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Physics Motivation
• Complete understanding of QCD should be able to predict entire spectrum of hadrons 

• Rich spectrum of conventional mesons and baryons has been observed 

• Experimental evidence for light exotic mesons scarcer 

• One of GlueX’s main goals: map out conventional and exotic hadron spectrum 

• Large emphasis on hybrid mesons - mesons with gluonic excitations
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Jefferson Lab and CEBAF

• CEBAF accelerator delivers up to 12 GeV electrons to Hall D 

• Produce linearly polarized photon beam using coherent Bremsstrahlung ( )Pγ ≈ 40 %
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The GlueX Experiment
• Linearly polarized photons hit 

liquid hydrogen target 

• Nearly hermetic detector for 
both charged and neutral 
particles 

• GlueX-I data completed in 2018 

• Phase-II data nearly complete, 
DIRC for improved  PIDπ/K
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Production of Mesons and Baryons at GlueX
• channel exchange dominates at our beam energies 

• Photon  vector meson, which then exchanges a particle with the target proton  

• Can produce mesons and baryons through these processes 

•  is the four-momentum transferred from beam photon to meson system

t−

↔

t
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t = (p(γ) − p(a2))2

γ a0
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Overview of GlueX Spectroscopy Programs

• Search for exotic mesons in   

• Status of the hybrid meson search 

• Sensitivity studies, conventional mesons 

• Studies on  production and decays 

• Beam asymmetry, SDMEs, double SDMEs, factorization studies 

• Baryon spectroscopy (  states) 

• Underlying baryon dynamics (baryon-antibaryon, )

ϕπ+π−
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Selection of results from meson and baryon programs, including

Meson Baryon

q q q qq

Hybrid Meson

g
q

q

Tetraquark

q

q

q

q



Hidden Strange Exotic Mesons

• Charmonium spectrum has too many vector mesons 

•  is well established four-quark candidate 

• Similar situation may be happening in  system 

•  is best four-quark candidate in  

• Observed at  colliders by multiple experiments 

• Reconstructed in  

• Structure found at higher mass in  

• Unclear if related to 

Y(4230)

ss̄

ϕ(2170) ss̄

e+e−

ϕ(2170) → ϕπ+π−

e+e− → K+K−

ϕ(2170)
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Search for the  in ϕ(2170) ϕπ+π−
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 Fitϕ(2170)

 FitY(2240)

Data not consistent with PDG  parameters, but 
observe peak consistent with BESIII peak parameters

ϕ(2170)

PRL 136, 251902 (2026)

Search for  at GlueX by measuring ϕ(2170) σ(γp → ϕπ+π−p)

• Continuum background (4th-order polynomial) 

• Breit-Wigner at  

• ?,  via  rescattering? 

• Signal modeled as either  

•  with PDG parameters (top) 

• “ ” parameters from BESIII (bottom)

1.82 GeV/c2

ϕ3(1850) X(1830) K*K*

ϕ(2170)

Y(2240)

Fit model:



Hybrid Meson Search
• Hybrid meson spectrum can tell us how valence 

gluons contribute to QCD bound states 

•  is best established hybrid meson candidate 

• Spin-exotic -  not allowed for  

• Decays to  in a wave - “smoking gun” exotic 
signal 

• Seen by multiple experiments, in multiple decays 

• Mass and width appear different for  and  

• JPAC able to fit both distributions with single 
resonance pole

π1(1600)

JPC = 1−+ qq̄

η(′￼)π P−

ηπ η′￼π
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 Upper Limits Projected to π1(1600) η(′￼)π
• Measure upper limit on  

production cross section 

• Project upper limit to other channels 

• In ,  is large and maximum 
 contribution is small 

• In ,  smaller, and can’t rule 
out large  contribution

π1(1600)

ηπ a2(1320)
π1(1600)

η′￼π a2(1320)
π1(1600)
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uncertainty and portions of the photon and tracking
efficiency uncertainties. Therefore, we also report our
limits normalized to the measured a2ð1320Þ cross sections.
After accounting for these reduced systematic uncertain-
ties, as well as incorporating the uncertainties on the
measured a2ð1320Þ cross sections as discussed in
Ref. [29], Sec. VII, we place 90% CL upper limits of

σ½γp→π01ð1600Þp$×B½π1ð1600Þ→b1π$
σ½γp→a02ð1320Þp$

<3.7 ð6Þ

and

σ½γp→π−1 ð1600ÞΔþþ$×B½ðπ1ð1600Þ→b1π$
σ½γp→a−2 ð1320ÞΔþþ$

<1.2: ð7Þ

Lattice calculations from Ref. [8] include a range of
allowed values for B½π1ð1600Þ → b1π$. We can use the
lower limit on B½ðπ1ð1600Þ → b1π$ from their result to set
an upper limit directly on the π1ð1600Þ photoproduction
cross section, with the caveat that it is no longer a 90% CL
limit since the uncertainty on B½π1ð1600Þ → b1π$ is not
folded in. Using their lower bound on B½π1ð1600Þ → b1π$,
we set limits of σ½γp → π01ð1600Þp$ < 206 nb and
σ½γp → π−1 ð1600ÞΔþþ$ < 577 nb. These are the first upper
limits on the π01ð1600Þ and π−1 ð1600Þ photoproduction
cross sections. Note that no other reaction can be used
to set an upper limit on the π1ð1600Þ since b1π is the only
decay mode that has a calculated lower limit.
As mentioned above, these limits on the π1ð1600Þ

photoproduction cross section can be used with the
calculated π1ð1600Þ decay widths from LQCD [8] to
determine which two-body channels are most sensitive
to the π1ð1600Þ in photoproduction. To do this, we need
two pieces of information: the maximum size of the
π1ð1600Þ signal in the channel and the total size of the
photoproduction cross section for the channel. To estimate

the maximum π1ð1600Þ contribution in the ηð0Þπ channels,
we assume Bðb1 → ωπÞ ¼ 100% and multiply the mea-
sured upper limit on σ½γp → π01ð1600Þp$ × B½π1ð1600Þ →
b1π$ by R ¼ B½π1ð1600Þ → ηð0Þπ$=B½π1ð1600Þ → b1π$.
The maximum π1ð1600Þ contribution comes when
R is largest, so we maximize Γ½π1ð1600Þ → ηð0Þπ$ and
minimize Γ½π1ð1600Þ → b1π$ under the constraints that
Γtot½π1ð1600Þ$ ¼ 492 MeV and that the partial widths are
in the ranges allowed by Ref. [8]. The corresponding values
are R ¼ 2.8 × 10−2 for η0π and R ¼ 2.3 × 10−3 for ηπ.
More details on how these values were obtained are in
Ref. [29], Sec. III.
Next, we compare these limits to the total size of the ηπ

and η0π photoproduction cross sections. We select exclusive
events for the processes γp → ηð0Þπ0p and γp → ηð0Þπ−Δþþ

with Δþþ → πþp, η0 → πþπ−η, and η → γγ. We describe
the selection criteria for these four reactions in Ref. [29],
Sec. III. The reconstructed ηð0Þπ− invariant mass distribu-
tions are shown in Fig. 3, and the corresponding plots for
ηð0Þπ0 are in Ref. [29], Sec. III. Note that we are showing the
number of reconstructed events rather than the cross
section, so we convert our a2ð1320Þ cross section and
π1ð1600Þ upper limit to an expected number of events using
the equation N ¼ σLintϵB, where σ is the cross section, Lint
is the integrated luminosity, ϵ is the reconstruction effi-
ciency, and B is the product of all required branching
fractions. The figure shows the measured size of the
a2ð1320Þ signal, as well as the projected π1ð1600Þ upper
limit. These projections show that the π1ð1600Þwill be less
than 1% of the total ηπ mass spectra, but it could be the
main contribution to the η0π mass spectra.
In conclusion,we havemeasured the cross sections for the

photoproduction of three different ωππ final states off of a
proton target, and used them to set an upper limit for the
photoproduction cross section of the lightest hybrid meson
candidate. We find that the upper limits on the π1ð1600Þ
cross sections are similar in size to the a2ð1320Þ cross
section. AssumingBðb1 → ωπÞ ¼ 100%, we place 90%CL
upper limits of σ½γp→π01ð1600Þp$×B½π1ð1600Þ→b1π$<

FIG. 2. The isospin-1 component of the cross sections for
neutral (a) and negatively charged (b) ωππ for 0.1 ðGeV=cÞ2 <
−t < 0.5 ðGeV=cÞ2. The error bars are statistical only. The cross
sections are fit with an a2ð1320Þ (cyan) and π1ð1600Þ (magenta)
Breit-Wigner shape in the range between the vertical dashed
lines.

