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Ordinary and Exotic Hadrons

Ordinary baryons

Ordinary mesons

proton

neutron

pion

baryon Λ

⌧ ⇠ 103s

stable

⌧ ⇠ 10�10s

⌧ ⇠ 10�8s

kaon ⌧ ⇠ 10�8s

⌧ ⇠ 10�20sJ/ 

Exotic matter

Hybrid baryons

hybrid mesons tetraquarks pentaquarks glueballs



Vincent Mathieu 2-Meson PhotoproductionNSTAR conference 3

Observables and Moments
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A±(s, z) =
∞

∑
J=1/2

(2J + 1) aJ
±(s) dJ
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2 ,± 1
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(z)

Two scattering amplitudes of 2 variables

dσ
dz

=
1

16π2s [ |A+(s, z) |2 + |A−(s, z) |2 ]
Two observables of 2 variables

P
dσ
dz

=
1

16π2s
Im [A+(s, z)A*−(s, z)]

Two unknown (and arbitrary) phases

(z = cos θ)

dσ
dz

=
∞

∑
L=0

(2L + 1) HL(s) PL(z)Moment expansion:
Finite number of HL
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What’s a resonance?

π+

p

π+

p

PRC76 (2006) 0450205

Δ++

Re Ecm

Im
 E cm

sheet II

sheet I

Ecm

Resonances are poles of 
the scattering amplitude

Δ(1232)
Re Ecm

Im Ecm
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Two Meson Photoproduction
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M1

p p′ 

M2

M1

M2

p p′ 

γ

Five independent variables: s, t, m, Ω = (θ, ϕ)

Eight independent amplitudes:


 λγ = ± 1, λ1 = ± 1/2, λ2 = ± 1/2

Why 2-meson photoproduction?

Meson spectroscopy
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p
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M2

N*, Δ, …

Baryon spectroscopy
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Two Meson Photoproduction
η

π0

p p′ 

γ

Meson spectroscopy

¿Hybrid meson?

Identifying exotic meson 
require not only study 
angular distribution but 
also understand 
production mechanisms

a0, a2, π1, …

Toy model �
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η

p
p′ 

π0

N*, Δ, …

Baryon spectroscopy

Baryon resonances interfere 
with all meson resonances
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γp → f2(1270)p :

ρ +
1
3

ω

7

γp → a2(1320)p :

CLAS PRL126 (2021)CLAS PRC 102 (2020)

VM et al (JPAC) PRD102 (2020)Tensor Meson Photoproduction @CLAS

p

<latexit sha1_base64="Tbe1MRtsNLR8GudB5aHgeCdQvWI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWrFXqt3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB3F+M+w==</latexit>

p

<latexit sha1_base64="Tbe1MRtsNLR8GudB5aHgeCdQvWI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWrFXqt3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB3F+M+w==</latexit>

�

<latexit sha1_base64="igK7T06NdJFaIIEjBVfqpQCmvH8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYhA8hV0J6DHoxWME84BkCb2TSTJmHsvMrBCW/IMXD4p49X+8+TdOkj1oYkFDUdVNd1eccGZsEHx7a+sbm1vbhZ3i7t7+wWHp6LhpVKoJbRDFlW7HaChnkjYss5y2E01RxJy24vHtzG89UW2Ykg92ktBI4FCyASNondTsDlEI7JXKQSWYw18lYU7KkKPeK311+4qkgkpLOBrTCYPERhlqywin02I3NTRBMsYh7TgqUVATZfNrp/65U/r+QGlX0vpz9fdEhsKYiYhdp0A7MsveTPzP66R2cB1lTCappZIsFg1S7lvlz173+0xTYvnEESSauVt9MkKNxLqAii6EcPnlVdK8rITVSvW+Wq7d5HEU4BTO4AJCuIIa3EEdGkDgEZ7hFd485b14797HonXNy2dO4A+8zx+JMY8c</latexit>

a2/f2

ω +
1
3

ρ
ω/ρ

Eγ = 4 GeV
Eγ = 5 GeV
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Tensor Meson Photoproduction @GLueX

⌘
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π0

a2(1320)

Strong  signal in a2(1320) πη

Extraction of the cross-section

Extraction of all D-waves components

Production can occur via exchange of


- vector meson (positive reflectivity) or


-  axial-vector meson (negative reflectivity)



Vincent Mathieu 2-Meson PhotoproductionNSTAR conference 9

 Photoproduction @GlueXa2(1320)

PRELIM
IN

ARY
Extraction of   
production amplitudes  
from GlueX data

a2(1320)

