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Extracting Regge & Resonance Parameters
from Photoproduction Data with AI

A technical walk-through of double-Regge η(′)π photoproduction (JPAC, 2510.14549), the S-matrix
foundations of Regge theory, and the AmplAI foundation-model program for amplitude-level inversion
of detector data.
Outline: 30 slides · physics → formalism → JPAC results → AI methodology → roadmap

Special Thanks to JPAC collaborators and friends, Geoffrey Fox and Marco Battaglieri

Based on : Montaña et al. arXiv:2510.14549 · Mathieu Regge lecture notes · AmplAI Genesis proposal



MOTIVATION · THE INVERSION PROBLEM

From observed events back to scattering amplitudes
Forward direction (simulation).
Resonance properties (m, Γ) and production mechanisms
(β, α) are mapped through amplitude models, |A|2
distributions, and a detector simulation into observed
events.
Backward direction (analysis).
Conventional partial-wave analysis collapses the
n-dimensional event distribution into binned 1-D cross
sections, discarding the phase information that locates
resonance poles in the complex energy plane.
Goal of this deck.
Show how Regge + S-matrix theory plus a
physics-constrained generative model can invert the full
chain at amplitude level — recovering A(s, cos θ) directly
from petabyte-scale GlueX/CLAS data.

AmplAI narrative, Fig. 1 — forward & backward workflow.

108+

exclusive events / year

PB
scale data streams

n-D
phase space, unbinned

hours
vs. months per channel
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PART I

Physics motivation:
hybrid mesons & the π1(1600)

Why η(′)π photoproduction is the cleanest window into manifestly exotic JPC = 1−+ states



PHYSICS · EXOTIC QUANTUM NUMBERS

Why JPC = 1−+ is forbidden for qq̄ — and what it implies
Quark-model selection rules.
A qq̄ pair with relative orbital angular momentum L and spin
S has P = (−1)L+1, C = (−1)L+S . Combining
J ∈ {|L − S|, . . . , L + S} with the parity/C -parity
constraints forbids JPC = 0−−, 0+−, 1−+, 2+−, 3−+, . . .

Hybrid mesons (qq̄g).
Adding a constituent gluon opens these forbidden channels.
Lattice QCD predicts the lowest-lying hybrid multiplet at
∼1.7–2.1 GeV, with the JPC = 1−+ state dominantly
decaying to η(′)π.

Why photoproduction.
GlueX is purpose-built to search for hybrids in γp final
states. The photon’s quantum numbers forbid Pomeron
exchange — a critical difference from pion-beam
experiments (COMPASS).

CURRENT EXPERIMENTAL STATUS

π1(1600)
Lowest exotic candidate, JPC = 1−+

E852 / VES
first signals in η(′)π
(1990s)

COMPASS
high-statistics ηπ,
η′π from π−p

Coupled-
channel

single-pole interp.
(JPAC ’19)

Lattice
QCD

SU(3)F point con-
firms

BESIII
isoscalar partner η1
in J/ψ → γηη′

GlueX
(now)

η(′)π in photopro-
duction — running

Refs: Meyer & Swanson PPNP ’15 · Rodas et al. PRL 122, 042002 · Woss et al. PRD 103, 054502 4 / 30



PHYSICS · ANALYTICITY & DUALITY

Low-energy resonances ↔ high-energy Regge behaviour

Resonance region (s ≲ 4 GeV2)
• Pole positions in complex s-plane:

sR = M2
R − iMRΓR

• Partial-wave amplitudes aℓ(s) bounded by
elastic unitarity

Im aℓ = ρ(s)|aℓ|2 + ∆ℓ

• Argand-circle motion → phase shifts δℓ(s)
• Coupled-channel T -matrix above thresh-
olds
• π1(1600) lives here as a pole on Sheet II

Regge region (s → ∞, t fixed)
• Single Regge pole dominates:

A(s, t) ∼ β(t) ξ(t) (s/s0)α(t)

• Linear trajectories α(t) = α(0) + α′t

• Signature factor ξ(t) = 1 + τe−iπα

sin πα

• Total cross section σtot ∼ sα(0)−1

• Diffraction peak shrinks: B(s) = b0 +
2α′ ln s
• Pomeron forbidden for γ — ρ, ω take over

↔ finite-energy sum rules ↔
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PART II

Regge theory:
complex angular momentum

From the Sommerfeld–Watson transform to the Chew–Frautschi plot



REGGE FORMALISM · KINEMATICS

Mandelstam variables, crossing, and the Regge limit
Three Lorentz invariants for 2 → 2:

s = (p1 + p2)2, t = (p1 − p3)2, u = (p1 − p4)2

s + t + u =
∑

i

m2
i

In the s-channel CM frame:

s = E 2
cm, cos θs = 1 + 2t

s − 4m2

Regge limit: s → ∞ at fixed t < 0
cos θs → ∞ — outside the Lehmann ellipse.