FIG. 3. The reconstructed ηð0Þπ− invariant mass distributions
(points), overlaid with the a2ð1320Þ signal (cyan) and the
π1ð1600Þ upper limit (red).

PHYSICAL REVIEW LETTERS 133, 261903 (2024)
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We can use  to understand , but  has better sensitivity to ηπ a2(1320) η′￼π π1(1600)



Separating Production Mechanisms
• Broad overlapping resonances require partial wave analysis techniques 

• Beam polarization separates Natural and Unnatural exchanges 

• Natural: ; Unnatural: JP = 0+, 1−, 2+, . . . JP = 0−, 1+, 2−, . . .

11Natural Exchange Unnatural Exchange
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 Cross Sectiona0
2(1320)

• First separation of natural and 
unnatural exchanges  

• Comes from GlueX’s unique 
photon beam polarization 

• Cross section measured here can 
be used as reference in the more 
complex  analysisη′￼π0
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PRC 112, 015204 (2025)

Gives conventional meson anchor for hybrid meson searches in  channelsη(′￼)π

γp → ηπ0p



Production of a−
2 (1320)

• Want to extend hybrid search to charge-exchange processes like  

• Both charged and neutral  have  and 

γp → ηπ−Δ++

ηπ a0(980) a2(1320)
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 and  populate different spin states due to different productiona0
2(1320) a−

2 (1320)
co

sθ
G
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Complications with Unstable Recoil Baryons
• non-  background that increases with increasing  

• Need to model both production and decay of 

Δ++ −t

Δ++
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Δ++

a2

Understanding  production and decays essential for hybrid search in charge-
exchange processes 

Δ++

M(π+p) [GeV/c2]
M(ηπ−) [GeV/c2]

M
(η

π−
)

[G
eV

/c
2 ]



 Production MechanismsΔ++

• Measure beam asymmetry 

• all natural exchange 

• all unnatural exchange 

• Unnatural dominates for  GeV  

• Natural dominates when  GeV

+1 ⟹

−1 ⟹

−t < 0.4 2

−t > 0.4 2
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PLB 863, 139368 (2025)

• Reconstruct process  with γp → π−Δ++(1232) Δ++ → pπ+

Shows us unnatural exchange dominates at low -t



Understanding  Through SDMEsΔ++

• Linear combinations give natural and unnatural SDMEs separately 

• Natural exchanges well described by model, discrepancy for unnatural exchanges
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PLB 863, 139368 (2025)

Natural Exchange

Unnatural Exchange

Important input for improving theory description of unnatural exchange



 Double SDMEs - Factorization Studiesρ−Δ++

• Full model vs factorized model 

• Factorization appears to hold

• Question: Can upper and lower vertices be treated independently?

Factorization will reduce 
complexity of models in 
important, low statistics hybrid 
search channels

17

γ ρ−

p Δ++



Cascade Spectroscopy Program
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• Only 3 cascade states have “four star” status 

• GlueX can produce these doubly strange baryons 
against recoiling kaons 

• GlueX detector capable of reconstructing 
complicated final state topologies 

• Goal: find cascades that are predicted but not 
well established experimentally

In addition to baryon production and decay, can also study spectrum of baryons



 PhotoproductionΞ(1320)−

19



Excited Cascade Cross Sections
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Find evidence for  at GlueXΞ(1530)−, Ξ(1690)−, and Ξ(1820)−

GlueX can produce, reconstruct cascades in complicated decay modes



Baryon-Antibaryon Studies 
• Measure cross sections for  

and  

• No evidence of narrow “baryonium”-
like structures 

• Double-t-channel phenomenological 
model matches data well

γp → pp̄p
γp → ΛΛ̄p

21Large cross sections - opens door to additional baryon-antibaryon studies

PRC 113, 045207 (2026)



 Physics MotivationΛ(1405)
•  too light compared to  

• Chiral unitary models, CPT, LQCD predict two  states in this region 

• Near  and  thresholds - possible molecular component?

Λ(1405) Λ(1520)

I = 0

NK̄ Σ0π0

22Hyodo, Jido - Prog. Part. Nucl. Phys 67 (2012), 55 M. Mai - Eur. Phys. J. Spec. Top. 230 (2021) 6, 1593

Scattering amplitude from Chiral Unitary Model



 Physics MotivationΛ(1405)
• Higher mass pole couples more strongly to  

• Lower mass pole couples more strongly to  

• We can reconstruct both of these modes at GlueX 

•  with ,                

•  

• Goal: extract  pole position(s) using 
coupled-channel K-matrix fit

NK̄

Σ0π0

Σ0π0 Σ0 → γΛ Λ → π−p

pK−

Λ(1405)
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M. Mai - Eur. Phys. J. Spec. Top. 230 (2021) 6, 1593



K-matrix fit with 2-pole ansatz for  gives better description of GlueX dataΛ(1405)

Two pole fit Single pole fit

/  LineshapesΛ(1405) Λ(1520)
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 Pole PositionsΛ(1405)

• Points show GlueX preliminary result 

• Systematics nearly finalized 

• Publication in preparation

M. Mai - Eur. Phys. J. Spec. Top. 230 (2021) 6, 1593



Summary
• GlueX is mapping out meson and baryon spectra using polarized photoproduction 

• Observe peak in  spectrum consistent with  parameters from BESIII 

•  cross section gives us “standard candle” for  analysis 

•  SDME analysis has helped improve theory description of unnatural exchanges 

• Factorizing meson and baryon amplitudes will enable PWA in statistics limited channels 

• Rich cascade spectroscopy program is in progress 

• Two-pole K-matrix fit of  gives best description of GlueX data 

ϕπ+π− ϕ(2240)

a0
2(1320) η′￼π0

Δ++

Λ(1405)
GlueX acknowledges the 
support of several funding 
agencies and computing 
facilities: 
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GlueX-3 next year - improved sensitivity to charmonium with new GEM-TRD



Backups
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Definition of Amplitudes
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and nucleon spin non-flip amplitudes (four coherent sums total):

X
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Finally we arrive at a formulation of the intensity that involves four coherent sums for each configuration
of nucleon spin:

I(⌦,�) = 2
X

k
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These expressions can be easily implemented into AmpTools by absorbing a factor of
p

1± P� into

the definition of the amplitude. One would then fit for the [`](±)
m;k coe�cients in the four separate coherent

sums, where repeated [`](±)
m;k are constrained to be the same using the constrain keyword in the AmpTools

configuration file. The overall factor 2 is irrelevant as the intensity will be renormalized in the fitting
procedure. It would be useful to define an amplitude for the function Zm

` with appropriate flags such that
the calcAmplitude function returns, as a complex double data type, the real or imaginary part of Zm

` (which
is a purely real number).

Since there are no kinematic variables to distinguish between the spin flip (k = 1) and spin non-flip
(k = 0) amplitudes, it is anticipated that these two contributions to the intensity will result in an poorly
constrained fit. The contributions from two k values are not purely ambiguous since the coherent sums for
each k may contain a di↵erent set of interfering amplitudes depending that depends on k. Nevertheless, fit
instability seems highly likely for the general case where both k = 0 and k = 1 is included for all amplitudes.

Acknowledgement: I would like thank Vincent Mathieu for his help with checking and also independently
deriving the formulas above.
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Definitions

System described by 3 angles:

cos(✓) and � angles of one

daughter particle (⌘(0)
or ⇡) in

the ⌘(0)⇡ rest frame

Angle � between the

polarization vector and the

production plane

Possible JPC
states for ⌘(0)⇡ system with orbital momentum L:

L 0 1 2 3 ...
S P D F

JPC 0++ 1�+ 2++ 3�+ ...

! ⌘(0)⇡ in an odd wave (P ,F ,...) has exotic quantum numbers
Same amplitudes can be used for all ⌘(0)⇡ channels

M.Albrecht (IU) Search for Exotics in ⌘(0)⇡ 7

• Described by three angles: 
            and      in the      rest frame, 
angle     between polarization vector  
and production plane

• Amplitudes incorporate beam  
polarization, are eigenstates of  
reflectivity   

• Basis:       amplitudes defined as     

• Complexity: Positive and negative reflectivity,                   allowed

• Frequent exchange with JPAC

⌘⇡
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<latexit sha1_base64="/LbdbkNxzPMkTSef7RKBxJ9t4V8=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiQi6LLoxmUF+4AmhMl00g6dTMLMjRBC/RU3LhRx64e482+ctllo64HLPZxzL3PnhKngGhzn21pb39jc2q7sVHf39g8O7aPjrk4yRVmHJiJR/ZBoJrhkHeAgWD9VjMShYL1wcjvze49MaZ7IB8hT5sdkJHnEKQEjBXbNo4lueDBmQM6DwjNtGth1p+nMgVeJW5I6KtEO7C9vmNAsZhKoIFoPXCcFvyAKOBVsWvUyzVJCJ2TEBoZKEjPtF/Pjp/jMKEMcJcqUBDxXf28UJNY6j0MzGRMY62VvJv7nDTKIrv2CyzQDJunioSgTGBI8SwIPuWIURG4IoYqbWzEdE0UomLyqJgR3+curpHvRdJ2me39Zb92UcVTQCTpFDeSiK9RCd6iNOoiiHD2jV/RmPVkv1rv1sRhds8qdGvoD6/MHmYyUug==</latexit><latexit sha1_base64="/LbdbkNxzPMkTSef7RKBxJ9t4V8=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiQi6LLoxmUF+4AmhMl00g6dTMLMjRBC/RU3LhRx64e482+ctllo64HLPZxzL3PnhKngGhzn21pb39jc2q7sVHf39g8O7aPjrk4yRVmHJiJR/ZBoJrhkHeAgWD9VjMShYL1wcjvze49MaZ7IB8hT5sdkJHnEKQEjBXbNo4lueDBmQM6DwjNtGth1p+nMgVeJW5I6KtEO7C9vmNAsZhKoIFoPXCcFvyAKOBVsWvUyzVJCJ2TEBoZKEjPtF/Pjp/jMKEMcJcqUBDxXf28UJNY6j0MzGRMY62VvJv7nDTKIrv2CyzQDJunioSgTGBI8SwIPuWIURG4IoYqbWzEdE0UomLyqJgR3+curpHvRdJ2me39Zb92UcVTQCTpFDeSiK9RCd6iNOoiiHD2jV/RmPVkv1rv1sRhds8qdGvoD6/MHmYyUug==</latexit><latexit sha1_base64="/LbdbkNxzPMkTSef7RKBxJ9t4V8=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiQi6LLoxmUF+4AmhMl00g6dTMLMjRBC/RU3LhRx64e482+ctllo64HLPZxzL3PnhKngGhzn21pb39jc2q7sVHf39g8O7aPjrk4yRVmHJiJR/ZBoJrhkHeAgWD9VjMShYL1wcjvze49MaZ7IB8hT5sdkJHnEKQEjBXbNo4lueDBmQM6DwjNtGth1p+nMgVeJW5I6KtEO7C9vmNAsZhKoIFoPXCcFvyAKOBVsWvUyzVJCJ2TEBoZKEjPtF/Pjp/jMKEMcJcqUBDxXf28UJNY6j0MzGRMY62VvJv7nDTKIrv2CyzQDJunioSgTGBI8SwIPuWIURG4IoYqbWzEdE0UomLyqJgR3+curpHvRdJ2me39Zb92UcVTQCTpFDeSiK9RCd6iNOoiiHD2jV/RmPVkv1rv1sRhds8qdGvoD6/MHmYyUug==</latexit><latexit sha1_base64="/LbdbkNxzPMkTSef7RKBxJ9t4V8=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiQi6LLoxmUF+4AmhMl00g6dTMLMjRBC/RU3LhRx64e482+ctllo64HLPZxzL3PnhKngGhzn21pb39jc2q7sVHf39g8O7aPjrk4yRVmHJiJR/ZBoJrhkHeAgWD9VjMShYL1wcjvze49MaZ7IB8hT5sdkJHnEKQEjBXbNo4lueDBmQM6DwjNtGth1p+nMgVeJW5I6KtEO7C9vmNAsZhKoIFoPXCcFvyAKOBVsWvUyzVJCJ2TEBoZKEjPtF/Pjp/jMKEMcJcqUBDxXf28UJNY6j0MzGRMY62VvJv7nDTKIrv2CyzQDJunioSgTGBI8SwIPuWIURG4IoYqbWzEdE0UomLyqJgR3+curpHvRdJ2me39Zb92UcVTQCTpFDeSiK9RCd6iNOoiiHD2jV/RmPVkv1rv1sRhds8qdGvoD6/MHmYyUug==</latexit>

�⌘
<latexit sha1_base64="bDKCUuiT/ByZEhve7YgKTJ4vheQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthaSUDbbTbt0kw27E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvyqQw6LrfTmVtfWNzq7pd29nd2z+oHx51jco14x2mpNK9iBouRco7KFDyXqY5TSLJH6Px7cx/fOLaCJU+4CTjYUKHqYgFo2glP8hGol8EHOm0X2+4TXcOskq8kjSgRLtf/woGiuUJT5FJaozvuRmGBdUomOTTWpAbnlE2pkPuW5rShJuwmJ88JWdWGZBYaVspkrn6e6KgiTGTJLKdCcWRWfZm4n+en2N8HRYizXLkKVssinNJUJHZ/2QgNGcoJ5ZQpoW9lbAR1ZShTalmQ/CWX14l3Yum5za9+8tG66aMowoncArn4MEVtOAO2tABBgqe4RXeHHRenHfnY9FaccqZY/gD5/MHmWuRcg==</latexit><latexit sha1_base64="bDKCUuiT/ByZEhve7YgKTJ4vheQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthaSUDbbTbt0kw27E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvyqQw6LrfTmVtfWNzq7pd29nd2z+oHx51jco14x2mpNK9iBouRco7KFDyXqY5TSLJH6Px7cx/fOLaCJU+4CTjYUKHqYgFo2glP8hGol8EHOm0X2+4TXcOskq8kjSgRLtf/woGiuUJT5FJaozvuRmGBdUomOTTWpAbnlE2pkPuW5rShJuwmJ88JWdWGZBYaVspkrn6e6KgiTGTJLKdCcWRWfZm4n+en2N8HRYizXLkKVssinNJUJHZ/2QgNGcoJ5ZQpoW9lbAR1ZShTalmQ/CWX14l3Yum5za9+8tG66aMowoncArn4MEVtOAO2tABBgqe4RXeHHRenHfnY9FaccqZY/gD5/MHmWuRcg==</latexit><latexit sha1_base64="bDKCUuiT/ByZEhve7YgKTJ4vheQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthaSUDbbTbt0kw27E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvyqQw6LrfTmVtfWNzq7pd29nd2z+oHx51jco14x2mpNK9iBouRco7KFDyXqY5TSLJH6Px7cx/fOLaCJU+4CTjYUKHqYgFo2glP8hGol8EHOm0X2+4TXcOskq8kjSgRLtf/woGiuUJT5FJaozvuRmGBdUomOTTWpAbnlE2pkPuW5rShJuwmJ88JWdWGZBYaVspkrn6e6KgiTGTJLKdCcWRWfZm4n+en2N8HRYizXLkKVssinNJUJHZ/2QgNGcoJ5ZQpoW9lbAR1ZShTalmQ/CWX14l3Yum5za9+8tG66aMowoncArn4MEVtOAO2tABBgqe4RXeHHRenHfnY9FaccqZY/gD5/MHmWuRcg==</latexit><latexit sha1_base64="bDKCUuiT/ByZEhve7YgKTJ4vheQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthaSUDbbTbt0kw27E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvyqQw6LrfTmVtfWNzq7pd29nd2z+oHx51jco14x2mpNK9iBouRco7KFDyXqY5TSLJH6Px7cx/fOLaCJU+4CTjYUKHqYgFo2glP8hGol8EHOm0X2+4TXcOskq8kjSgRLtf/woGiuUJT5FJaozvuRmGBdUomOTTWpAbnlE2pkPuW5rShJuwmJ88JWdWGZBYaVspkrn6e6KgiTGTJLKdCcWRWfZm4n+en2N8HRYizXLkKVssinNJUJHZ/2QgNGcoJ5ZQpoW9lbAR1ZShTalmQ/CWX14l3Yum5za9+8tG66aMowoncArn4MEVtOAO2tABBgqe4RXeHHRenHfnY9FaccqZY/gD5/MHmWuRcg==</latexit>

