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Presented here is a theoretical model designed to investigate double pion photoproduction, within
the photon energy range of 3.0 to 3.8 GeV and momentum transfer range of 0.4 < −𝑡 < 1.0
GeV2. This model integrates contributions from resonances such as the 𝜌(770), as well as the
primary background from the Deck mechanism. Utilizing the Regge formalism and incorporating
the established Deck mechanism, the model emphasizes the significance of the 𝜌(770) reso-
nance, highlighting its role in representing 𝑃-wave contributions arising from pomeron alongside
other exchanges. However, at high momentum transfers, indications of s-channel helicity non-
conservation emerge, suggesting the involvement of additional partial waves, notably the 𝑆 and
𝐷 waves. The model is further extended to include scalar mesons such as 𝑓0 (500), 𝑓0 (980), and
𝑓0 (1370), along with the tensor meson 𝑓2 (1270), influencing 𝑆- and 𝐷-wave effects, respectively.
Predictions of angular moments are compared with CLAS data, and the analysis further explores
the 𝑡-dependence of the Regge amplitude residue function for subdominant exchanges.
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1. Introduction

Two-pion photoproduction has been widely studied in hadron spectroscopy to probe light
meson resonances. Due to the absence of free pion targets, photoproduction serves as a crucial
tool for such investigations. Recent developments in the field, particularly with high-precision data,
necessitate sophisticated amplitude analysis methods. Regge theory provides a useful framework
in the high-energy, small momentum transfer limit, where the scattering amplitude is dominated by
Pomeron exchange [1, 2]. The study of two-pion final states, especially in the region dominated by
the 𝜌(770) resonance, reveals key features such as s-channel helicity conservation (SCHC) [3] and
the deformation of the 𝜌(770) lineshape [4–6]. While simple Pomeron models describe the data at
small momentum transfer (|𝑡 | ≲ 0.4 GeV2) [7], additional exchanges are necessary to capture the
behavior at larger |𝑡 | [8]. This motivates the development of more detailed models, especially as
higher precision measurements become available [9].

2. Kinematics and Angular Moments

We consider the reaction:

𝛾(𝑞, 𝜆𝛾) + 𝑝(𝑝1, 𝜆1) → 𝜋+(𝑘1) + 𝜋− (𝑘2) + 𝑝(𝑝2, 𝜆2), (1)

where the helicities are defined in the 𝜋+𝜋− helicity frame, with kH
1 = −kH

2 and pH
2 setting the

negative 𝑧-axis. The plane of the reaction defines the 𝑥-𝑧 plane, and the 𝑦-axis is perpendicular,
aligned with pH

2 ×qH. The angles of the 𝜋+ are denoted by ΩH = (𝜃H, 𝜙H). The helicity amplitudes
of this 2 → 3 process depend on five kinematic variables: the 𝜋+ angles and the invariants 𝑠, 𝑡, and
𝑠12:

𝑠 = (𝑝1 + 𝑞)2, 𝑡 = (𝑝1 − 𝑝2)2, 𝑠12 = (𝑘1 + 𝑘2)2.

The differential cross section is:

𝑑𝜎

𝑑𝑡 𝑑
√
𝑠12 𝑑ΩH = 𝜅

∑︁
𝜆1𝜆𝛾𝜆2

|M𝜆𝛾𝜆1𝜆2 (𝑠, 𝑡, 𝑠12,Ω
H) |2, (2)

where 𝜅 contains kinematic factors, including the Källén function 𝜆(𝑎, 𝑏, 𝑐). Angular moments are
defined as: 〈

𝑌 𝐿
𝑀

〉
=
√

4𝜋
∫

𝑑ΩH 𝑑𝜎

𝑑𝑡 𝑑
√
𝑠12 𝑑ΩH Re[𝑌 𝐿

𝑀 (ΩH)], (3)

and the partial-wave expansion of the amplitude is:

M𝜆𝛾𝜆1𝜆2 (𝑠, 𝑡, 𝑠12,Ω
H) =

∑︁
𝑙𝑚

M𝑙
𝜆𝛾𝜆1𝜆2𝑚

(𝑠, 𝑡, 𝑠12)𝑌 𝑙
𝑚(ΩH). (4)

Parity relations reduce the number of independent helicity amplitudes, and partial waves are labeled
using spectroscopic notation such as 𝑆, 𝑃, 𝐷, etc.
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3. The Model

