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Abstract. In the domain of hadron spectroscopy, the investigation of meson
resonances plays a pivotal role. This study focuses on the significance of two-
pion photoproduction as a prominent avenue for studying meson resonances in
the ππ system. By employing the Regge formalism, our model incorporates
the background contribution from the well-known "Deck Mechanism" and em-
phasizes the significant ρ(770) resonance, representing the P-wave contribution
arising from pomeron and f2 exchanges. The model is extended by accounting
for scalar mesons, namely σ, f0(980) and f0(1370), contributing to the S -wave
behavior, as well as the tensor meson f2(1270) corresponding to the D-wave
contributions, while also considering non-resonant P- and S -wave components.
The model contains a number of free parameters, which are constrained from a
global fit of the available experimental data for angular moments up to L = 2
for M = 0, ..., 2. The fitted angular moments are compared with experimental
data obtained from CLAS. The key physical insights gained from the model
are summarized. Furthermore, we extract the t-dependence of the Regge am-
plitude residue function for the subdominant exchanges, shedding light on their
contribution to the overall dynamics.

1 Introduction

The study of hadronic photoproduction stands as a vital method for gaining insights into
the spectroscopic and structural properties of hadrons. Employing protons as targets enables
researchers to probe the spectrum of excited nucleons at low energies. At higher energies,
the dominance of t-channel Reggeon exchanges, as predicted by Regge theory, offers an
opportunity to explore the process and extract information about the exchanged Reggeons.
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This proceedings focuses on providing a theoretical description of two (charged) pion
photoproduction in the low invariant mass range of the ππ system [1]. In this kinematic
region, a distinct peak that may be attributed to the presence of the ρ(770) resonance. In ad-
dition to this dominant resonance, several other contributions, including S -wave resonances
(σ/ f0(500), f0(980), f0(1370)) and the D-wave resonance f2(1270), are anticipated to affect
the cross section. Furthermore, it is anticipated that forthcoming data releases from both
CLAS12 and GlueX will provide additional insights into this process.

The proceedings are organized into sections detailing the kinematics of the process
(Sec.2), an exploration of the model components (Sec.3), and predictions regarding angu-
lar moments (Sec.4).

2 Kinematics

In these proceedings, we describe a theoretical model for the process

γ⃗(q, λγ) + p(p1, λ1)→ π+(k1) + π−(k2) + p(p2, λ2) ,

within the π+π− helicity rest frame, where the π+π− system remains stationary (k1 = −k2),
and the recoiling proton (p2) is set as the negative z-axis. The reaction plane, involving
the photon, target, and recoiling proton, defines the x-y plane, while the perpendicular axis
becomes the y-axis. Here, ΩH = (θH, ϕH) describes the π+ angles relative to the z-axis.

The scalar amplitudes in this 2 → 3 process are defined by five independent kinematic
variables: two angles for the π+ and the invariants s, t, and sππ.

s = (p1 + q)2 = (p2 + k1 + k2)2 , (1)

t = (p1 − p2)2 = (k1 + k2 − q)2 , (2)

sππ = (k1 + k2)2 = (p1 − p2 + q)2 = m2
ππ , (3)

ui = (q − ki)2 ; i = 1, 2. (4)

The phase-space and intensity conventions are referenced from Ref. [2]. This work cen-
ters on computing angular moments, obtained as integral moments of the cross-section:

⟨YLM⟩ (s, t,mππ) =
√

4π
∫

dΩ
dσ

dtdmππdΩH Re YLM(ΩH) .

3 Model Description

The process of double pion photoproduction can be described as being due to the interplay
of two fundamental processes, depicted in Figure 1. The Deck contribution [1a,1b] origi-
nates from complementary processes involved in the diffractive dissociation of the photon
from the nucleon target. These processes predominantly stem from long-range interactions,
prominently featuring one-pion exchange. Factorizing the one-pion exchange (as depicted
in Fig. [1]), reveals a 2 → 2 subprocess related to elastic πN scattering. Within this model,
the resonant peak at mππ ∼ 0.8 GeV is attributed to the production of the ρ(770) resonance.
Furthermore, the Particle Data Group (PDG) catalog encompasses various resonances below
and above 1 GeV, each expected to contribute significantly to this process. Incorporating
each of these resonances involves postulating a Regge production amplitude, a topic which
will be elaborated upon in the subsequent sections.
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Figure 1: Key contributions to two-pion photoproduction: Deck topology in Figures [1a] and
[1b], and resonant contribution in Figure [1c].

