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Develop theoretical,phenomenological and computational tools for hadron experiments





before we can address the following  
question… 



…we need to know how to interpret “peaks”

(Violin Resonances)

?



S-matrix principles: Crossing, Analyticity, Unitarity

A(s,t)

M-decay channel 

t sM

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 the 
complex domain. 

Al(s+ i✏) 6= Al(s� i✏)

s-plane

 Unitarity



Hunting for Resonances in 
fixed target experiments

JLAB 12GeV, COMPASS 

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 



no room for another a1



New a1 in f0 π  P-wave  

“Old” a1 in ρπ  S-wave  

COMPASS’s a1 meson(s) JPC = 1++   (L=1,S=1)

Two Breit-Wigner resonances (COMPASS)



particle exchange  
= “Force”

Resonance, “R” production

�Ai(s) =
X

j=f0⇡,⇢⇡

T ⇤
ij(s)⇢j(s)Aj(s)

Ai(s) =
X

j=f0⇡,⇢⇡

Tij(s)Pj(s)

One resonance (pole) underlies  
both peaks 



Resonance

π 

ρ
Force 

rho-pi spectrum in diffractive  
dissociation on hydrogen  

COMPASS vs E852/BNL and VES 

OPE has high partial waves 

modified rho “shape”  in  photo-production SLAC



JPAC : Other Analyses 

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 papers 
published 
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p.w. 
analysis

sum over Regge 
poles

Resonance-Regge physics in meson-baryon scattering 

V. Mathieu et.al.
 (JPAC) 

arXiv:1506.01764 
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Construct Im(A(s,t)) from [s0, ∞] via 
FESR 

Reconstruct Re(A(s,t)) from dispersion 
relation
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Building blocks to account for 
baryon “contamination” in dimeson 
production
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High energy regime dominated  
by leading t-channel exchange

RP

�

p p

⇡0

⇢,!

γ π0

p p

ω, ρ, b, h⇢,!

ū(p4, µ4) [g1(tM1 �M2) + g4M4]u(p2, µ2)

⇥�(t)
1� e�i⇡↵(t)

2 sin⇡↵(t)
s↵(t)�1

exchange contribution in term of CGLN M1,…,M4 
given by t-channel Regge exchange:

Large |t|>0.9 GeV^2 described 
by Pomeron-vector cut

CLAS preliminary data 
Courtesy of M.C. Kunkel et al.

Resonance-Regge physics in meson-baryon scattering 

develop FESR’s and extend to finite Q2



γp → K+K-p  (g11,g12)

sK+K-

sK-p

Λ(1520)

ϕ(1020)

Duality @ JLab B5 amplitude 
description
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also see D. Glazier 

K+

K− K−

γ

p
p

M. Shi et.al. 
 (JPAC)  

PRD91 3 
034007

ϕ and other 
vectors (working 

with GlueX) 

C. Fernandez-
Ramirez et.al. 

(JPAC)  
(in 

preparation)



KN scattering (resonance region)
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FIG. 1. (color online) Partial waves S01 (left column), P01 (center-left column), P03 (center-right column) and D03 (right
column) together with the T matrix pole positions (last row) compared to the single-energy partial waves from KSU analysis
[33] for channels K̄N ! K̄N and K̄N ! ⇡⌃ (real part: red triangles; imaginary part: green squares). Red band stands for
the real part of the partial wave and green band for the imaginary part of our model. For the S01 and P01 waves we provide an
estimation of the systematic error: bottom-red histogram for the real part of the partial wave and top-green for the imaginary.
The resonances (poles of the T matrix) computed are the closest to the physical axis in the corresponding Riemann sheet. One
additional pole in the S01 partial wave at 2.45� i 0.47 GeV2 is not shown and believed to be an artifact of the fits (see Section
III B 1). Another pole in the D03 partial wave at (4.24± 0.48)� i (2.38± 0.58) GeV2 is not shown in the bottom right figure.
Error bars for ⇤(1520), ⇤(1690) and ⇤(1890) are smaller than the size of the dots.

B. T matrix poles

The structure found in the partial waves is due to the
appearance of poles (resonances) in the T matrix when
extended to the unphysical Riemann sheets. These res-
onances are shown at the bottom in Figs. 1-4. The
poles are obtained by computing zeros of D(s) = 0 in the
nearest unphysical Riemann sheet defined by the cross-
ing of all the available unitarity cuts. D(s) is defined in
Eq. (A3). In Tables II and III we summarized the ob-
tained pole positions, –in the usual notation of masses
and widths–, and we compare our results to the KSU
model [3] and models A and B from Kamano et al. [5]
(referred to as KA and KB models in what follows). We
also give a possible relation to the resonances listed by the
PDG [1]. The poles in the analyses of Kamano et al. are
based on a dynamical coupled-channel model described
in [4]. Because we use the same single-energy partial

waves as the KSU model one would expect a fairly good
agreement between the two analyses. There indeed is an
agreement for some of the well-established resonances,
but several important discrepancies are found in the re-
maining states, which we discuss in this section. In Fig.
5 we show the resonances from Tables II and III (except
those with very large imaginary part and those believed
to be artifacts of the fits) and in Fig. 6 we show the real
part of the pole positions on the Chew-Frautschi plot.

