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Motivation for Double Pion Photoproduction Study

Understanding the Significance

• Access to Previous CLAS6 Measurements: Building upon prior
research.

• Model Challenges: Addressing limitations of earlier models at
high momentum transfer.

• Upcoming CLAS12 and GleuX Measurements: Anticipating
new data for validation.

• Exploring π−η∆++ Exotic Channel: Expanding the scope of ap-
plicability.

• Relevance to Two-Pion Electroproduction: Implications for broader
studies.
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Two-Pion Photoproduction: Kinematics

Process:

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

Kinematic Variables:

s = (p1 + q)2

si = (ki + p2)2

t = (p1 − p2)2

s12 = sππ = (k1 + k2)2 = m2
12 = m2

ππ

Nadine Hammoud IFJ-PAS MENU conference, Mainz,Germany Oct 19, 2023 4



Two-Pion Photoproduction: Helicity Frame

Helicity Frame: ΩH(θH , φH)

pH
1 = | ~p1|(sin θ1, 0, cos θ1)

pH
2 = | ~p2|(0, 0,−1)

qH = |~q|(− sin θq, 0, cos θq)

kH
1 = |~k1|(sin θH cos φH , sin θH sin φH , cos θH) = −kH

2
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Two-Pion Photoproduction: CLAS6 Measurements

Eγ = [3.0, 3.8] GeV, t = [−0.45,−0.95] GeV2
[Phys.Rev.D 80 (2009) 072005]

< YLM > =
√

4π
∫

dΩH dσ
dtdm12dΩH Re YLM(ΩH)

< Y00 > =
dσ

dtdm12
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Model Description

For the process γ(q, λγ) + p(p1, λ1)→ π+(k1) + π−(k2) + p(p2, λ2), we
consider

2→ 3 Dynamics

Built from known dynamics in 2→ 2 subchannels:

• ππ resonances are directly implemented in our model.

• πN resonances are embedded in the Deck mechanism.
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Meson Resonances Below 1 GeV
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Meson Resonances Below 1 GeV

Nadine Hammoud IFJ-PAS MENU conference, Mainz,Germany Oct 19, 2023 9



Meson Resonances Below 1 GeV

Nadine Hammoud IFJ-PAS MENU conference, Mainz,Germany Oct 19, 2023 10



Meson Resonances Below 1 GeV
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Meson Resonances Above 1 GeV

Nadine Hammoud IFJ-PAS MENU conference, Mainz,Germany Oct 19, 2023 12



Meson Resonances Above 1 GeV
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Meson Resonances Above 1 GeV
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Resonant Production

• Effective Lagrangian: One particle exchange model

• “Reggeize”:

RN(s, t) =
1 + eiπαN (t)

sin(πα(t))

( s
s0

)αN (t)

• “Breit-Wignerize”: [Phys. Rev. D 98, 030001 (2018)]

BWdep(s, l) =
n(s)

m2
BW − s − imBWΓtot(s)

, where n(s) =

(
q
q0

)l

Fl(q, q0)
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Partial Waves Amplitudes

Mλ1,λ2,λq(s, t, sππ,ΩH) =
∑
lm

Mlm
λ1,λ2,λq

(s, t, sππ,ΩH)Ylm(ΩH)

Ml−m
−λ1,−λ2,−λq

= (−1)m−λ2−λq+λ1Mlm
λ1,λ2,λq

• The model’s rigidity hinders its ability to accurately describe the
data.

• To address this, we introduce free parameters to redefine the
t-dependence glm in the resonant components, while keeping
Deck and ρ production via pomeron components fixed:

M̃λ1,λ2,λq(s, t, sππ,ΩH) =
∑
lm

glmMlm
λ1,λ2,λq

(s, t, sππ,ΩH)Ylm(ΩH)

• In total, we have 30 free parameters: 2 for f0(500), f0(980),
f0(1375), and background, 6 for ρ via f2 and background, and
10 for f2(1270).
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Non Resonant Production: Deck Mechanism

The Deck Mechanism describes non-resonant production with the
following equation:

M
Deck, GI
λ1λ2λq

(s, t, s12,Ω) = e
[
−
ε(q, λq) · k2

q · k2
β(t2)M+

λ1λ2
(s1, t; t2)

+
ε(q, λq) · k1

q · k1
β(t1)M−λ1λ2

(s2, t; t1)
]
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Results- Preliminary

Eγ=3.7 GeV:
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Results- Preliminary

Eγ=3.7 GeV:
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Conclusions and Further Work