VM et al (JPAC) PRD102 (2020)

Reasonable agreement 
with model predictions from

To appear soon…

Collaboration between 
GlueX and JPAC
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π−

π+

p p′ 

γ

 Photoproduction @GlueXρ(770) Data: GlueX, PRC108 (2023)

ρ0

Tm

I(Ω, Φ) = I0(Ω) − Pγ cos 2ΦI1(Ω) − Pγ sin 2ΦI2(Ω)

Model: JPAC, PRD97 (2018)

ρ0
mm′ 

∼ TmT*m′ 

I0(Ω)

I1(Ω)

I2(Ω)
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Moment Expansion
Five independent variables: s, t, m, Ω = (θ, ϕ)

π−

π+

p p′ 

γ

π+

π−

Aλ,λ1,λ2
(s, t, m, Ω) = ∑

ℓ,m

Tλ,m,λ1,λ2
(s, t) F(m) Ym

ℓ (Ω)

(Production amplitudes) x decay

I(Ω) = ∑
L,M

H0(LM) Ym
ℓ (Ω)

Intensity is amplitude squared
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Model: JPAC, arXiv:2406.08016

Data: CLAS, PRD80 (2009) 072005

H(00)

H(20)

H(10)

H(21)

H(11)

H(22)

Moment Expansion
Five independent variables: s, t, m, Ω = (θ, ϕ)

 GeV and  GeVEγ = 3.4 t = − 0.95 2

π+

π−

p p

γ
ℙ

f0, ρ0, f2

π±

p p

π π∓

γ

N*, Δ

SAID
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π0

π0

Aλ,λ1,λ2
(s, t, m, Ω) = ∑

ℓ,m

Tλ,m,λ1,λ2
(s, t) F(m) Ym

ℓ (Ω)

I0,1,2(Ω) = ∑
L,M

H0,1,2(LM) Ym
ℓ (Ω)

(Production amplitudes) x decay

Polarized Moment Expansion

I(Ω, Φ) = I0(Ω) − Pγ cos 2Φ I1(Ω) − Pγ sin 2Φ I2(Ω)

π0

π0

p p′ 

γ

Different moments probe different 
quadratic form of amplitudes
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H1(00)

H0(00) H0(20)

H0(22)

H0(40)

H0(41)
H0(42)

H0(21)

H1(20)

H1(22)
H1(21)

H1(40)

H1(42)
H1(41)

Polarized Moment Expansion
From A. Thiel (GlueX data)

PRELIMINARY
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θ
ϕ

zGJ

xGJ ⃗p′ N

⃗pπ−

ξ

⃗pN

⃗pγ

ϵ

⃗pπ+

yGJ

�
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π−

p
p′ 

π+
ℝ

Δ++

Access to 9 SDME with linear beam polarization
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K+

p
p′ 

K−
ℝ

Λ(1520)

Polarized Spin Density Matrix Elements
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K+

p
p′ 

K−
ℝ

Λ(1520)

Polarized Spin Density Matrix Elements

Data from GlueX, PRC105 (2022)

Model from Yu and Kong, PRC96, (2017)

Negative reflectivity component compatible 
with kaon (spin 0) exchange
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π−

p
p′ 

π+
ℝ

Δ++

Polarized Spin Density Matrix Elements Data from GlueX, to appear soon

Model from JPAC, PLB779 (2018)

Good agreement… up to signs!

  have opposite signρ0,1,2
31
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π−

p
p′ 

π+
ℝ

Δ++

Polarized Spin Density Matrix Elements Data from GlueX, to appear soon

Model from JPAC, PLB779 (2018)

Change sign of

  and  couplingsρ − p − Δ b1 − p − Δ
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Summary
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M1

p
p′ 

M2

N*, Δ, …

M1

M2

p p′ 

γ

Meson spectroscopy

Baryon spectroscopy

Two meson photoproduction are physics-rich reactions

Extracting weak (exotic) signal require deep 
understanding of production mechanism

If a single resonance dominates —> SDME
If not —> Moment expansion

Fruitful collaboration between CLAS/GlueX and JPAC

Need models to understand data

Still of a lot work on formalism, models, data analyses,… to do
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Future directions
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p
p′ 

M3

N*, Δ, …

M2

M1Understand joined SDME / joined Moments

Which observables with polarized target

How can they help?
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M1

p p′ 

M2

Main decay channel of the  is π1 b1π

γp → π−
1 Δ++

pπ+

b−
1 π0

ωπ−
π+π−π0


