ (Khuri-Treiman)
ω → 3π (Veneziano, B4)
η→3π, η→η’π π (Khuri-Treiman)
J/Ψ→γπ0π0

J/Ψ → 3π (Veneziano, B4)

Photoproduction: (production models, FESR and duality)
γp → π0p
γp → pK+K-

π-p → π-ηp & π-p→π-η’p (FESR) 
B0→ Ψ’ π- K+ u, Ψ(4260) → J/Ψ π+π-

Exotica and XYZ’s:



Resonance-Regge physics in  
meson-baryon scattering 

V.Mathieu, JPAC 

Resonance Regge



Neutral pion photo-production 

Hyperon production 
what is Lambda(1405)? 

V.Mathieu, JPAC 

C.Fernandez Ramirez, JPAC



γp → K+K-p  (g11,g12)

sK+K-

sK-p

Λ(1520)

ϕ(1020)

Duality @ JLab 

D.Schott, JPAC/GWU 
M. Shi JPAC/Pekin U.

B5 amplitude description
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van Hove longitudinal plot 
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• Light	  meson	  decays

η→3π ϕ→3πω→3π

Constrained phase 
space: effective (chiral) 
dynamics, low partial 
waves, amendable to 
dispersive methods  



35

η→3π

P.Guo, I.Danilkin, HASPEC/JPAC 
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FIG. 8: The Electromagnetic form factor for ! ! ⇡

0
�

⇤ (left panel), the di↵erential decay rate ! ! ⇡

0
e

+
e

� (top right) and the
di↵erential decay rate ! ! ⇡

0
e

+
e

� (bottom right). Data for the form factor is taken from [55], while for the single-di↵erential
decay rate were calculated using Eq.(45). The dotted line is the VMD approach (50), while the solid, dash-dotted and dashed
lines correspond to a truncation in the expansion (49) at order 0, 1, 2 respectively.

to the NA60 data (dashed curve in Fig. 8). The re-
sulting parameters are b

1

= �23.7 and b
2

= 484.4 with
�2/N w 1.15. As you can see, the fit suggests the signif-
icant change of parameter b

1

(even di↵erent sign), which
we do not find very reliable. In order to disentangle
the nature of the steep rise, the experimental analysis
of � ! ⇡0l+l� is needed.

Figure 9 shows the results for the � meson decays.
Since there is no experimental measurements, we keep
only one terms in the conformal expansion (49) and
fix it from the experimental rela-photon decay width
�exp

�!⇡

0
�

= 5.41 keV [1]. It yields the following branch
ratios

Bth(� ! ⇡0e+e�) = 1.45 · 10�5

Bexp(� ! ⇡0e+e�) = (1.12 ± 0.28) · 10�5 (54)

and

Bth(� ! ⇡0µ+µ�) = 3.9 · 10�6 , (55)

where we found satisfactory agreement for � ! ⇡0e+e�

and unfortunately there is no data available for � !
⇡0µ+µ�. In Fig. 9 we also show the sensitivity to the
three-body e↵ects. We confirm the findings of [61], that
the there is a two-pion threshold enhancement when you
turn on cross-channel rescattering e↵ects in V ! 3⇡ am-
plitude.

VI. CONCLUSIONS

In this paper we have analyzed three-pion decays and
electromagnetic form factors of !/� within a dispersive
formalism that is based on the generalized isobar decom-
position and sub-energy unitarity. The important input
is the p-wave ⇡⇡ scattering amplitude that is available
from [19]. By means of the dispersion relation we sepa-
rated the contribution from the elastic and inelastic chan-
nels. The latter was modeled by a series in a suitable
conformal variable and the coe�cients of this expansion
play the role of the subtraction constants. This is an al-
ternative way for incorporating three-body e↵ects with-
out assuming any high energy asymptotic behavior of
the two-body amplitude. The unknown coe�cients can
be either fitted to the data or determined from the Lat-
tice of EFT-based studies. We note that the solution of
dispersive integrals is not unique and this has to do with
asymptotic behavior. When the p.w. expansion is trun-
cated, the high energy behavior is spoiled. To cure the
high-energy behavior one has to apply Regge theory and
smoothly connect it to the low energies. This analysis is
clearly far beyond the scope of the present paper.

We presented the single-di↵erential and Dalitz plot dis-
tributions, where we found non negligible three body ef-
fects. We also found our results very similar to ones of

N=1

N=2

l+

l−

V

π

π

π

fV ⇡(s) =

Z si

s⇡

ds0

⇡

Disc fV ⇡(s0)

s0 � s
+

NX

i=0

Ci !(s)
i

upcoming	  
CLAS	  g12
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FIG. 9: The Electromagnetic form factor for � ! ⇡

0
�

⇤ (left panel), the di↵erential decay rate � ! ⇡

0
e

+
e

� (top right) and the
di↵erential decay rate � ! ⇡

0
e

+
e

� (bottom right). The dotted line is the VMD approach (50), the solid line corresponds to a
truncation in the expansion (49) at 0th order and the dashed line is the same as the solid line but without three body e↵ects.

[33] where standard subtraction procedure were applied.
As a straightforward application of the three-body am-
plitude we studied electromagnetic form factors for !/�
mesons. The obtained results improve the simple VMD
finding, however, our theoretical analysis and the other
studies [17, 61] predict the EM transition form factor for
! ! ⇡�⇤ to be smaller at s = (M

!

�m
⇡

)2 than that mea-
sured one by NA60 collaboration. To shed more light on
the intrinsic dynamics of hadrons at low energies the ex-
perimental analysis of OZI-suppressed decay � ! ⇡0l+l�

is very desirable. The shape of the latter is predicted
within our framework.

As a next step we plan to perform the data analysis
of the upcoming ! ! 3⇡ JLab g12 data. Note, that the
same method can be applied to treat D and B mesons
three body decays. Another prospect is the hadronic
light-by-light contribution to the anomalous magnetic
moment of the muon [63], where !/� ! ⇡�⇤ serve as
input ingredients to pion transition form factor F

⇡

0
�

⇤
�

⇤

and �⇤�⇤ ! ⇡⇡ partial waves.
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Appendix A: Spin formalism

In this appendix we outline the derivation of the dis-
continuity relation in the spin formalism. The general
form of the isobar decomposition for V ! 3⇡ in the spin
formalism of Jacob and Wick [40] (for the similar appli-
cations see also [35, 64–66]) is

Habc

�

=
X

I,s,l,µ

N
⇣
Dj⇤

�µ

(R
s

) ds
µ0

(✓
s

)P I

abc

Fj

Ils

(s)

+ Dj⇤
�µ

(R
t

) ds
µ0

(✓
t

)P I

cba

Fj

Ils

(t)

+ Dj⇤
�µ

(R
u

) ds
µ0

(✓
u

)P I

acb

Fj

Ils

(u)
⌘
, (A1)

where N = (2s + 1)1/2(2l + 1)1/2hs µ l 0 | j µi/4⇡ is the
normalization factor which includes the Clebsch-Gordan
coe�cient coming from the relation between helicity and
ls amplitudes [67]. Each term of the amplitude (A1) is
a product of two parts: the first part depends on angles
only, while the second part is responsible for the dynam-
ics of the decay. In (A1) the Wigner Dj⇤

�µ

(R) function,

VMD

N=0
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