• The presented global analysis has demonstrated strong per-
formance.
æ Can we streamline empirical parameterizations for cou-
plings and prune redundant ones?
• Future work includes extending our analysis to predict an-

gular moments at different Eγ values, particularly for the
upcoming CLAS12 experiment.
• Investigating angular moments at mπN for further insights.
• Expanding the Deck mechanism to encompass other fi-

nal states, such as π−η∆++, opens new opportunities for
investigation.
• Exploring SDMEs for particles like ρ and ∆.
• Potential research in two-pion electroproduction for Fπ(Q2)

determination.
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Back-Up: Deck Model

The Deck Model amplitude can be written as:

MDeck
λ1λ2λq

(s, t, s12,Ω) = e
[
−
ε(q, λq) · k2

q · k2
β(t2)M+

λ1λ2
(s1, t; t2)

+
ε(q, λq) · k1

q · k1
β(t1)M−λ1λ2

(s2, t; t1)
]
.

(1)

Where β(ti) = exp((tπ − tmin
i )/Λ2

π), Λπ = 0.9 GeV, tπ = (q − ki)2 and

tmin
1 = m2

π −
1
2s

[
(s − m2

p)(s − s2 + m2
π) − λ1/2(s, 0,m2

p))λ1/2(s, s2,m2
π)
]
,

(2)

tmin
2 = m2

π −
1
2s

[
(s − m2

p)(s − s1 + m2
π) − λ1/2(s, 0,m2

p)λ1/2(s, s1,m2
π)
]
(3)

where λ(a, b, c) = a2 + b2 + c2 − 2(ab + bc + ca).
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Pion-proton Scattering:

Figure: Feynman diagram for π−p→ π−p

Assuming that the intermediate pion is offshell, then the pion-proton
scattering amplitude will read:

M−λ = ūλ(p2)
[
A−(s, t, tπ) +

1
2
γµ(q − k1 + k2)µB−(s, t, tπ)

]
uλ(p1), (4)

where tπ = (q − k1)
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Pion-proton Scattering:

Similarly for the positive exchanged pion:

M+
λ = ūλ(p2)

[
A+(s, t, tπ) +

1
2
γµ(q − k2 + k1)µB+(s, t, tπ)

]
uλ(p1), (5)

where tπ = (q − k2).
In the πN center of mass frame the t-channel A and B defined as
follows:

1
4π

A± =

√
s + mp

Z+
1 Z+

2
f ±1 −

√
s − mp

Z−1 Z−2
f ±2 , (6)

1
4π

B± =
1

Z+
1 Z+

2
f ±1 −

1
Z−1 Z−2

f ±2 . (7)

Where f1 and f2 are called the reduced helicity amplitudes, Z±i =√
Ei ± mp.
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Pion-proton scattering

The partial wave decomposition:

f1 =
1√
|p1||p2|

∞∑
l=0

fl+(s)P′l+1(cos θ) −
1√
|p1||p2|

∞∑
l=2

fl−(s)P′l−1(cos θ),

(8)

f2 =
1√
|p1||p2|

∞∑
l=1

[fl−(s) − fl+(s)]P′l(cos θ). (9)

The scalar functions A and B in our case depends on the pion virtu-
ality, in which it enters in Z1 and hence P1 since

E1 =
si − tπ + m2

p

2
√

si
(10)

Also our scattering angle is proportional to the virtuality as follows:

cos θ =
2si(t − 2m2

p) + (si − tπ + m2
p)(si − m2

π + m2
p)√

λ(si, tπ,m2
p)

√
λ(si,m2

π,m2
p)

. (11)

Nadine Hammoud IFJ-PAS MENU conference, Mainz,Germany Oct 19, 2023 25



Differential Cross Section

The differential cross section is given as:

d5σ

dtd
√

s12dΩdΦ
= I(Ω,Φ) = I0(Ω) + I(Ω) · Pγ(Φ) (12)

where Ω = (θ, φ) and the intensity vector is defined as:

I0(Ω) =
κ

2

∑
λ,λ1,λ2

Mλ;λ1λ2(Ω)M∗λ;λ1λ2
(Ω) (13)

I1(Ω) =
κ

2

∑
λ,λ1,λ2

M−λ;λ1λ2(Ω)M∗λ;λ1λ2
(Ω) (14)

I2(Ω) = i
κ

2

∑
λ,λ1,λ2

λM−λ;λ1λ2(Ω)M∗λ;λ1λ2
(Ω) (15)

where 0 < Pγ < 1 is the degree of linear polarization of the photon
beam.
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Model Parameters

Model parameters not fit from data:
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Angular Moments and Partial Waves
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Angular Moments and Partial Waves
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Light Meson Spectroscopy
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