3.1 Resonance Model

In this approach, the resonances at the upper vertex are characterized as a product of produc-
tion and decay amplitudes, shaped by a Breit-Wigner distribution i.e. BW:

Mλ1λ2λγ (s, t, sππ,ΩH) = BW(sππ)

λR

MγN→RN
λ1λ2λγλR

ΓR→ππ
λR

, (5)

The model includes significant light meson resonances: f0(500)/σ, ρ(770), f0(980) below 1
GeV, and f2(1270) and f0(1370) above 1 GeV. In the CLAS kinematic range, the quasi 2→ 2
process may be expressed as a sum of t-channel Reggeon exchanges, E. According to Regge
theory, the amplitude factorizes into a Regge propagator, RE(s, t), and two vertices, T E and
BE , functions of the momentum transfer. Hence,

MγN→RN
λ1λ2λγλR

(s, t, sππ) =


E

T E
λγλR

(t; sππ)RE(s, t)BE
λ1λ2

(t) . (6)

The Regge propagator structure depends on the nature of the exchanged Reggeon:

RE(s, t) =



1 + e−iπαE (t)

sin παE(t)

 s
s0

αE (t)
, E = π, η, (unnatural) ,

αE(t)
αE(0)

1 + e−iπαE (t)

sin παE(t)

 s
s0

αE (t)
, E = P, f2, a2 (natural) ,

(7)

Here, αE(t) = αE
0 + α

E
1 t signifies the Regge trajectory, and s0 = 1 GeV2 denotes a fixed

mass-scale. The t-dependence of vertices is not determined by Regge theory; it requires data
inference or model assumptions. In this case, a Regge model is aligned with a one-particle
exchange model, establishing the forms of TλγλR (t; sππ), Bλ1λ2 (t), and ΓR→ππ

λR
vertices. The P-

wave amplitude can be found in Ref. [3]. Flexibility is maintained by partial wave projecting
each resonant amplitude and weighting them with a complex free parameter gLM . These
parameters are adjusted to fit experimental data.

3.2 Background Model

3.2.1 Deck Mechanism

The Deck Mechanism unfolds as a sequential process, where a single off-shell pion, arising
from photon decay, elastically recoils against the nucleon target, leading to the final state
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pπ+π−. The gauge-invariant Deck Model’s amplitude, as formulated in [4–8], is expressed
as:

MGI Deck
λ1λ2λγ

(s, t, sππ,Ω) =
√

4πα
[( ϵ(q, λγ) · k1

q · k1
−
ϵ(q, λγ) · (p1 + p2)

q · (p1 + p2)

)
β(u1)M−λ1λ2

(s2, t; u1)

−
( ϵ(q, λγ) · k2

q · k2
−
ϵ(q, λγ) · (p1 + p2)

q · (p1 + p2)

)
β(u2)M+λ1λ2

(s1, t; u2)
]
, (8)

The term β(ui) = exp
(
(ui − umin

i )/Λ2
π

)
acts as a form factor suppressing the pion propagator

for one-pion exchange at large ui, where Λπ = 0.9 GeV. M±λ1λ2
symbolizes the scattering

amplitudes for p + π∗± → p + π±. The pursuit of gauge invariance includes a phenomeno-
logical contact term Vµ [9]. Despite being a binary amplitude, its reliance on three kine-
matic invariants arises from the initial pion’s virtuality, ui. As ui → m2

π, these amplitudes
are related to elastic π±p scattering, about which much is known, both experimentally and
theoretically.This study employs πN scattering amplitudes from Ref. [10], combining the
SAID partial wave parameterization [11] at lower energies with a Regge description at higher
center-of-mass energies.

