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Chernyak-Zhitnitsky w.f.s + LOpQCD

our calculation

assymp. w.f.s. + LOpQCD
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Dyson-Schwinger

L.Chang, C.D.Roberts, I.Cloet, P.Tandy  et al, (2013) 



wee or valence quarks ?   

Pγ=(0,0,0,-2P)

Pπ=(P,0,0,P)

x ~ 1
1-x ~ 0

x ~ 1/2

1-x ~ 1/2 Pγ=(P,-2P,0,P)

P = Q/2
z

x

need to exchange  
hard gluons  

low-x behavior of DA   

“hardness” of the gluon  

“longitudinal or transverse kick ? “ 



OGE or else ?
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suppressed and non-

perturbative ! 
L.Mankiewicz,APS 

P.Hoyer 



S.J.Brodsky, G.P.Lepage, Phys.Rev. (1980)

e.g. δ ~ 0.25 (~ 0.29 in DS)  solves BaBar 
anomaly and is consistent with the Regge 
picture of a quark exchange

vs
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E12-06-101 D.Gaskell, G.M.Huber,  
“Measurement of the Charged Pion From Factors to High-Q2”



BaBar anomaly e+e� ! �0e+e�

B.Aubert et al. Phys.Rev. (2009)
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“soft”

“hard”

“harder”

“pointlike”

theory: G.P.Lepage, S.Brodsky 
A.Radyushkin

 S. Uehara, et al. Belle (2012)
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M.Gorchtein, P.Guo, AS (2012)  

From the s-channel:

ImF (s) =
X

X

t⇤X(s)�X(s)FX(s)

multi-particle ladder 
-- Reggized quark

resonances (ρ,ω) 
at low energies 

(Q2)α enhancement from 
multi-particle production  
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reggized (ladder) quark

soft 

soft 

reggized vs single quark exchange
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 ~1/p4  needed for 
linearly rising potential 

G(0) = finite 

L = 20 fm !

“One-gluon”

Early ideas about the origin of confinement 

A.Cucchieri, et al.

How does this relate to Regge 
trajectories ?



lead to confinement 

space

time

⟨A⊥A⊥⟩ ⟨A0
A

0⟩

IR enhanced

are confined  
(“constituent gluon” of 
large effective mass )

Dual role of gluons
 (all gluons are equal but some are more equal than others)

IR suppressed



Onset of confinement

thenIf

>

equal-time gluon  
propagator

� 1

r2
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rD
r2 1

r2QED QCD



Golterman Greensite, Peris, AS (2012)

equal-time gluon  
propagator



string-less state

QCD: No-confinement without 
Coulomb confinement  

(Zwanziger)

is not a QCD eigenstate 

 0[A]

 QQ̄[A]

�0R

�QQ̄R

�0 ⇠ 3�QQ̄

Greensite, Olejnik (2009)



From stringless state to flux tubes 

in 1-gluon (variational) approximation

Greensite, AS (2015)



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

Dudek, et al.



J. Dudek et al. 

 lowest-mass 
 hybrid multiplet

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

1+� � 1��SQQ̄=1 =

JPC glue

JPC QQ

_

1+� � 0�+
SQQ̄

= 1��

0�+, 1�+, 2�+

Physical gauge QCD (Hamiltonian)

three-body 
 potential

one-body  
(kinetic + self-energy)

two-body  
potential

Guo, Galata, Santopinto, AS (2008) 
Krupinski, AS (2006) 

JPC
g = 1+�

Pqq̄ = (�1)L+1

Cqq̄ = (�1)L+S
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strangeness in proton ϕ-production





LHCb Pentaquark(s) ⇤b ! K�pJ/ 

Aaij,,et al., LHCb (2015)

M.Karliner, J.Rosner (2015) 



T.Mibe,et al. LEPS  (2005) A.Blin et al.  JPAC (in preparation) 

Nucleon bound meson atoms?

Possible signal at Jlab12 ?

�p ! J/ p�p ! �p



DD
_

DD*
_

Z(4020)

Zb(10610)
Pc(4450)

O
(10) open flavor decay thresholds

Long time ago hadrons were made 
from valence quarks

X(3872)



…we need to know how to interpret “peaks”
(Violin Resonances)

?

a resonance in          ? 
⇤b ! K�pJ/ 

pJ/ 

... or a         reflection ?



