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Signatures of new, unusual light resonances 
• Exotic JPC=1-+ (hybrid) mesons expected (VES, 

GAMS,E852, COMPASS, and theory) 

•  In low-t pion diffraction (COMPASS) exotic wave 
production compatible with one pion exchange 
(but not at high-t)   

• Large exotic wave 
seen in η(‘) π 
production : Golden 
Channel 

V.Mathieu in progress

• In photoproduction (GlueX) 
exotic mesons  produced via 
pion exchange (both good 
and bad) 

π- p → η(‘) π- p 
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Bottom → Up

Data

Microscopic model  

Amplitudes

Rules 
(bubbles,  
regularization, 
renormalization, 
etc. )

Top → Bottom 

Amplitudes

Physical 
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Microscopic model  

c

uc

u

Mesonic-Molecules

u

c
c

d

Tetraquarks

c

uc

u

Mesonic-Molecules

u

c
c

d

Tetraquarks

Data

Amplitude analysis : connecting data to QCD
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In practice $5

• Reconstruct amplitudes from its  
singularities (poles, cuts) Recall 
that each singularity has its own 
physical interpretation   

• Use data to determine best 
hypothesis  

• Test how singularities depend on 
parameters (channel couplings, 
thresholds, etc.) to infer their 
microscopic origins.

V(r) r

bound states

Resonances 

Virtual states
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In this talk 

• JPC=1-+ I=1, light exotic hybrid ?  

• Zc(3900)  in J/ψ π π, DD* ?   
_

• Pc(4312) in Λb→ J/ψ p K 

BESIII

E852
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In this talk 

• JPC=1-+ I=1, light exotic hybrid ?  

• Zc(3900)  in J/ψ π π, DD* ?   
_

• Pc(4312) in Λb→ J/ψ p K 

BESIII

E852

Yes  :  “Normal resonance” 

Inconclusive 

No : Unbound  
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Spectroscopy from peripheral production

• Need to establish 
factorization between 
beam and target 
fragmentation 
(Regge factorization) 

• Single Regge pole 
exchange dominate 
over cut other 
singularities (cuts, 
daughters)  
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Global Regge analysis

• Test Regge pole hypothesis and 
estimate corrections (daughters, 
cuts)

• Factorizable Regge pole exchange 

• NData=1271, Npar=9

(6 SU(3) couplings, 1 mixing angle, 2 exp. slopes )
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Global Regge pole analysis 
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The π1 (exotic) meson candidate $11

M = 1370 ±16−3 0
+5 0  MeV / c2

Γ = 385± 40−105
+65  MeV / c2π−p→ ηπ−p

M = 1597 ±10−1 0
+4 5 MeV / c2

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

π1 (1400)  E852, also GAMS, 
VES, Crystal Barrel 

π1 (1600) 

E852, also COMPASS,CLEO 

E852

E852

Is it 1400 or 1600 ? 

COMPASS consistent with both 
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COMAPSS data $12
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2-meson peripheral production : ηπ $13

π−p → η(′ �)π−p

aϵ
LM,μ′�μ(stot, t, s) → a1

L,M=±1(t, s)



INDIANA UNIVERSITY

$14



INDIANA UNIVERSITY

$15



INDIANA UNIVERSITY

$16Bootstrap
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Bootstrap + model variations $17
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A.Pilloni 
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New pentaquarks ? 

The lowest 𝑃𝑐(4312) appears as 
an isolated peak at the Σc+ 𝐷0  
threshold 

A detailed study of the line-shape 
can provide insight on its nature. 

Is the resolution good enough to 
distinguish between, molecules, 
unbound virtual states, or compact 
pentaquarks?   
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New pentaquarks ? 

dN

d s
= ρ(s)[A(s) |2 + B(s)]

A(s) = assumed 
in a 

 single p.w 

B(s) = higher p.w’s 

A(s) = P(s)T(s)
T−1(s) = M(s) − ik(s)

M(s) = M
Case A 

virtual or bound states 
(sheet IV or II but no sheet III)  

Case B 

M(s) = M + Cs

additional compact 
states (sheet III) 

M (s) = 2 x 2  scattering lengt matrix 

M = 2 x 2  scattering length  
+ effective range 

Cusp seen above threshold 
5q compact or unbound   

Compact 5q 

Week attraction 
 unbound 
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New pentaquarks ? 

dN

d s
= ρ(s)[A(s) |2 + B(s)]

A(s) = assumed 
in a 

 single p.w 

B(s) = higher p.w’s 

A(s) = P(s)T(s)
T−1(s) = M(s) − ik(s)

M(s) = M
Case A 

virtual or bound states 
(sheet IV or II)  

Case B 

M(s) = M + Cs
additional compact 
states (sheet III) 

M (s) = 2 x 2  scattering lengt matrix 

Breit - Wigner  
below thresholdM = 2 x 2  scattering length  

+ effective range 5q  compact  bound molecule 

attraction, unbound 
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New pentaquarks ? 

