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Ordinary and Exotic Hadrons

Ordinary baryons

Ordinary mesons

proton
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⌧ ⇠ 103s

stable

⌧ ⇠ 10�10s

⌧ ⇠ 10�8s

kaon ⌧ ⇠ 10�8s

⌧ ⇠ 10�20sJ/ 

Exotic matter

hybrid mesons

Meson with excited gluon field

Gluon field may carry quantum numbers
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Lattice QCD on the Lightest Exotic 

HadSpec PRD82 (2010) 034508

The lightest isovector exotic meson is the

π1(1−+)
 couples to π1(1−+) ηπ, η′￼π, 3π, b1π, ωρ, …
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Lattice QCD on the Lightest Exotic 

HadSpec PRD82 (2010) 034508

The lightest isovector exotic meson is the

π1(1−+)

HadSpec PRD103 (2021) 054502

π1 → b1π Its main decay channel is π1 → b1π

Easiest decay mode is π1 → ηπ

 couples to π1(1−+) ηπ, η′￼π, 3π, b1π, ωρ, …
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GlueX, PLB133 (2024) 26 
arXiv:2407.03316

Blue is the  signala2
Green is the  signalπ1

Enhanced  signal 
associated with 

π−
1

Δ++
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Promising channel: b−
1 π0Δ++

Understand joined SDME / joined Moments

Can we “transpose learning”  
from only  production?Δ++

Main decay channel of the  is π1 b1π

γp → π−
1 Δ++

pπ+

b−
1 π0

ωπ−
π+π−π0
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Promising channel: b−
1 π0Δ++

Understand joined SDME / joined Moments

Can we “transpose learning”  
from only  production?Δ++

Main decay channel of the  is π1 b1π

γp → π−
1 Δ++

pπ+

b−
1 π0

ωπ−
π+π−π0

Simplest “meson+baryon” channels
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Variables and dimensionality
There are  variables for  particles in the final state3n − 4 n

The 8 variables for  could beρ−Δ++

Vλγ,λρ,λp,λΔ
(s, t)

m2
π−π0, Ωπ− = (θπ−, ϕπ−)

s

t

 : ρ− → π−π0

 : Δ++ → π+p m2
π+p, Ωπ+ = (θπ+, ϕπ+)

 : γp → ρ−Δ++

24 complex functions of 2 variables
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 Spin Density Matrixρ

γ

p n

ρ−

Knowing the spin of the resonance:

V

π0

π−
Aλγ,λp,λn

(s, t, Ω, m2
π+π0) = ∑

m

Vλγ,m,λp,λn
(s, t) F(m2

π−π0) Y1
m(Ω)
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 Spin Density Matrixρ

γ

p n

ρ−

Knowing the spin of the resonance:

V

π0

π−
Aλγ,λp,λn

(s, t, Ω, m2
π+π0) = ∑

m

Vλγ,m,λp,λn
(s, t) F(m2

π−π0) Y1
m(Ω)

The intensity is the squared:

I(Ω) ∝ ∑
m,m′￼

Y1
m(Ω)ρmm′￼

(s, t)Y1∗
m′￼

(Ω)
ρmm′￼

(s, t) = ∑
{λ}

Vλγ,m,λp,λn
V∗

λγ,m′￼,λp,λn

∝ ρ00 cos2 θ + ρ11 sin2 θ − 2ρ10 cos ϕ sin 2θ − ρ1−1 cos 2ϕ sin2 θ

4 SDME extracted from decay angular distribution and provide info on production*

*(4 SDME or 1 diff. cross section + 3 normalized SDME)
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π−

π+

p p′￼

γ

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

ρ0

Vm

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

Model: JPAC, PRD97 (2018)

ρ0
mm′￼

∼ VmV∗
m′￼

I0(Ω)

I1(Ω)

I2(Ω)
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 Spin Density MatrixΔ
Knowing the spin of the resonance:

Aλγ,λp,λn
(s, t, Ω, m2

π+p) = ∑
Λ

Vλγ,λp,λn,Λ(s, t) Fλ2
(m2

π−p) D3/2∗
Λ,λ2

(Ω)
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 Spin Density MatrixΔ
Knowing the spin of the resonance:

Aλγ,λp,λn
(s, t, Ω, m2

π+p) = ∑
Λ

Vλγ,λp,λn,Λ(s, t) Fλ2
(m2

π−p) D3/2∗
Λ,λ2

(Ω)

The intensity is the squared:

I(Ω) ∝ ∑
Λ,Λ′￼

D3/2∗
Λ,λ2

(Ω)ρΛΛ′￼
(s, t)D3/2

Λ′￼,λ2
(Ω)

∝ ρ11 ( 1
3

+ cos2 θ) + ρ33 sin2 θ −
2

3
[ρ31 cos ϕ sin 2θ − ρ3−1 cos 2ϕ sin2 θ]