Crossing symmetry: the same A(s, t, u) describes all
three channels via permutation of which pair is incoming.
This is the deep reason high-s scattering and t-channel
resonances are linked.

Three channels

s-channel
1 + 2 → 3 + 4
physical s ≥ (m1 + m2)2

t-channel
1 + 3̄ → 2̄ + 4
exchange between particles 1 and 3

u-channel
1 + 4̄ → 2̄ + 3
exchange between particles 1 and 4

Crossing relates exchange of high-spin t-channel
resonance ↔ sα growth at high s.
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REGGE FORMALISM · SOMMERFELD–WATSON

Continuing partial waves to complex angular momentum
The s-channel partial-wave expansion

A(s, t) =
∑

ℓ

(2ℓ + 1) aℓ(s) Pℓ(zs )

converges only inside the Lehmann ellipse |zs | < RL. The Regge limit
zs → ∞ requires a different representation.

Sommerfeld–Watson transform:

A(s, t) =
1
2i

∮
C

dℓ (2ℓ + 1) a(ℓ, s)
Pℓ(−zs )
sin(πℓ)

Deform C → Re ℓ = − 1
2 . The contour picks up:

(i) isolated poles at ℓ = α(t) — Regge poles
(ii) a power-suppressed background integral.

Asymptotically (using Pℓ(z) ∼ zℓ for z → ∞):

A(s, t) ∼ β(t) ξ(t) sα(t)

Contour deformation in the complex ℓ-plane: blue contour C runs parallel to

Im axis encircling integers (filled dots); deformed contour C′ picks up the

Regge pole at α(t).
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REGGE FORMALISM · TRAJECTORIES

The Chew–Frautschi plot: hadron spectroscopy as α(t)

Mathieu lectures, Fig. 16. Spin J vs m2 . Resonances of a given quantum-number family lie

on near-straight lines.

Linear approximation: α(t) = α(0) + α′t

Resonances satisfy α(m2
J ) = J

ρ(775) → 1, f2(1275) → 2, ρ3(1690) → 3, . . .

Universal slope α′ ≈ 0.9 GeV−2

Hadronic string tension T = 1/(2πα′) ≈ 0.18 GeV2.

Two trajectories matter for η(′)π photoproduction:
▶ ρ trajectory (I = 1, τ = −1), αρ(0) ≈ 0.55
▶ ω trajectory (I = 0, τ = −1), αω(0) ≈ 0.44

Nearly degenerate; treated with a common α′.
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PART III

Double-Regge η(′)π
photoproduction (JPAC, 2510.14549)

Parameter-free model: CLAS magnitude/t-dependence and GlueX AFB predictions



JPAC MODEL · REACTION

γp → η(′)πp via two-vector exchange

Paper Fig. 1. Two pseudoscalars P1, P2 produced via exchange of vectors

V1, V2 . Subsystem invariants: s, s1, s2 ; momentum transfers: t1, t2 .

Two topology classes:
fast-η (V1, V2) ∈ {(ρ, ω), (ω, ρ)}
— η carries most of the beam momentum

fast-π (V1, V2) ∈ {(ρ, ρ), (ω, ω)}
— π carries most of the beam momentum

Gottfried–Jackson frame: z-axis along photon beam, nucleons in xz plane. cos θ ≃ +1 ↔ fast-η
(forward), cos θ ≃ −1 ↔ fast-π (backward). The forward–backward asymmetry AFB is the key
observable that distinguishes ηπ from η′π.
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JPAC MODEL · VERTEX STRUCTURE

Three Lorentz-fixed vertices, all couplings from data
TOP γ → V1P1 ⟨P1V1|γ⟩ = (gγV1P1/m0) iϵαβµν ε

α
γ qβ

γ qµ
V1
εν∗

V1

Antisymmetric VVP coupling. From radiative decays ω → γπ0, ρ → γη, η′ → γρ0/γω.