�
<latexit sha1_base64="S2XWeZLfl/DBcqkmC18adcutedA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthbaUDbbTbN0P8LuRiihf8GLB0W8+oe8+W/ctDlo64OBx3szzMyLUs6M9f1vr7K2vrG5Vd2u7ezu7R/UD4+6RmWa0A5RXOlehA3lTNKOZZbTXqopFhGnj9HktvAfn6g2TMkHO01pKPBYspgRbAtp0E7YsN7wm/4caJUEJWlAifaw/jUYKZIJKi3h2Jh+4Kc2zLG2jHA6qw0yQ1NMJnhM+45KLKgJ8/mtM3TmlBGKlXYlLZqrvydyLIyZish1CmwTs+wV4n9eP7PxdZgzmWaWSrJYFGccWYWKx9GIaUosnzqCiWbuVkQSrDGxLp6aCyFYfnmVdC+agd8M7i8brZsyjiqcwCmcQwBX0II7aEMHCCTwDK/w5gnvxXv3PhatFa+cOYY/8D5/AOK5jh8=</latexit><latexit sha1_base64="S2XWeZLfl/DBcqkmC18adcutedA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthbaUDbbTbN0P8LuRiihf8GLB0W8+oe8+W/ctDlo64OBx3szzMyLUs6M9f1vr7K2vrG5Vd2u7ezu7R/UD4+6RmWa0A5RXOlehA3lTNKOZZbTXqopFhGnj9HktvAfn6g2TMkHO01pKPBYspgRbAtp0E7YsN7wm/4caJUEJWlAifaw/jUYKZIJKi3h2Jh+4Kc2zLG2jHA6qw0yQ1NMJnhM+45KLKgJ8/mtM3TmlBGKlXYlLZqrvydyLIyZish1CmwTs+wV4n9eP7PxdZgzmWaWSrJYFGccWYWKx9GIaUosnzqCiWbuVkQSrDGxLp6aCyFYfnmVdC+agd8M7i8brZsyjiqcwCmcQwBX0II7aEMHCCTwDK/w5gnvxXv3PhatFa+cOYY/8D5/AOK5jh8=</latexit><latexit sha1_base64="S2XWeZLfl/DBcqkmC18adcutedA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthbaUDbbTbN0P8LuRiihf8GLB0W8+oe8+W/ctDlo64OBx3szzMyLUs6M9f1vr7K2vrG5Vd2u7ezu7R/UD4+6RmWa0A5RXOlehA3lTNKOZZbTXqopFhGnj9HktvAfn6g2TMkHO01pKPBYspgRbAtp0E7YsN7wm/4caJUEJWlAifaw/jUYKZIJKi3h2Jh+4Kc2zLG2jHA6qw0yQ1NMJnhM+45KLKgJ8/mtM3TmlBGKlXYlLZqrvydyLIyZish1CmwTs+wV4n9eP7PxdZgzmWaWSrJYFGccWYWKx9GIaUosnzqCiWbuVkQSrDGxLp6aCyFYfnmVdC+agd8M7i8brZsyjiqcwCmcQwBX0II7aEMHCCTwDK/w5gnvxXv3PhatFa+cOYY/8D5/AOK5jh8=</latexit><latexit sha1_base64="S2XWeZLfl/DBcqkmC18adcutedA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthbaUDbbTbN0P8LuRiihf8GLB0W8+oe8+W/ctDlo64OBx3szzMyLUs6M9f1vr7K2vrG5Vd2u7ezu7R/UD4+6RmWa0A5RXOlehA3lTNKOZZbTXqopFhGnj9HktvAfn6g2TMkHO01pKPBYspgRbAtp0E7YsN7wm/4caJUEJWlAifaw/jUYKZIJKi3h2Jh+4Kc2zLG2jHA6qw0yQ1NMJnhM+45KLKgJ8/mtM3TmlBGKlXYlLZqrvydyLIyZish1CmwTs+wV4n9eP7PxdZgzmWaWSrJYFGccWYWKx9GIaUosnzqCiWbuVkQSrDGxLp6aCyFYfnmVdC+agd8M7i8brZsyjiqcwCmcQwBX0II7aEMHCCTwDK/w5gnvxXv3PhatFa+cOYY/8D5/AOK5jh8=</latexit>

Zm
l

<latexit sha1_base64="4XfdcHexehrPmZenbwBTz4AwNVw=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWASw+ykNxkyM7vMzAphyUd48aCIV7/Hm3/jJNmDJhY0FFXddHeFieDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJk41wzqLRaxbITUouMK65VZgK9FIZSiwGY5upn7zCbXhsbq34wS7kg4Ujzij1knNh14mJo+yVyr7FX8GskyCnJQhR61X+ur0Y5ZKVJYJakw78BPbzai2nAmcFDupwYSyER1g21FFJZpuNjt3Qk6d0idRrF0pS2bq74mMSmPGMnSdktqhWfSm4n9eO7XRVTfjKkktKjZfFKWC2JhMfyd9rpFZMXaEMs3drYQNqabMuoSKLoRg8eVl0jivBH4luLsoV6/zOApwDCdwBgFcQhVuoQZ1YDCCZ3iFNy/xXrx372PeuuLlM0fwB97nD345j6g=</latexit><latexit sha1_base64="4XfdcHexehrPmZenbwBTz4AwNVw=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWASw+ykNxkyM7vMzAphyUd48aCIV7/Hm3/jJNmDJhY0FFXddHeFieDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJk41wzqLRaxbITUouMK65VZgK9FIZSiwGY5upn7zCbXhsbq34wS7kg4Ujzij1knNh14mJo+yVyr7FX8GskyCnJQhR61X+ur0Y5ZKVJYJakw78BPbzai2nAmcFDupwYSyER1g21FFJZpuNjt3Qk6d0idRrF0pS2bq74mMSmPGMnSdktqhWfSm4n9eO7XRVTfjKkktKjZfFKWC2JhMfyd9rpFZMXaEMs3drYQNqabMuoSKLoRg8eVl0jivBH4luLsoV6/zOApwDCdwBgFcQhVuoQZ1YDCCZ3iFNy/xXrx372PeuuLlM0fwB97nD345j6g=</latexit><latexit sha1_base64="4XfdcHexehrPmZenbwBTz4AwNVw=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWASw+ykNxkyM7vMzAphyUd48aCIV7/Hm3/jJNmDJhY0FFXddHeFieDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJk41wzqLRaxbITUouMK65VZgK9FIZSiwGY5upn7zCbXhsbq34wS7kg4Ujzij1knNh14mJo+yVyr7FX8GskyCnJQhR61X+ur0Y5ZKVJYJakw78BPbzai2nAmcFDupwYSyER1g21FFJZpuNjt3Qk6d0idRrF0pS2bq74mMSmPGMnSdktqhWfSm4n9eO7XRVTfjKkktKjZfFKWC2JhMfyd9rpFZMXaEMs3drYQNqabMuoSKLoRg8eVl0jivBH4luLsoV6/zOApwDCdwBgFcQhVuoQZ1YDCCZ3iFNy/xXrx372PeuuLlM0fwB97nD345j6g=</latexit><latexit sha1_base64="4XfdcHexehrPmZenbwBTz4AwNVw=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWASw+ykNxkyM7vMzAphyUd48aCIV7/Hm3/jJNmDJhY0FFXddHeFieDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJk41wzqLRaxbITUouMK65VZgK9FIZSiwGY5upn7zCbXhsbq34wS7kg4Ujzij1knNh14mJo+yVyr7FX8GskyCnJQhR61X+ur0Y5ZKVJYJakw78BPbzai2nAmcFDupwYSyER1g21FFJZpuNjt3Qk6d0idRrF0pS2bq74mMSmPGMnSdktqhWfSm4n9eO7XRVTfjKkktKjZfFKWC2JhMfyd9rpFZMXaEMs3drYQNqabMuoSKLoRg8eVl0jivBH4luLsoV6/zOApwDCdwBgFcQhVuoQZ1YDCCZ3iFNy/xXrx372PeuuLlM0fwB97nD345j6g=</latexit>