4 SDME extracted from decay angular distribution and provide info on production*

*(4 SDME or 1 diff. cross section + 3 normalized SDME)
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 Photoproduction @GlueXΔ+(1232) Shastry et al (JPAC) arXiv:2604.22719 & arXiv:2606.07917 
Nys et al (JPAC) PLB779 (2018) 77

GlueX PLB863 (2025)  139368

https://arxiv.org/abs/2604.22719
https://arxiv.org/abs/2606.07917
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“Double Indices” Spin Density Matrix

Let’s write the 2 decays:
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“Double Indices” Spin Density Matrix

Let’s write the 2 decays:

I(Ω) ∝ ∑
m, m′￼

λΔ, λ′￼Δ

D
3
2 ∗
λΔ,λ2

(Ωp)Y1
m(Ω) ρmm′￼

λΔλ′￼Δ

(s, t) Y1∗
m′￼

(Ω)D
3
2
λ′￼Δλ2

(Ωp)

The intensity is the squared:
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“Double Indices” Spin Density Matrix

Let’s write the 2 decays:

I(Ω) ∝ ∑
m, m′￼

λΔ, λ′￼Δ

D
3
2 ∗
λΔ,λ2

(Ωp)Y1
m(Ω) ρmm′￼

λΔλ′￼Δ

(s, t) Y1∗
m′￼

(Ω)D
3
2
λ′￼Δλ2

(Ωp)

The intensity is the squared:

∝ ∑
m, m′￼

λΔ, λ′￼Δ

ρmm′￼

λΔλ′￼Δ

(s, t) × fm, m′￼

λΔ, λ′￼Δ

(Ωπ, Ωp)
Known angular functions

Have known symmetry properties
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“Double Indices” Spin Density Matrix

Unpolarized intensity:

Auxiliary functions:
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“Double Indices” Spin Density Matrix

Unpolarized intensity:

Auxiliary functions: There are 20 coefficients to extract
r00

11
, r00

33
, r00

31
, r 00

3 − 1

r11
11

, r11
33

, r11
31

, r 11
3 − 1

r10
11

, r10
33

, r10
31

, r 10
3 − 1

r̃10
31

, r̃ 10
3 − 1

r̃1 − 1
31

, r̃1 − 1
3 − 1

r1 − 1
11

, r1 − 1
33

, r1 − 1
31

, r1 − 1
3 − 1
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A Preliminary Model

ℝ
Regge exchanges includes: ℝ = ρ, π

Courtesy of V. Shastry

Preliminary results indicate the 
dominance of the  (natural) exchangeρ
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A Preliminary Model

ℝ
Regge exchanges includes: ℝ = ρ, π

Courtesy of V. Shastry

Preliminary results indicate the 
dominance of the  (natural) exchangeρ

Let’s assume production occurs via 
only natural exchange Reggeons
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Factorization

Drastic approximation:

Vλγλρ

λpλΔ

(s, t) = βλγλρ
(t) × γλpλΔ

(t) × f(s, t) ℝ
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Factorization

Drastic approximation:

Vλγλρ

λpλΔ

(s, t) = βλγλρ
(t) × γλpλΔ

(t) × f(s, t) ℝ

Consider only one type of  
Regge exchange of naturality η = P(−1)J

β−λγ−λρ
(t) = η(−1)λγ−λρβλγλρ

(t)

γ−λp−λΔ
(t) = η(−1)λp+λΔγλpλΔ

(t)
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“Double Indices” Spin Density Matrix

Unpolarized intensity:

There are 20 coefficients to extract
r00

11
, r00

33
, r00

31
, r 00

3 − 1

r11
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33
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31
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3 − 1
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33
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31
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“Double Indices” Spin Density Matrix

Unpolarized intensity:

There are 20 coefficients to extract
r00

11
, r00

33
, r00

31
, r 00

3 − 1

r11
11

, r11
33

, r11
31

, r 11
3 − 1

r10
11

, r10
33

, r10
31

, r 10
3 − 1

r̃10
31

, r̃ 10
3 − 1

r̃1 − 1
31

, r̃1 − 1
3 − 1

r1 − 1
11

, r1 − 1
33

, r1 − 1
31

, r1 − 1
3 − 1

ℝ

The 20 = 4 + 16 parameters reduce to 4+4:

rα
mm′￼

λλ′￼

= rρ,α
mm′￼

× rΔ
λλ′￼

rρ
00, rρ

11, rρ
10, rρ

1−1

rΔ
00, rΔ

11, rΔ
10, rΔ

1−1



Vincent Mathieu NSTAR 2026 19

Intensity with Linearly Polarized Beam

I(Φ, Ωπ, Ωp) = W0(Ωπ, Ωp) − PγW1(Ωπ, Ωp)cos 2Φ − PγW2(Ωπ, Ωp)sin 2Φ

Including the photon spin density matrix:

Total numbers of parameters: 56

20 20 16
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Intensity with Linearly Polarized Beam

I(Φ, Ωπ, Ωp) = W0(Ωπ, Ωp) − PγW1(Ωπ, Ωp)cos 2Φ − PγW2(Ωπ, Ωp)sin 2Φ

Including the photon spin density matrix:

Total numbers of parameters: 56

I(Φ, Ωπ, Ωp) ≃ [W0
ρ(Ωπ) − PγW1

ρ(Ωπ)cos 2Φ − PγW2
ρ(Ωπ)sin 2Φ] WΔ(Ωp)

4 4 42
Total numbers of parameters: 14

In the factorization approximation

20 20 16
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GlueX Results on ⃗γp → ρ−Δ++
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GlueX Results on ⃗γp → ρ−Δ++

Very good agreement!

The intensity factorizes

Is it because there is only  
one naturally exchange? 

Is it because there is only  
one naturally exchange? 
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GlueX Results on ⃗γp → ρ−Δ++

Unnatural exchange small and compatible with pion exchange
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GlueX Results on ⃗γp → ρ−Δ++
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Summary:

γp → b−
1 π0Δ++ Ultimate goal π1 → b1π

γp → ρ−Δ++ Ongoing analysis

JPAC and GlueX are building a comprehensive understanding of  
meson/baryon photoproduction, channel by channel 

Experimental observation of factorization

ℝρ π

Explanation (to be confirmed): 
only one Regge exchange dominates

Similar observation in  cf H. Li’s talk at Meson 2026γp → K∗Λ



Backup Slides
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“Double Indices” Spin Density Matrix

Unpolarized intensity:

Auxiliary functions:

Reflectivity components:

r0
mm′￼

λλ′￼

± r1
m − m′￼

λλ′￼
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W0(Ωπ, Ωp) = W0
ρ(Ωπ) × W0

Δ(Ωp)

Unpolarized intensity factorize to

W0
ρ(Ω) = rρ0

00 cos2 θ + rρ0
11 sin2 θ − rρ0

1−1 cos 2ϕ sin2 θ − 2rρ0
10 cos ϕ sin 2θ

W0
Δ(Ω) = rΔ0

11 ( 1
3

+ cos2 θ) + rΔ0
33 sin2 θ −

2

3
rΔ0
3−1 cos 2ϕ sin2 θ −

2

3
rΔ0
31 cos ϕ sin 2θ

Factorized Unpolarized Intensity

ℝ

 are the standard decay functions for P-wavesW0
ρ,Δ(Ω)
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A Preliminary Model

Green is only Pion exchange

Red is only Rho exchange

Blue = Red is Rho+Pi exchange
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Factorized Intensity

I(Φ, Ωπ, Ωp) = [W0
ρ(Ωπ) − PγW1

ρ(Ωπ)cos 2Φ − PγW2
ρ(Ωπ)sin 2Φ] WΔ(Ωp)

Assuming that the production amplitudes factorize:

W2
ρ(Ω) = rρ2

1−1 sin 2ϕ sin2 θ + 2rρ2
10 sin ϕ sin 2θ

The two of the three  are identical:Wα
ρ (Ω)

WΔ(Ω) = rΔ
11 ( 1

3
+ cos2 θ) + rΔ

33 sin2 θ −
2

3
rΔ
3−1 cos 2ϕ sin2 θ −

2

3
rΔ
31 cos ϕ sin 2θ

The  decays factorizes and  is:Δ++ WΔ(Ω)

W0,1
ρ (Ω) = rρ0,1

00 cos2 θ + rρ0,1
11 sin2 θ − rρ0,1

1−1 cos 2ϕ sin2 θ − 2rρ0,1
10 cos ϕ sin 2θ

4 4 42
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Intensity with Linearly Polarized Beam

I(Φ, Ωπ, Ωp) = W0(Ωπ, Ωp) − PγW1(Ωπ, Ωp)cos 2Φ − PγW2(Ωπ, Ωp)sin 2Φ

Including the photon spin density matrix:

 includes 20 parametersW0(Ωπ, Ωp)

 includes 20 parametersW1(Ωπ, Ωp)

 includes 16 parametersW2(Ωπ, Ωp)

Complete intensity includes 56 parameters

Factorized version:

Factorized intensity includes 14 parameters

 includes 4+4 parametersW0,1
ρ (Ωπ)

 includes 2 parametersW2
ρ(Ωπ)

 includes 4 parametersWΔ(Ωp)
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Gluex and VM PRC105 (2022) 035201⃗γp → KΛ(1520)