MIDDLE V1 → V2P2 ⟨P2V2|V1⟩ = (gV1V2P2/m0) iϵαβµν ε
α
V1

qβ
V1

qµ
V2
εν∗

V2

gωρπ = 14.27 from ω → 3π saturated by ω → ρπ → 3π (Gell-Mann–Sharp–Wagner). SU(3)F + η-η′ mixing yields
g

ρρη(′) , g
ωωη(′) .

BOTTOM V2p → p ⟨p|V2p⟩ = εν
V2

ū(p′)[(g1 + g2)γν − g2(qp + qp′ )ν/(2mp)]u(p)
Helicity non-flip g1 and flip g2 couplings. From phenomenological Regge residues (Irving & Worden 1977).

Net result: the model contains no free parameters.
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JPAC MODEL · REGGEIZATION

From fixed-spin exchange to the double-Regge factor
Replace each diagram’s numerator

Nλγ λλ′ → R(α1, α2, s1, s2) · Nλγ λλ′

Regge factor (Brower–DeTar–Weis, Shimada–Martin–Irving):

R = (α1−1)Γ(1−α1) (α2−1)Γ(1−α2)

×
[

ξ1ξ21κ
1−α1 V (α1, α2, κ)

+ ξ2ξ12κ
1−α2 V (α2, α1, κ)

]
× (s1/s0)α1−1(s2/s0)α2−1

Vertex function (compact form):

V (α1, α2, κ) =
Γ(α1 − α2)
Γ(1 − α2) 1F1(1 − α1, 1 − α1 + α2, −κ)

where κ−1 = s/(α′s1s2), ξi , ξij = signature factors.

1. Vector poles cancelled
Factors (αi −1) cancel the m2

V −ti poles,
replacing them by Regge propagators.

2. Odd signature only
ξi remove even-signature poles; only
odd-J states (ρ, ω, ρ3, . . . ) couple.

3. Linear trajectories
αi (ti ) = 1 + α′(ti − m2

V ), α′ =
0.9 GeV−2, ρ-ω degenerate.

4. Double-Regge limit
A ∼ s

α1,2
1,2 s

α2,1−α1,2
2,1 — no overlap-

ping channel singularities.
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PART IV

Results: cross sections,
angular structure, AFB

CLAS comparison, GlueX predictions, and the η′π asymmetry signature



RESULTS · d2σ/dtpp dmηπ

Parameter-free agreement with CLAS data at Eγ = 5 GeV

Paper Fig. 2. Three slices in tpp ∈ [0.2, 0.4], [0.4, 0.7], [0.7, 1.1] GeV2. Shaded band = uncertainty from varying s0 ∈ [0.95, 1.05]
GeV2.

Magnitude
Reggeization suppresses fixed-spin
amplitude by > 10×, bringing it
into the data band.

Shape
Falling t-dependence reproduced
across all three momentum-
transfer slices.

Limits
Below ∼1.3 GeV the resonance re-
gion dominates — Regge approach
fails as expected.
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RESULTS · dσ/dtpp

ηπ vs η′π at CLAS (5 GeV) and GlueX (8.5 GeV)

Paper Fig. 3.

Steep fall with −tpp
Characteristic of Regge-dominated processes;
controlled by the t-dependence of α(t) in the
propagator.

ηπ dominates over η′π by ∼3–4×
Reflects the SU(3)F + η-η′ mixing (ϕη = 41.4◦)
propagated through the four diagram topologies.

GlueX (8.5 GeV) suppression
Energy-dependent reduction is the s-dependence of
the Reggeized amplitude; visible in dashed curves.

Uncertainty band: varying s0 produces an
almost-uniform normalization shift, leaving the shape
robust.
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RESULTS · ANGULAR STRUCTURE

Forward & backward peaks emerge after Reggeization

Top: 2D (cos θ, sηπ) intensity. Two prominent peaks at
cos θ = ±1 corresponding to fast-η (forward) and fast-π
(backward) topologies.

Bottom: Slices at fixed sηπ ∈ [5, 9] GeV2. Both ηπ (left)
and η′π (right) show forward/backward peaks fading with
energy.

Asymmetry hint. η′π forward peak is markedly larger than
the backward peak — the seed of the AFB enhancement on
the next slide.

Origin. Constructive interference of crossed-channel partial
waves at small |t|; destructive interference at large angles.
The hallmark of high-energy diffractive processes.
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RESULTS · AFB

η′π asymmetry without Pomeron — the key prediction

Paper Fig. 5. Solid = full Reggeization, dashed = vector-vector (no Reggeization).