Case A Case B 
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New pentaquarks ? 

T−1 = M − iρ(s)

M = 2 x 2  scattering 
lengt 

Case A 

Decrease coupling 
between J/ψ p and  
Σ+D channels 

IV sheet pole moves 
onto real axis (virtual 
state)  

II sheet pole moves onto 
real axis (bound state)  

Virtual state in (>90%) 

_
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New pentaquarks ? 

T−1 = M − iρ(s)

Case B

Decrease coupling 
between J/ψ p and  
Σ+D channel 

Remove imaginary parts 

Peak generated by the 
II sheet pole which is 
“eaten” by a zero on IV 
sheet. Same with the 
lower III she pole 

M = 2 x 2 scattering 
length + effective 
range matrix 

_
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New pentaquarks ? 

T−1 = M − iρ(s)

3 channel fit 

Decrease coupling 
between J/ψ p and  
Σ+D channels 

Remove imaginary parts 

Consistent with 
unbound state

M = 3 x 3 scattering 
lengt matrix 

_
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Joint Physics 
Analysis Center
• JPAC: theory, phenomenology and analysis 

tools in support of experimental data from 
JLab12 and other accelerator laboratories.

• Contribute to education of new generation 
of practitioners in physics of strong 
interactions. 

http://www.indiana.edu/~jpac/
https://jpac.jlab.org
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Spares 
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Amplitude analysis : connecting data to QCD

Amplitude analysis

dσ ∝ |T(s, t, ⋯) |2

Luscher quantization 
 condition  
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RPP2016
Godfrey & Isgur (1985)

cc̄c
c

Experimental or lattice signatures  
(real axis data: cross section 

bumps and dips, energy levels) 

gu
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Mesonic-Molecules
Hybrids

u

c
c

d

Tetraquarks

What is the interpretation (constituent 
quarks, molecules, …) ?
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t/u channel singularities 

s channel singularities

13N*12C
12C

d

p

n

Triangle singularities 
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Production(sππ)  x Interactions in ηπ (sππ)
Constrained by unitary 

A.Jackura et al. (JPAC/COMPASS) Phys.Lett. 
B779, 464 (2018) 
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Flate Formula

f −1(s) = K−1(s) − iρ(s)

Phase space for deal  
~ break up momentum

Analytic near threshold

K =
g2

m2 − s
f(s) =

g2

m2 − s − iρ(s)
Breit-Wigner

1 Channel 

2 Channels f11 =
g2

1

m2 − s − ig2
1 ρ1(s) − ig2

2 ρ2(s)

f−1 = K−1 − iρ(s)

K =
1

m2 � s

✓
g21 g1g2
g1g2 g22

◆

<latexit sha1_base64="zG14uYVd8COog9zdlR5MbmQYoaY="></latexit><latexit sha1_base64="zG14uYVd8COog9zdlR5MbmQYoaY="></latexit><latexit sha1_base64="zG14uYVd8COog9zdlR5MbmQYoaY="></latexit><latexit sha1_base64="zG14uYVd8COog9zdlR5MbmQYoaY="></latexit>

K-matrix pole produces a pole on the complex 
plane. But its existence is independent from that of 
decay channels  

If m2,gi >> 1, it becomes an effective 
range approximation  → threshold (bound state of 
virtual state) poles 

u
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Amplitude analysis: observables as reflection of singularities  $33

P D

A(m2
12, m2

23, m2
13)

A(s, t, u)

• A is analytical with unitarity branch points

Al(s) = ∫ dzPl(z)A(s, t(z, s), u(z, s))

• Partial waves are constrained by unitarity; it exposes 
singularities hidden under cuts: poles (resonance), log.-
branch points (“forces” e.g. triangle singularities), sqrt.-
branch points (multi-particle production), etc.  

            → all singularities have physical origin  ! 

a

b

a

b

What constrains 
resonance in e.g. 

ab?
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Systematic Studies $34
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$35Separating “exchange forces” from “resonances”