As explained in Section II F, in our model there are no
poles on the first Riemann sheet except for those on the
real axis below thresholds parameterizing the left-hand
cut. These poles, in most of the cases were found to be
far away from the physical region. The poles closest to
the physical region are found in F05 at �0.45 GeV2, D13

at �0.41 GeV2, P03 at 0.08 GeV2, S11 at 0.31 GeV2, S01

at 0.38 GeV2, and P13 at 0.88 GeV2, and they all produce
a smooth behavior in the physical region.

[lI 2J ]

Scattering Matrix (p.w.)

9

S = I + 2i T

T = TB +BT TR B

SR = I + 2i TR

SB = BT B = I + 2i TB

K̄N,⇡⌃,⇡⇤, ⌘⇤, ⌘⌃,⇡⌃(1385),⇡⇤(1520), K̄�(1232), K̄⇤N,�⇤,�⌃

unitarity, analyticity, coupled channels.
 Fit single-energy p.w. up to J=7/2 and 2.15 GeV
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FIG. 5. (color online) Poles for I = 0 (a) and I = 1 (b)
partial waves from Tables II and III except those with a very
large imaginary part and those marked with ‡ (believed to be
artifacts of the fits). Poles are computed in the unphysical
Riemann sheet where all the available cuts have been crossed
(nearest Riemann sheet to the physical amplitude) and their
`I 2J quantum numbers are provided. The di↵erent thresholds
are highlighted as vertical dashed lines and in the physical
axis as filled black boxes where K

⇤ stands for K

⇤(892), �
for �(1232), ⌃⇤ for ⌃(1385) and ⇤⇤ for ⇤(1520). The last
is treated as a stable state and therefore an accessible decay
channel in the I = 1 channels although in the I = 0 it is a
resonance whose properties emerge from our analysis.

the three-star state ⌃(1660) and its status should be re-
considered by the PDG. Neither our calculation nor KA
nor KB find the higher energy state that KSU assigns to
⌃(1880).

P13 poles. States that contribute to the P13 are con-
troversial. We find two resonances in this partial wave,
KSU also finds two resonances at di↵erent locations and
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FIG. 6. (color online) Chew-Frautschi plot for the ⇤⇤ (a) and
⌃⇤ (b) resonances. Poles are displayed according to positive
(natural) or negative (unnatural) naturality (⌘). Poles colored
in red, i.e. ⇤(1116), ⌃(1192) and ⌃(1385), are taken from
PDG [1]. Dashed lines are displayed to guide the eye through
the projected Regge trajectories. Blue lines guide the eye
through the parent Regge trajectories while red and green
guide through the daughter trajectories.

KA and KB find no resonances. The strongest argument
in favor of the existence of these states comes from the
unnatural parity daughter ⌃⇤ Regge trajectories in Fig.
6(b) which requires two states at the approximate masses
we report.

D13 poles. To describe the D13 partial wave we em-
ployed one pole and two backgroundK matrices. We find
only one resonance at 1666.3� i26/2 that corresponds to
the four-star ⌃(1670) resonance. The same state is also
found in KSU, KA and KB analyses with a larger width
on average, although all compatible within errors. In
[5] a low-lying state in both their KA and KB models
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KN scattering (resonance region)



Light meson decays
η→3π ϕ→3πω→3π

• Constrained phase space,
• Effective (chiral) dynamics, 
• Small number of partial waves, 
• Amendable to dispersive 

methods  

Q = 21.4± 0.4WASA@COSY

CLAS@CEBAF

KLOE@DAPHNE

in preparation

in preparation

Predictions
↵ = �0.022± 0.004

η→3π0

η→3π+π+π0

fit event by event 
g12 CLAS data



More to come
 stay tuned 

Resonance + Regge analysis of π- (γ)p → π-ηp

Vector meson photo production (GlueX)

Resonance in 3 body systems 

Comprehensive analysis of 2-to-2 
Regge phenomena 

B4 amplitudes for 1-to-3 



QCD on the Lattice : simulated 
scattering experiment 

Z(Ei) = T(Ei)

Ei = discrete energy spectrum of states in the lattice 

 (known 
kinematical function) 

(infinite volume 
amplitude ) 

in general “solution” of the Lusher condition requires an 
analytical model for T 

D.Wilson et. al



1-+ Exotic   
COMPASS

f
η

π

Pomeron

π

a2 η

π
Pomeron

π

π 

η
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 ?