Zm
l (⌦,�) = Y m

l (⌦)e�i�
<latexit sha1_base64="Cs8rz0bhvVlaWVUvqWy4DkG5sMk=">AAACF3icbVDJSgNBEO1xjXEb9eilMQgJaJgRQS9C0Is3I5hFsww9nUrSpHtm6O4RwpC/8OKvePGgiFe9+Td2FkQTHxQ83quiqp4fcaa043xZc/MLi0vLqZX06tr6xqa9tV1WYSwplGjIQ1n1iQLOAihppjlUIwlE+Bwqfu9i6FfuQSoWBje6H0FDkE7A2owSbSTPzt95CR80RbZ+JaBDDurFLsvhM3zr8R8xB83kkA2dgWdnnLwzAp4l7oRk0ARFz/6st0IaCwg05USpmutEupEQqRnlMEjXYwURoT3SgZqhARGgGsnorwHeN0oLt0NpKtB4pP6eSIhQqi980ymI7qppbyj+59Vi3T5tJCyIYg0BHS9qxxzrEA9Dwi0mgWreN4RQycytmHaJJFSbKNMmBHf65VlSPsq7Tt69Ps4UzidxpNAu2kNZ5KITVECXqIhKiKIH9IRe0Kv1aD1bb9b7uHXOmszsoD+wPr4Byw+ebg==</latexit><latexit sha1_base64="Cs8rz0bhvVlaWVUvqWy4DkG5sMk=">AAACF3icbVDJSgNBEO1xjXEb9eilMQgJaJgRQS9C0Is3I5hFsww9nUrSpHtm6O4RwpC/8OKvePGgiFe9+Td2FkQTHxQ83quiqp4fcaa043xZc/MLi0vLqZX06tr6xqa9tV1WYSwplGjIQ1n1iQLOAihppjlUIwlE+Bwqfu9i6FfuQSoWBje6H0FDkE7A2owSbSTPzt95CR80RbZ+JaBDDurFLsvhM3zr8R8xB83kkA2dgWdnnLwzAp4l7oRk0ARFz/6st0IaCwg05USpmutEupEQqRnlMEjXYwURoT3SgZqhARGgGsnorwHeN0oLt0NpKtB4pP6eSIhQqi980ymI7qppbyj+59Vi3T5tJCyIYg0BHS9qxxzrEA9Dwi0mgWreN4RQycytmHaJJFSbKNMmBHf65VlSPsq7Tt69Ps4UzidxpNAu2kNZ5KITVECXqIhKiKIH9IRe0Kv1aD1bb9b7uHXOmszsoD+wPr4Byw+ebg==</latexit><latexit sha1_base64="Cs8rz0bhvVlaWVUvqWy4DkG5sMk=">AAACF3icbVDJSgNBEO1xjXEb9eilMQgJaJgRQS9C0Is3I5hFsww9nUrSpHtm6O4RwpC/8OKvePGgiFe9+Td2FkQTHxQ83quiqp4fcaa043xZc/MLi0vLqZX06tr6xqa9tV1WYSwplGjIQ1n1iQLOAihppjlUIwlE+Bwqfu9i6FfuQSoWBje6H0FDkE7A2owSbSTPzt95CR80RbZ+JaBDDurFLsvhM3zr8R8xB83kkA2dgWdnnLwzAp4l7oRk0ARFz/6st0IaCwg05USpmutEupEQqRnlMEjXYwURoT3SgZqhARGgGsnorwHeN0oLt0NpKtB4pP6eSIhQqi980ymI7qppbyj+59Vi3T5tJCyIYg0BHS9qxxzrEA9Dwi0mgWreN4RQycytmHaJJFSbKNMmBHf65VlSPsq7Tt69Ps4UzidxpNAu2kNZ5KITVECXqIhKiKIH9IRe0Kv1aD1bb9b7uHXOmszsoD+wPr4Byw+ebg==</latexit><latexit sha1_base64="Cs8rz0bhvVlaWVUvqWy4DkG5sMk=">AAACF3icbVDJSgNBEO1xjXEb9eilMQgJaJgRQS9C0Is3I5hFsww9nUrSpHtm6O4RwpC/8OKvePGgiFe9+Td2FkQTHxQ83quiqp4fcaa043xZc/MLi0vLqZX06tr6xqa9tV1WYSwplGjIQ1n1iQLOAihppjlUIwlE+Bwqfu9i6FfuQSoWBje6H0FDkE7A2owSbSTPzt95CR80RbZ+JaBDDurFLsvhM3zr8R8xB83kkA2dgWdnnLwzAp4l7oRk0ARFz/6st0IaCwg05USpmutEupEQqRnlMEjXYwURoT3SgZqhARGgGsnorwHeN0oLt0NpKtB4pP6eSIhQqi980ymI7qppbyj+59Vi3T5tJCyIYg0BHS9qxxzrEA9Dwi0mgWreN4RQycytmHaJJFSbKNMmBHf65VlSPsq7Tt69Ps4UzidxpNAu2kNZ5KITVECXqIhKiKIH9IRe0Kv1aD1bb9b7uHXOmszsoD+wPr4Byw+ebg==</latexit>