THE PUNCHLINE
η′π asymmetry > ηπ asymmetry

even without Pomeron exchange.

The COMPASS pion-beam data showed a similar
hierarchy, attributed to the gluon-rich Pomeron cou-
pling preferentially to η′. Photoproduction forbids
Pomeron exchange — yet the hierarchy survives.

Mechanism analysis:
(i) Different ρ vs ω couplings to η/η′ — checked
irrelevant.
(ii) t-dependence of α(t) shifts interference pattern
as kinematics change with the heavier η′ — this
dominates.

Implication for π1(1600): the strong η′π coupling
of the exotic 1−+ may not require a gluon-rich pro-
duction environment. Hybrid searches in photopro-
duction at GlueX remain on solid ground.
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RESULTS · AFB WITH GLUEX CUTS

Predictions tuned to the ongoing analysis strategy

Paper Fig. D.7.

Experimental kinematical cuts. Suppress baryon-resonance
backgrounds — ∆(1232) is sizeable at GlueX.

Forward selection: tγη > −2 GeV2

Backward selection: tγπ > −2 GeV2

Common cuts: tpp > −2, sηπ > 4, sπp > 4, sηp > 4.75
GeV2

Effect. Strong mηπ dependence emerges; predicted Acuts
FB rises

from ∼0 at 2 GeV to ∼0.45 at 3 GeV. A direct, falsifiable
comparison for the upcoming GlueX analysis.
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PART V

AI for amplitude inversion:
the AmplAI program

Foundation models, differentiable surrogate detectors, and physics-constrained generative
inversion of detector data



AMPLAI · WHY

Conventional PWA vs AmplAI: a qualitative jump
Conventional PWA AmplAI

Data usage
Binned 1-D projections Full n-D phase space, unbinned

Inference target
|A|2 (cross section) A(s, cos θ) — complex amplitude

Resonance poles
Indirect, model-dependent Direct S-matrix extraction

Analysis time
Months per channel Hours per channel

Sparse channels
Not feasible Transfer learning from dense channel

Uncertainty
Ad hoc Stratified 20-network bootstrap

The bottleneck is no longer data volume — it is the translation from detector-level observations
to complex-valued scattering amplitudes. AmplAI fills this gap by enforcing S-matrix axioms as
differentiable penalty terms within a generative inversion pipeline.
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AMPLAI · ARCHITECTURE

Foundation models + surrogate detector + diffusion
unfolder

AmplAI narrative, Fig. 2. Top-left: foundation models pre-trained jointly. Bottom-left: OT-CFM differentiable surrogate. Right:
physics-constrained diffusion unfolder with 20-network bootstrap UQ.
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AMPLAI · FOUNDATION MODELS

RFM (Reggeon) + ResM (Resonance) — pre-trained on
JPAC library

RFM · Reggeon Foundation Model

Pre-trained on the JPAC Regge amplitude library

Learns universal features:
▶ Pomeron, ρ, ω, f2 trajectories α(t)
▶ Helicity coupling β(t) factorization
▶ Forward peak: A ∼ sα(t) at large s
▶ High-energy exchange mechanisms
▶ Production: γp → V (Pomeron exch.)

Fine-tuning per reaction via Regge factorization —
couplings determine the bottom vertex, the trajectory
is universal.

Phase I: γp → π+π−p (CLAS 40M, GlueX
100M)

ResM · Resonance Foundation Model

S-matrix–constrained, basis-free pole representation

Hard-wired axioms:
▶ Pole positions m, Γ on Riemann surface
▶ Riemann sheet classification (latent var.)
▶ Unitarity: Im Aℓ ≥ |Aℓ|2

▶ Schwarz reflection principle
▶ Coupled-channel: ππ ↔ KK̄ etc.
▶ Threshold behavior (Adler zeros)

The hidden Riemann-sheet variable removes the resid-
ual phase ambiguity that historically forced model-
dependent extractions.

Phase I targets: σ/f0(500), f0(980), ρ(770)
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AMPLAI · SURROGATE DETECTOR

Differentiable detector via minibatch OT-CFM

Forward model. ŷ ∼ D̂(x), with x ∼ |A(θ)|2dΦn

OT-CFM = optimal-transport Conditional Flow Matching. Learns a velocity field vθ(x , t) that maps
a Gaussian prior into the detector-distorted distribution along an OT-regularized trajectory.