“Peierls mechanism” 



XYZ 
“dynamics” 



S-matrix principles: Crossing, Analyticity, Unitarity

A(s,t)

M-decay channel 

t s
M

s-channel 

t

s

M

Crossing

A(s, t) =
X

l

Al(s)Pl(zs)

Al(s) = lim
✏!0

Al(s+ i✏)

Analyticity

bumps/peaks on the 
real axis (experiment) 

come from 
singularities in 

physical sheets: cuts 
and unphysical sheets 

:poles 

Al(s+ i✏) 6= Al(s� i✏)

s-plane

 Unitarity
poles come from QCD
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with resonance without resonance

Y (4260) ! DD̄⇤⇡

Y (4260) ! ⇡⇡J/ 



Coleman-Norton requires 

The key to the XYZ phenomena are the many nearby channels



Joint Physics Analysis Center

Events, X-sections,MC  QCD Predictions

Amplitude analysis: 
based on S-matrix principles

t

us



JPAC : Example of Analysis Projects 
Light meson decays and light quark resonance

ω/φ → 3π, πγ (dispersive)
ω → 3π (Veneziano, B4)
η→3π, η’/f1→ηπ π, (Khuri-Treiman, B4)
J/Ψ→γπ0π0

J/Ψ → 3π, KKπ (Veneziano, B4)

Photo-production: (production models, FESR and duality)
γp → π0p
γp → pK+K- (and Kp)
γp → π+π-p, π0ηp, ωp

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

Exotica and XYZ’s:

Launched  in the Fall 
of 2013 

>20 analysis/papers 
published 



Adam Szczepaniak (IU/JLab)
Mike Pennington (JLab)
Tim Londergan (IU)
Geoffrey Fox (IU)
Emilie Passemar (IU/JLab)
Cesar Fernandez-Ramirez
 (Jlab        Mexico)
Vincent Mathieu (IU)
Micheal Doering (GWU)
Ron Workman (GWU)

CLAS collaboration
Diane Schott (GWU/JLab) 
Viktor Mokeev  (JLab)
HASPECT

Marco Battaglieri (Genova)
Derek Glazier (Glasgow)
Raffaella De Vita (Genoa)
…

GlueX collaboration
Matthew Shepherd (IU)
Justin Stevens (JLab)
…

COMPASS collaboration
Mikhail Mikhasenko (Bonn)
Fabian Krinner (TUM)
Boris Grube (TUM)
…

Vladyslav Pauk (Mainz       JLab)
Alessandro Pilloni (Rome       JLab)  
Astrid Blin (Valencia)
Andrew Jackura (IU)
Lingyun Dai (IU/JLab       Valencia)
Meng Shi (JLab       Beijing)
Igor Danilkin (JLab      Mainz)  
Peng Guo (IU/JLab      CSU)
…

http://www.indiana.edu/~jpac/

BESIII collaboration
Medina Ablikim (Beijing)
Ryan Mitchell, (IU)
…

BaBar collaboration
Antimo Palano (Bari) 
…

LHCb collaboration
T.Skwarnicki (Syracuse)
J.Rademacker, (Bristol) 
…

http://www.indiana.edu/~jpac/index.html


ÊÊÊÊ
ÊÊÊÊÊÊ

Ê
Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê

ÊÊÊ
ÊÊÊÊÊÊ

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê
Ê Ê

Ê

Ê

ÊÊÊÊÊÊÊÊÊ
Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê Ê

Ê

Ê

Ê

ÊÊÊÊÊÊÊÊÊ
Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê

ÊÊÊÊÊÊÊÊ
Ê
Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê
Ê

Ê

Ê

ÊÊÊÊÊÊÊÊ
Ê
Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

• 20.8 GeV x 105
• 40.8 GeV x 104
• 64.8 GeV x 103
• 100.7 GeV x 102
• 150.2 GeV x 101
• 199.3 GeV x 100
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E 

resonance pole 

analyticity & complex energy plane 

special thanks to 
Vincent Mathieu



GLOBAL EFFORT 
JPAC, IU, GW, ...

Italy, Germany, Spain...

Joint Physics Analysis Center 
(JPAC) Develop 

theoretical,phenomenological/
computational tools for hadron 

experiments

 Experiment-theory 
collaboration



Thank you 

and happy birthday Tony !