m = �l...l
<latexit sha1_base64="kwsAz5Nl1/stiiirCvJ/P6y0EFI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyERQS9C0YvHCvYD2lA22027dHcTdzdCCf0TXjwo4tW/481/46bNQVsfDDzem2FmXphwpo3nfTulldW19Y3yZmVre2d3r7p/0NJxqghtkpjHqhNiTTmTtGmY4bSTKIpFyGk7HN/mfvuJKs1i+WAmCQ0EHkoWMYKNlTri+oy7rsv71ZrnejOgZeIXpAYFGv3qV28Qk1RQaQjHWnd9LzFBhpVhhNNppZdqmmAyxkPatVRiQXWQze6dohOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF71c/M/rpia6CjImk9RQSeaLopQjE6P8eTRgihLDJ5Zgopi9FZERVpgYG1HFhuAvvrxMWueu77n+/UWtflPEUYYjOIZT8OES6nAHDWgCAQ7P8ApvzqPz4rw7H/PWklPMHMIfOJ8/mW2PAw==</latexit><latexit sha1_base64="kwsAz5Nl1/stiiirCvJ/P6y0EFI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyERQS9C0YvHCvYD2lA22027dHcTdzdCCf0TXjwo4tW/481/46bNQVsfDDzem2FmXphwpo3nfTulldW19Y3yZmVre2d3r7p/0NJxqghtkpjHqhNiTTmTtGmY4bSTKIpFyGk7HN/mfvuJKs1i+WAmCQ0EHkoWMYKNlTri+oy7rsv71ZrnejOgZeIXpAYFGv3qV28Qk1RQaQjHWnd9LzFBhpVhhNNppZdqmmAyxkPatVRiQXWQze6dohOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF71c/M/rpia6CjImk9RQSeaLopQjE6P8eTRgihLDJ5Zgopi9FZERVpgYG1HFhuAvvrxMWueu77n+/UWtflPEUYYjOIZT8OES6nAHDWgCAQ7P8ApvzqPz4rw7H/PWklPMHMIfOJ8/mW2PAw==</latexit><latexit sha1_base64="kwsAz5Nl1/stiiirCvJ/P6y0EFI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyERQS9C0YvHCvYD2lA22027dHcTdzdCCf0TXjwo4tW/481/46bNQVsfDDzem2FmXphwpo3nfTulldW19Y3yZmVre2d3r7p/0NJxqghtkpjHqhNiTTmTtGmY4bSTKIpFyGk7HN/mfvuJKs1i+WAmCQ0EHkoWMYKNlTri+oy7rsv71ZrnejOgZeIXpAYFGv3qV28Qk1RQaQjHWnd9LzFBhpVhhNNppZdqmmAyxkPatVRiQXWQze6dohOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF71c/M/rpia6CjImk9RQSeaLopQjE6P8eTRgihLDJ5Zgopi9FZERVpgYG1HFhuAvvrxMWueu77n+/UWtflPEUYYjOIZT8OES6nAHDWgCAQ7P8ApvzqPz4rw7H/PWklPMHMIfOJ8/mW2PAw==</latexit><latexit sha1_base64="kwsAz5Nl1/stiiirCvJ/P6y0EFI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyERQS9C0YvHCvYD2lA22027dHcTdzdCCf0TXjwo4tW/481/46bNQVsfDDzem2FmXphwpo3nfTulldW19Y3yZmVre2d3r7p/0NJxqghtkpjHqhNiTTmTtGmY4bSTKIpFyGk7HN/mfvuJKs1i+WAmCQ0EHkoWMYKNlTri+oy7rsv71ZrnejOgZeIXpAYFGv3qV28Qk1RQaQjHWnd9LzFBhpVhhNNppZdqmmAyxkPatVRiQXWQze6dohOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF71c/M/rpia6CjImk9RQSeaLopQjE6P8eTRgihLDJ5Zgopi9FZERVpgYG1HFhuAvvrxMWueu77n+/UWtflPEUYYjOIZT8OES6nAHDWgCAQ7P8ApvzqPz4rw7H/PWklPMHMIfOJ8/mW2PAw==</latexit>

[V.Mathieu et.al. (JPAC), PRD100(2019) 5, 054017]✏ = ±1
<latexit sha1_base64="v/wMfvnkx0GhAdFib8KMMEqS7Ng=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKuCHoRgl48RjAPyC5hdjKbDJkXM7NCXPIlXjwo4tVP8ebfOEn2oIkFDUVVN91diWLU2CD49kpr6xubW+Xtys7u3n7VPzhsG5lpTFpYMqm7CTKEUUFallpGukoTxBNGOsn4duZ3Hok2VIoHO1Ek5mgoaEoxsk7q+9WIKEOZFPAaRoqHfb8W1IM54CoJC1IDBZp9/ysaSJxxIixmyJheGCgb50hbihmZVqLMEIXwGA1Jz1GBODFxPj98Ck+dMoCp1K6EhXP190SOuDETnrhOjuzILHsz8T+vl9n0Ks6pUJklAi8WpRmDVsJZCnBANcGWTRxBWFN3K8QjpBG2LquKCyFcfnmVtM/rYVAP7y9qjZsijjI4BifgDITgEjTAHWiCFsAgA8/gFbx5T96L9+59LFpLXjFzBP7A+/wBxdKSfg==</latexit><latexit sha1_base64="v/wMfvnkx0GhAdFib8KMMEqS7Ng=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKuCHoRgl48RjAPyC5hdjKbDJkXM7NCXPIlXjwo4tVP8ebfOEn2oIkFDUVVN91diWLU2CD49kpr6xubW+Xtys7u3n7VPzhsG5lpTFpYMqm7CTKEUUFallpGukoTxBNGOsn4duZ3Hok2VIoHO1Ek5mgoaEoxsk7q+9WIKEOZFPAaRoqHfb8W1IM54CoJC1IDBZp9/ysaSJxxIixmyJheGCgb50hbihmZVqLMEIXwGA1Jz1GBODFxPj98Ck+dMoCp1K6EhXP190SOuDETnrhOjuzILHsz8T+vl9n0Ks6pUJklAi8WpRmDVsJZCnBANcGWTRxBWFN3K8QjpBG2LquKCyFcfnmVtM/rYVAP7y9qjZsijjI4BifgDITgEjTAHWiCFsAgA8/gFbx5T96L9+59LFpLXjFzBP7A+/wBxdKSfg==</latexit><latexit sha1_base64="v/wMfvnkx0GhAdFib8KMMEqS7Ng=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKuCHoRgl48RjAPyC5hdjKbDJkXM7NCXPIlXjwo4tVP8ebfOEn2oIkFDUVVN91diWLU2CD49kpr6xubW+Xtys7u3n7VPzhsG5lpTFpYMqm7CTKEUUFallpGukoTxBNGOsn4duZ3Hok2VIoHO1Ek5mgoaEoxsk7q+9WIKEOZFPAaRoqHfb8W1IM54CoJC1IDBZp9/ysaSJxxIixmyJheGCgb50hbihmZVqLMEIXwGA1Jz1GBODFxPj98Ck+dMoCp1K6EhXP190SOuDETnrhOjuzILHsz8T+vl9n0Ks6pUJklAi8WpRmDVsJZCnBANcGWTRxBWFN3K8QjpBG2LquKCyFcfnmVtM/rYVAP7y9qjZsijjI4BifgDITgEjTAHWiCFsAgA8/gFbx5T96L9+59LFpLXjFzBP7A+/wBxdKSfg==</latexit><latexit sha1_base64="v/wMfvnkx0GhAdFib8KMMEqS7Ng=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKuCHoRgl48RjAPyC5hdjKbDJkXM7NCXPIlXjwo4tVP8ebfOEn2oIkFDUVVN91diWLU2CD49kpr6xubW+Xtys7u3n7VPzhsG5lpTFpYMqm7CTKEUUFallpGukoTxBNGOsn4duZ3Hok2VIoHO1Ek5mgoaEoxsk7q+9WIKEOZFPAaRoqHfb8W1IM54CoJC1IDBZp9/ysaSJxxIixmyJheGCgb50hbihmZVqLMEIXwGA1Jz1GBODFxPj98Ck+dMoCp1K6EhXP190SOuDETnrhOjuzILHsz8T+vl9n0Ks6pUJklAi8WpRmDVsJZCnBANcGWTRxBWFN3K8QjpBG2LquKCyFcfnmVtM/rYVAP7y9qjZsijjI4BifgDITgEjTAHWiCFsAgA8/gFbx5T96L9+59LFpLXjFzBP7A+/wBxdKSfg==</latexit>
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Amplitude Definitions
• Three angles describe the production and decay: 

•  is angle between beam polarization vector 
and the production plane 

• Angles  and  in parent meson rest-frame 

• Use  amplitudes: 

Φ

θ ϕ

Zm
ℓ Zm

ℓ (Ω, Φ) = Ym
ℓ (Ω)e−iΦ

28
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Can have  - many allowed amplitudesm = − ℓ . . . ℓ

Natural Exchange ( , etc)ω
Unnatural Exchange ( , etc)π

Definition of Amplitudes

11

and nucleon spin non-flip amplitudes (four coherent sums total):
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Finally we arrive at a formulation of the intensity that involves four coherent sums for each configuration
of nucleon spin:

I(⌦,�) = 2
X
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. (18)

These expressions can be easily implemented into AmpTools by absorbing a factor of
p

1± P� into

the definition of the amplitude. One would then fit for the [`](±)
m;k coe�cients in the four separate coherent

sums, where repeated [`](±)
m;k are constrained to be the same using the constrain keyword in the AmpTools

configuration file. The overall factor 2 is irrelevant as the intensity will be renormalized in the fitting
procedure. It would be useful to define an amplitude for the function Zm

` with appropriate flags such that
the calcAmplitude function returns, as a complex double data type, the real or imaginary part of Zm

` (which
is a purely real number).