Three properties make OT-CFM the right tool:
▶ Differentiable in x — gradients flow back to the amplitude parameters θ during inversion.
▶ ∼104× faster than GEANT4 — petabyte-scale inference becomes tractable.
▶ Manifold-respecting — OT regularizer prevents memorization of the training distribution.

Validation protocol (JetPrism). Loss alone is insufficient — multi-metric: χ2/ndf per observable,
Wasserstein W1, and KS statistic against GEANT4 truth.

Decision-gate target (Phase I, 6-month go/no-go): χ2/ndf < 2.0 on 5 kinematic variables,
W1 < 0.01, ≥ 104× speedup vs GEANT4.
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AMPLAI · PHYSICS-CONSTRAINED INVERSION

Three S-matrix penalties guard the ill-posed phase
recovery
The inversion ŷ → A(s, cos θ) is ill-posed: the data fix |A|2 but only weakly constrain the phase. Three
physical laws act as differentiable penalty terms inside the diffusion model:

UNITARITY Im Aℓ ≥ |Aℓ|2 (elastic); T-matrix coupled channels above threshold
Conservation of probability — partial waves cannot exceed the unitarity circle. Implemented as a soft barrier on the
Argand-plane radius for each partial wave.

ANALYTICITY Causality: A(s) analytic in upper-half s-plane, Schwarz reflection
Dispersion relations enforce the correct branch-cut structure; Riemann-sheet classification is a discrete latent variable
handled by ResM.

REGGE ASYMPTOTICS A(s, t) → β(t)ξ(t) sα(t) as s → ∞
Suppresses unphysical oscillations in the high-s tail. RFM provides the prior on β(t) and α(t).

Stratified bootstrap UQ: 10 networks on resampled data + 10 on fixed data with varied initialization → per-pole uncertainty
ellipses with statistical/systematic decomposition.
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AMPLAI · PHASE I ROADMAP

ALU1 M1–3 ππ amplitude model
Diffusion + unitarity + causality. Recover σ, ρ poles
from cross-section pseudodata within 10 MeV.

RFM-0 M1–3 Reggeon FM pre-train
Trajectories α(0), α′ within 10%; correct sα(t) power law
across full range.

DEU2 M3–6 GlueX surrogate
Same fidelity at 6–12 GeV. χ2/ndf < 2, W1 < 0.01.

ALU2 M6–9 Closure test
Full pipeline on JPAC pseudodata through CLAS surro-
gate. Pull distributions ∼ N(0, 1).

DEU1 M1–3 CLAS surrogate
OT-CFM for γp → π+π−p. χ2/ndf < 2 on 5 kinematic
variables. M3 GAN fallback checkpoint.

ResM-0 M1–3 Resonance FM pre-train
Pseudodata σ, ρ poles on correct Riemann sheet within
10 MeV at 1σ.

MOM-1 M3–6 Angular moments (real)
Extract SDMEs and Legendre moments Pℓ (ℓ = 0–4)
from CLAS g11. Gates ALU2.

MOM-2 M6–9 Real-data unfolding
ρ(770), f0(500), f0(980) from CLAS g11 within 1σ of
ALU2; 68% credible regions overlap ≥ 68%.
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KEY TAKEAWAYS

Three messages to leave with

01 Analyticity already does most of the work.
Regge theory unifies low-energy resonances and high-energy power laws via complex angular momentum.
The Sommerfeld–Watson transform turns spectroscopy into the analytic continuation α(t) — and crossing
symmetry guarantees the connection.

02 JPAC’s double-Regge model has zero free parameters.
All couplings come from radiative decays, ω → 3π saturation, SU(3)F + η-η′ mixing, and phenomenological
Regge residues. Yet it nails the CLAS data and predicts a striking η′π forward-backward asymmetry
without Pomeron exchange — a clean signature for GlueX.

03 AmplAI turns this physics into a differentiable inversion engine.
RFM + ResM foundation models enforce S-matrix axioms; OT-CFM surrogates make detector simulation
differentiable; physics-constrained diffusion recovers A(s, cos θ) directly from raw events. Months → hours,
with stratified bootstrap UQ. The same pipeline transfers to π1(1600) and the EIC era.

References: Montaña et al. arXiv:2510.14549 · Mathieu Regge lectures · AmplAI (Genesis Mission Topic 14-A)