This study investigates the angular moments of the 𝜋+𝜋− system, focusing on low-energy
resonances decaying into 𝜋+𝜋−. The resonances are modeled as a two-step process: 𝑡-channel
scattering between the nucleon and photon, followed by decay into the two-pion final state. Key
resonances include the 𝜌(770) at √𝑠12 ∼ 0.77 GeV, alongside 𝑓0(500), 𝑓0(980), 𝑓0(1370), and
𝑓2(1270). The primary background arises from the Deck mechanism, where a photon produces a
pion pair, leading to one-pion exchange. The total amplitude is expressed as:

M𝜆𝛾𝜆1𝜆2 (𝑠, 𝑡, 𝑠12,Ω
H) = MR

𝜆𝛾𝜆1𝜆2
(𝑠, 𝑡, 𝑠12,Ω

H) +MNR
𝜆𝛾𝜆1𝜆2

(𝑠, 𝑡, 𝑠12,Ω
H), (5)

where the first term is the resonant contribution and the second is the nonresonant component.

3.1 Resonant Amplitude

The resonant amplitude is written as a sum of individual resonances:

MR
𝜆𝛾𝜆1𝜆2

(𝑠, 𝑡, 𝑠12,Ω
H) =

∑︁
R

MR
𝜆𝛾𝜆1𝜆2

(𝑠, 𝑡, 𝑠12,Ω
H), (6)

where the sum runs over resonances . Each resonance amplitude is decomposed into a production
term (formation of a resonance R with spin 𝐽) and a decay term (resonance decay to two pions):

MR
𝜆𝛾𝜆1𝜆2

(𝑠, 𝑡, 𝑠12,Ω
H) =

𝐽∑︁
𝑀=−𝐽

M𝛾𝑝→R𝑝

𝜆𝛾𝜆1𝑀𝜆2
(𝑠, 𝑡)𝐴R (𝑠12)𝑌 𝐽

𝑀 (ΩH). (7)

The two-pion mass dependence is assumed to come from 𝐴R (𝑠12), modeled as a Breit-Wigner
distribution, though more sophisticated treatments exist in the literature.

3.1.1 Production Amplitude

The production amplitude for 𝛾𝑝 → R𝑝 at high energies is modeled using Regge theory,
leading to expressions for 𝑡-channel exchange amplitudes:

ME
𝜆𝛾𝜆1𝑀𝜆2

(𝑠, 𝑡) =
∑︁
𝑗

T 𝛼1 · · ·𝛼𝑗

𝜆𝛾𝑀
PE

𝛼1 · · ·𝛼𝑗 ;𝛽1 · · ·𝛽 𝑗
B𝛽1 · · ·𝛽 𝑗

𝜆1𝜆2
. (8)

At high energies and low 𝑡, the amplitude matches Born-term 𝑡-channel diagrams, with the Regge
pole propagator given by:

𝑅E(𝑠, 𝑡) = 1
𝑠0

𝛼E(𝑡)
𝛼E(0)

1 + 𝜏E𝑒−𝑖 𝜋𝛼
E (𝑡 )

sin 𝜋𝛼E(𝑡)

(
𝑠

𝑠0

)𝛼E (𝑡 )−1
. (9)

Here, 𝛼E(𝑡) is the Regge trajectory, and 𝑠0 is set to 1 GeV2. The helicity-dependent coupling of the
Reggeon to the photon and nucleon is expressed as:

T × B → T 𝛼
𝜆𝛾 ,𝑀

𝑢𝜆2 (𝑝2)𝛾𝛼𝑢𝜆1 (𝑝1), (10)

where T is the top vertex and B is the bottom vertex.
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3.2 Nonresonant Amplitude

In addition to modeling the leading resonant contributions, the model incorporates the expected
background from the Deck process. To improve the description of the angular moments, empirically-
motivated polynomial backgrounds are added to the low-lying partial waves. The nonresonant model
can be written as:

MNR
𝜆𝛾𝜆1𝜆2

(𝑠, 𝑡, 𝑠12,Ω
H) = MDeck

𝜆𝛾𝜆1𝜆2
(𝑠, 𝑡, 𝑠12,Ω

H) +Mempir.
𝜆𝛾𝜆1𝜆2

(𝑠, 𝑡, 𝑠12,Ω
H). (11)