Since there are no kinematic variables to distinguish between the spin flip (k = 1) and spin non-flip
(k = 0) amplitudes, it is anticipated that these two contributions to the intensity will result in an poorly
constrained fit. The contributions from two k values are not purely ambiguous since the coherent sums for
each k may contain a di↵erent set of interfering amplitudes depending that depends on k. Nevertheless, fit
instability seems highly likely for the general case where both k = 0 and k = 1 is included for all amplitudes.

Acknowledgement: I would like thank Vincent Mathieu for his help with checking and also independently
deriving the formulas above.

3

Definitions

System described by 3 angles:

cos(✓) and � angles of one

daughter particle (⌘(0)
or ⇡) in

the ⌘(0)⇡ rest frame

Angle � between the

polarization vector and the

production plane

Possible JPC
states for ⌘(0)⇡ system with orbital momentum L:

L 0 1 2 3 ...
S P D F

JPC 0++ 1�+ 2++ 3�+ ...

! ⌘(0)⇡ in an odd wave (P ,F ,...) has exotic quantum numbers
Same amplitudes can be used for all ⌘(0)⇡ channels

M.Albrecht (IU) Search for Exotics in ⌘(0)⇡ 7

• Described by three angles: 
            and      in the      rest frame, 
angle     between polarization vector  
and production plane

• Amplitudes incorporate beam  
polarization, are eigenstates of  
reflectivity   

• Basis:       amplitudes defined as     

• Complexity: Positive and negative reflectivity,                   allowed

• Frequent exchange with JPAC

⌘⇡
<latexit sha1_base64="CCPagtYHZ7Bwo8KiHGN9FQpjGSI=">AAAB7nicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2CbOTTjJkdnaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KtRQWff/bW1vf2NzaLu2Ud/f2Dw4rR8ctm2aGQ5OnMjWdmFmQQkETBUroaAMsiSW04/HdzG8/gbEiVY840RAlbKjEQHCGTmqHgCzUolep+jV/DrpKgoJUSYFGr/IV9lOeJaCQS2ZtN/A1RjkzKLiEaTnMLGjGx2wIXUcVS8BG+fzcKT13Sp8OUuNKIZ2rvydyllg7SWLXmTAc2WVvJv7ndTMc3ES5UDpDUHyxaJBJiimd/U77wgBHOXGEcSPcrZSPmGEcXUJlF0Kw/PIqaV3WAr8WPFxV67dFHCVySs7IBQnINamTe9IgTcLJmDyTV/Lmae/Fe/c+Fq1rXjFzQv7A+/wBUgKPiw==</latexit><latexit sha1_base64="CCPagtYHZ7Bwo8KiHGN9FQpjGSI=">AAAB7nicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2CbOTTjJkdnaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KtRQWff/bW1vf2NzaLu2Ud/f2Dw4rR8ctm2aGQ5OnMjWdmFmQQkETBUroaAMsiSW04/HdzG8/gbEiVY840RAlbKjEQHCGTmqHgCzUolep+jV/DrpKgoJUSYFGr/IV9lOeJaCQS2ZtN/A1RjkzKLiEaTnMLGjGx2wIXUcVS8BG+fzcKT13Sp8OUuNKIZ2rvydyllg7SWLXmTAc2WVvJv7ndTMc3ES5UDpDUHyxaJBJiimd/U77wgBHOXGEcSPcrZSPmGEcXUJlF0Kw/PIqaV3WAr8WPFxV67dFHCVySs7IBQnINamTe9IgTcLJmDyTV/Lmae/Fe/c+Fq1rXjFzQv7A+/wBUgKPiw==</latexit><latexit sha1_base64="CCPagtYHZ7Bwo8KiHGN9FQpjGSI=">AAAB7nicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2CbOTTjJkdnaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KtRQWff/bW1vf2NzaLu2Ud/f2Dw4rR8ctm2aGQ5OnMjWdmFmQQkETBUroaAMsiSW04/HdzG8/gbEiVY840RAlbKjEQHCGTmqHgCzUolep+jV/DrpKgoJUSYFGr/IV9lOeJaCQS2ZtN/A1RjkzKLiEaTnMLGjGx2wIXUcVS8BG+fzcKT13Sp8OUuNKIZ2rvydyllg7SWLXmTAc2WVvJv7ndTMc3ES5UDpDUHyxaJBJiimd/U77wgBHOXGEcSPcrZSPmGEcXUJlF0Kw/PIqaV3WAr8WPFxV67dFHCVySs7IBQnINamTe9IgTcLJmDyTV/Lmae/Fe/c+Fq1rXjFzQv7A+/wBUgKPiw==</latexit><latexit sha1_base64="CCPagtYHZ7Bwo8KiHGN9FQpjGSI=">AAAB7nicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2CbOTTjJkdnaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KtRQWff/bW1vf2NzaLu2Ud/f2Dw4rR8ctm2aGQ5OnMjWdmFmQQkETBUroaAMsiSW04/HdzG8/gbEiVY840RAlbKjEQHCGTmqHgCzUolep+jV/DrpKgoJUSYFGr/IV9lOeJaCQS2ZtN/A1RjkzKLiEaTnMLGjGx2wIXUcVS8BG+fzcKT13Sp8OUuNKIZ2rvydyllg7SWLXmTAc2WVvJv7ndTMc3ES5UDpDUHyxaJBJiimd/U77wgBHOXGEcSPcrZSPmGEcXUJlF0Kw/PIqaV3WAr8WPFxV67dFHCVySs7IBQnINamTe9IgTcLJmDyTV/Lmae/Fe/c+Fq1rXjFzQv7A+/wBUgKPiw==</latexit>

cos(✓)⌘
<latexit sha1_base64="/LbdbkNxzPMkTSef7RKBxJ9t4V8=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiQi6LLoxmUF+4AmhMl00g6dTMLMjRBC/RU3LhRx64e482+ctllo64HLPZxzL3PnhKngGhzn21pb39jc2q7sVHf39g8O7aPjrk4yRVmHJiJR/ZBoJrhkHeAgWD9VjMShYL1wcjvze49MaZ7IB8hT5sdkJHnEKQEjBXbNo4lueDBmQM6DwjNtGth1p+nMgVeJW5I6KtEO7C9vmNAsZhKoIFoPXCcFvyAKOBVsWvUyzVJCJ2TEBoZKEjPtF/Pjp/jMKEMcJcqUBDxXf28UJNY6j0MzGRMY62VvJv7nDTKIrv2CyzQDJunioSgTGBI8SwIPuWIURG4IoYqbWzEdE0UomLyqJgR3+curpHvRdJ2me39Zb92UcVTQCTpFDeSiK9RCd6iNOoiiHD2jV/RmPVkv1rv1sRhds8qdGvoD6/MHmYyUug==</latexit><latexit sha1_base64="/LbdbkNxzPMkTSef7RKBxJ9t4V8=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiQi6LLoxmUF+4AmhMl00g6dTMLMjRBC/RU3LhRx64e482+ctllo64HLPZxzL3PnhKngGhzn21pb39jc2q7sVHf39g8O7aPjrk4yRVmHJiJR/ZBoJrhkHeAgWD9VjMShYL1wcjvze49MaZ7IB8hT5sdkJHnEKQEjBXbNo4lueDBmQM6DwjNtGth1p+nMgVeJW5I6KtEO7C9vmNAsZhKoIFoPXCcFvyAKOBVsWvUyzVJCJ2TEBoZKEjPtF/Pjp/jMKEMcJcqUBDxXf28UJNY6j0MzGRMY62VvJv7nDTKIrv2CyzQDJunioSgTGBI8SwIPuWIURG4IoYqbWzEdE0UomLyqJgR3+curpHvRdJ2me39Zb92UcVTQCTpFDeSiK9RCd6iNOoiiHD2jV/RmPVkv1rv1sRhds8qdGvoD6/MHmYyUug==</latexit><latexit sha1_base64="/LbdbkNxzPMkTSef7RKBxJ9t4V8=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiQi6LLoxmUF+4AmhMl00g6dTMLMjRBC/RU3LhRx64e482+ctllo64HLPZxzL3PnhKngGhzn21pb39jc2q7sVHf39g8O7aPjrk4yRVmHJiJR/ZBoJrhkHeAgWD9VjMShYL1wcjvze49MaZ7IB8hT5sdkJHnEKQEjBXbNo4lueDBmQM6DwjNtGth1p+nMgVeJW5I6KtEO7C9vmNAsZhKoIFoPXCcFvyAKOBVsWvUyzVJCJ2TEBoZKEjPtF/Pjp/jMKEMcJcqUBDxXf28UJNY6j0MzGRMY62VvJv7nDTKIrv2CyzQDJunioSgTGBI8SwIPuWIURG4IoYqbWzEdE0UomLyqJgR3+curpHvRdJ2me39Zb92UcVTQCTpFDeSiK9RCd6iNOoiiHD2jV/RmPVkv1rv1sRhds8qdGvoD6/MHmYyUug==</latexit><latexit sha1_base64="/LbdbkNxzPMkTSef7RKBxJ9t4V8=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiQi6LLoxmUF+4AmhMl00g6dTMLMjRBC/RU3LhRx64e482+ctllo64HLPZxzL3PnhKngGhzn21pb39jc2q7sVHf39g8O7aPjrk4yRVmHJiJR/ZBoJrhkHeAgWD9VjMShYL1wcjvze49MaZ7IB8hT5sdkJHnEKQEjBXbNo4lueDBmQM6DwjNtGth1p+nMgVeJW5I6KtEO7C9vmNAsZhKoIFoPXCcFvyAKOBVsWvUyzVJCJ2TEBoZKEjPtF/Pjp/jMKEMcJcqUBDxXf28UJNY6j0MzGRMY62VvJv7nDTKIrv2CyzQDJunioSgTGBI8SwIPuWIURG4IoYqbWzEdE0UomLyqJgR3+curpHvRdJ2me39Zb92UcVTQCTpFDeSiK9RCd6iNOoiiHD2jV/RmPVkv1rv1sRhds8qdGvoD6/MHmYyUug==</latexit>