3.2.2 S and P-Waves Non-Resonant Pieces

In exploring resonant and non-resonant contributions, unique characteristics emerge in cross-
section data. Resonances often reveal distinct peaks tied to particular energies and decay
widths. However, addressing non-resonant backgrounds, inclusive of both P- and S -wave
components, introduces complexity. An adaptable method involves employing a simplified
parameterization with minimal variables to effectively describe the intricate background be-
havior. This parameterization is represented by:

Fbkg(sππ) ≡ [(sth
ππ − sππ)(smax

ππ − sππ)] , (9)

where

sth
ππ = 4m2

π (10)

smax
ππ = s + m2

p −
1

2m2
p

[
(s + m2

p)(2m2
p − t) − λ1/2(s,m2

p, 0)λ1/2(t,m2
p,m

2
p)
]
. (11)

Consequently, expressing the non-resonant component within the P-wave contribution:

Mnr
P = Rf2 (s, t)

1
s

Fbkg(sππ)u(p2, λ2)/w′(λγ)u(p1, λ1) , (12)

where the parameters related to the non-resonant P amplitude are denoted as anr
+ (t), anr

− (t), and
anr

0 (t). Similarly, the formulation of the non-resonant S -wave contribution can be expressed
as:

Mnr
S =

1
s

(anr
s j
+ ibnr

s j
)R(s, t)[(sth

ππ − sππ)(smax
ππ − sππ)]u(p2, λ2)γµu(p1, λ1)vµ(λγ) . (13)

4 Results and Conclusion

A comprehensive analysis has been conducted for six angular moments
(⟨Y00⟩ , ⟨Y10⟩ , ⟨Y11⟩ , ⟨Y20⟩ , ⟨Y21⟩, and ⟨Y22⟩) across all t bins using statistical bootstrap-
ping in the presented model. The fit results for these moments at the highest momentum

Figure 2: The fitted results of the angular moments (in red) vs. experimental results from
CLAS [1] (in black) at Eγ = 3.7 GeV and t = −0.95 GeV2.

transfer i.e. t = −0.95 GeV2 are depicted in Figure 2. With a total of 30 free parameters, the
model includes contributions from different resonances: 2 for scalar meson resonances in
the S -wave as well as for the non-resonant piece, 6 for the ρ resonance in the P-wave and
for the non-resonant piece, and 10 for the tensor meson f2 in the D-wave. The agreement
between the model and data highlights its capability in capturing crucial features of two-pion
photoproduction within this kinematic region.

Analyzing the fits across all t bins reveals key insights:

• ⟨Y00⟩: The dominant contributions to the differential cross-section arise from the ρ(770)
meson, followed by the tensor meson f2(1270). The scalar meson f0(980) exhibits a mini-
mal impact, noticeable as a small bump.

• ⟨Y10⟩ and ⟨Y11⟩: In ⟨Y10⟩, emergence of the S -wave contributions is observed, with dips
indicating the ρ(770) and scalar resonance σ. ⟨Y11⟩ shows interference between the S - and
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dominant P-waves, reflected in a bump at mππ ∼ 0.77 GeV due to this interplay and distinct
peaks representing tensor and scalar resonances at mππ > 1.2 GeV.

• ⟨Y20⟩, ⟨Y21⟩, and ⟨Y22⟩: These moments demonstrate the interplay among P-wave contribu-
tions and other wave components. Scalar resonances might not be pronounced at low t, but
they become more visible in ⟨Y21⟩ and ⟨Y22⟩ for t = −0.55 → −0.95 GeV2.

Prospective research avenues involve exploring the t-dependency of the gLM parameters and
extending the model’s applicability to forecast outcomes for experiments like CLAS12 and
GlueX, particularly at higher photon energies. Further investigation into the helicity structure
and the amplitude’s behavior concerning variable t presents promising opportunities for in-
depth analysis.

The proceedings presented a theoretical model integrating various ππ resonances across
S , P, and D waves, coupled with a key background contribution from the Deck mechanism in
two-pion photoproduction. Successful alignment with experimental data was achieved by op-
timizing the relative weights of partial waves, underscoring the model’s ability to accurately
portray production mechanisms and critical partial waves that govern angular moments.

This model’s potential extends to making predictions at photon energies relevant to
CLAS12 and GlueX experiments, showcasing its utility in future experimental analyses and
predictive capabilities.
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