3.2.1 Deck Mechanism

The Deck mechanism operates as a sequential process in which a single off-shell pion, produced
by photon decay, elastically recoils against the nucleon target, resulting in the final state 𝑝𝜋+𝜋−.
The gauge-invariant Deck Model amplitude, as formulated in [10, 11], 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)

]
,

(12)

where 𝛽(𝑢𝑖) = exp
(
𝑢𝑖−𝑢min

𝑖

Λ2
𝜋

)
acts as a form factor, suppressing the pion propagator for one-pion

exchange at large 𝑢𝑖 with Λ𝜋 = 0.9 GeV. The term 𝑀±
𝜆1𝜆2

represents the scattering amplitudes for
𝑝 + 𝜋∗± → 𝑝 + 𝜋±.

3.2.2 Polynomial Backgrounds

Empirically, it is found that the Deck mechanism alone cannot describe the entire nonresonant
background. Therefore, an empirical polynomial background is added to the low-lying partial
waves. For 𝐽 = 0, 1, an additional amplitude with the same structure as the resonant amplitude is
included, where the function 𝐴𝐽 (𝑠12) is taken as a polynomial:

𝐴𝐽 (𝑠12) = (𝑠12 − 𝑠min
12 ) (𝑠12 − 𝑠max

12 ), (13)

with:

𝑠min
12 = 4𝑚2

𝜋 , (14)

𝑠max
12 = 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)
]
. (15)

The constants 𝑠min
12 and 𝑠max

12 are chosen to avoid an unnaturally large nonresonant contribution near
the threshold. The couplings 𝑏E,𝐽

𝑀
are determined empirically.

4. Results

The model consists of 30 free parameters, {𝑎E,R
𝑀

, 𝑏
E,𝐽
𝑀

}, which determine the relative strengths
and phases of the production mechanisms. These parameters are fitted to the angular moments
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⟨𝑌𝑀
𝐿
⟩ measured by CLAS at photon laboratory energies ranging from 3.0 to 3.8 GeV, with a focus

on the highest energy bin (𝐸𝛾 = 3.6–3.8 GeV) and evaluated at 𝐸𝛾 = 3.7 GeV, aligning with
the Regge approach’s suitability for high energies. The results include fits for angular moments
with 𝐿 = 0, 1, 2 and 𝑀 = 0, . . . , 𝐿. The 𝑡-dependence of the nonresonant Deck amplitude and
the Pomeron-mediated 𝜌 photoproduction components is not fitted. We adopt a "bottom-up"
approach [12], fitting each 𝑡 bin separately to allow the data to determine the 𝑡-dependence, with
each fit based on 600 data points. Due to space constraints, we present fitting results for only one 𝑡
bin, specifically at 𝑡 = −0.45 GeV2, in Fig. [1].

4.1 Discussion

The model reveals a slight increase in uncertainty around masses near 1.4 GeV, where 𝐷-wave
contributions are expected to dominate, particularly due to the presence of the 𝑓2(1270) resonance.
The only other 𝐷-wave contribution comes from the Deck amplitude, which is fully constrained and
lacks free parameters. As noted in [10], the Deck mechanism’s 𝐷-wave contribution is significantly
smaller than that of the 𝑃-wave, resulting in minimal interference among resonant 𝐷-wave helicity
amplitudes and, consequently, less constrained relative strengths and phases.

Despite the model’s overall good agreement with the data, several discrepancies are observed.
Specifically, the model predicts a shallower dip in the √

𝑠12 values around the 𝜌(770) mass and for
momentum transfers |𝑡 | ∈ [0.45, 0.75] GeV2 in the

〈
𝑌1

0
〉

moment compared to experimental results.
Additionally, the fitted

〈
𝑌1

1
〉

moment exhibits slight phase discrepancies with the data, as shown in
Fig. [1].

These discrepancies may stem from the modeling of the nucleon-reggeon vertex, defined as
B𝛼
𝜆1𝜆2

= 𝑢𝜆2 (𝑝2)𝛾𝛼𝑢𝜆1 (𝑝1), which may not reflect the most general form. This limitation could
lead the model to impose relationships between helicity amplitudes that lack a solid physical
foundation. Unfortunately, further investigation is hindered by the current lack of experimental
access to individual nucleon helicity couplings.
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