�⌘
<latexit sha1_base64="bDKCUuiT/ByZEhve7YgKTJ4vheQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthaSUDbbTbt0kw27E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvyqQw6LrfTmVtfWNzq7pd29nd2z+oHx51jco14x2mpNK9iBouRco7KFDyXqY5TSLJH6Px7cx/fOLaCJU+4CTjYUKHqYgFo2glP8hGol8EHOm0X2+4TXcOskq8kjSgRLtf/woGiuUJT5FJaozvuRmGBdUomOTTWpAbnlE2pkPuW5rShJuwmJ88JWdWGZBYaVspkrn6e6KgiTGTJLKdCcWRWfZm4n+en2N8HRYizXLkKVssinNJUJHZ/2QgNGcoJ5ZQpoW9lbAR1ZShTalmQ/CWX14l3Yum5za9+8tG66aMowoncArn4MEVtOAO2tABBgqe4RXeHHRenHfnY9FaccqZY/gD5/MHmWuRcg==</latexit><latexit sha1_base64="bDKCUuiT/ByZEhve7YgKTJ4vheQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthaSUDbbTbt0kw27E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvyqQw6LrfTmVtfWNzq7pd29nd2z+oHx51jco14x2mpNK9iBouRco7KFDyXqY5TSLJH6Px7cx/fOLaCJU+4CTjYUKHqYgFo2glP8hGol8EHOm0X2+4TXcOskq8kjSgRLtf/woGiuUJT5FJaozvuRmGBdUomOTTWpAbnlE2pkPuW5rShJuwmJ88JWdWGZBYaVspkrn6e6KgiTGTJLKdCcWRWfZm4n+en2N8HRYizXLkKVssinNJUJHZ/2QgNGcoJ5ZQpoW9lbAR1ZShTalmQ/CWX14l3Yum5za9+8tG66aMowoncArn4MEVtOAO2tABBgqe4RXeHHRenHfnY9FaccqZY/gD5/MHmWuRcg==</latexit><latexit sha1_base64="bDKCUuiT/ByZEhve7YgKTJ4vheQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthaSUDbbTbt0kw27E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvyqQw6LrfTmVtfWNzq7pd29nd2z+oHx51jco14x2mpNK9iBouRco7KFDyXqY5TSLJH6Px7cx/fOLaCJU+4CTjYUKHqYgFo2glP8hGol8EHOm0X2+4TXcOskq8kjSgRLtf/woGiuUJT5FJaozvuRmGBdUomOTTWpAbnlE2pkPuW5rShJuwmJ88JWdWGZBYaVspkrn6e6KgiTGTJLKdCcWRWfZm4n+en2N8HRYizXLkKVssinNJUJHZ/2QgNGcoJ5ZQpoW9lbAR1ZShTalmQ/CWX14l3Yum5za9+8tG66aMowoncArn4MEVtOAO2tABBgqe4RXeHHRenHfnY9FaccqZY/gD5/MHmWuRcg==</latexit><latexit sha1_base64="bDKCUuiT/ByZEhve7YgKTJ4vheQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthaSUDbbTbt0kw27E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvyqQw6LrfTmVtfWNzq7pd29nd2z+oHx51jco14x2mpNK9iBouRco7KFDyXqY5TSLJH6Px7cx/fOLaCJU+4CTjYUKHqYgFo2glP8hGol8EHOm0X2+4TXcOskq8kjSgRLtf/woGiuUJT5FJaozvuRmGBdUomOTTWpAbnlE2pkPuW5rShJuwmJ88JWdWGZBYaVspkrn6e6KgiTGTJLKdCcWRWfZm4n+en2N8HRYizXLkKVssinNJUJHZ/2QgNGcoJ5ZQpoW9lbAR1ZShTalmQ/CWX14l3Yum5za9+8tG66aMowoncArn4MEVtOAO2tABBgqe4RXeHHRenHfnY9FaccqZY/gD5/MHmWuRcg==</latexit>
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FIG. 3. Fit quality in the bin 0.1 < −t < 0.2 GeV2. Black dots with error bars represent the measured GlueX data. Green shaded
histograms show the reconstructed phase-space distributed Monte Carlo dataset weighted by the fit results.

FIG. 4. Intensities of the S0-wave amplitudes (shaded histograms) and the coherent sums of the a2(1320) contribution to the D-wave
amplitudes (solid curves) with positive (top row) and negative reflectivity (bottom row) for individual t bins (columns). The total measured
intensity corrected for experimental acceptance is shown by the black histogram where the error bars are purely statistical.
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Semi-Mass Independent PWA of ηπ0

• Fully mass independent 
fits have too many 
parameters to converge to 
stable minima 

• Introduce physics 
constraint: model D-wave 
as  Breit-Wigner 

• Use these fits to measure 
 cross section as 

function of 

a2(1320)

a2(1320)
−t

29

PRC 112, 015204 (2025)

Natural

Unnatural



Understanding  Production and DecayΔ++

• Reconstruct process  with  

• Measure SDME’s - fit  decay angles in bins of 

γp → π−Δ++(1232) Δ++ → pπ+

Δ++ −t
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The GlueX Collaboration 

Fig. 2. Measured distributions (black points) compared to simulated phase-space distributions weighted by the detector acceptance and the fit results (green shaded 
area). The accidental time background distribution is depicted as the red shaded area. The blue, yellow, and black lines show the 𝐹−Δ++, (𝐹−𝐹+)𝑀 and phase space 
contributions, respectively, in the fit model given by Eq. (1). The left and right columns show results for two representative 𝛿 bins. The phase space contribution is 
very small.
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 Double SDMEsρ−Δ++

• Question: Can upper and lower vertices be treated independently? 

• Does the amplitude factorize?
Full model

Factorized model
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More details on math in V. Mathieu’s talk (9/7 18:35) 



 Double SDMEs - Factorization Studiesρ−Δ++

• Full model vs factorized model 

• Factorization appears to hold

• Question: Can upper and lower vertices be treated independently?

Factorized model will improve convergence for low statistics channels 32


