
Photoproduction of 𝜋0, 𝜂, 𝜂′on 𝑑, 4𝐻𝑒,12𝐶,208𝑃𝑏

at 𝜃 ⟶ 0,  𝐸𝛾 > 10 GeV 

Primakoff
mechanism 

Background 

• 𝛾 + 𝐴 → 𝜂 + 𝑁 + (𝐴 − 1)
• 𝛾 + 𝐴 → 𝜂 + 𝐴
• 𝛾 + 𝐴 → 𝜂 +𝐴∗
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Elementary (single-nucleon) amplitude

𝑡𝑁 =

Vector meson exchange 
(Regge model)

Primakoff mechanism

+
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Parameters

𝛤𝜌→𝜂𝛾 𝛤𝜔→𝜂𝛾

𝑔𝜌𝑁𝑁 𝑔𝜔𝑁𝑁

𝜌- and 𝜔- trajectories

𝛼𝜌 𝑡 = 0.55 + 0.8 𝑡

𝛼𝜔 𝑡 = 0.44 + 0.9 𝑡

Fitted
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Primakoff mechanism

𝐻𝛾𝑁𝑁 = 𝑒𝜓𝛾𝜇𝜓𝐴𝜇 +
𝜅𝑁
4𝑀𝑁

𝜓𝜎𝜇𝜈𝜓𝐹𝜇𝜈

𝐻𝜂𝛾𝛾 = −𝑒
𝜆

4𝑚𝜂
𝜀𝜇𝜈𝜆𝜎𝐹𝜇𝜈𝐹𝜆𝜎𝜑𝜂

Parameters

𝑔𝜇𝜈 −
𝑘𝜇𝑘𝜈

𝑘2

𝑡
→
𝑔𝜇𝜈

𝑡
(pole at 𝑡 → 0)

does not contribute

𝛾∗ Propagator :
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Results for 𝛾𝑝 → 𝜂𝑝 and 𝛾𝑝 → 𝜋0𝑝

ω+ ρ + Prim

𝑡𝑝 = 𝑡𝑠 + 𝑡𝑣 𝑡𝑛 = 𝑡𝑠 − 𝑡𝑣
fitted model

⟹ 𝑇𝛾 4𝐻𝑒 → 𝜂 4𝐻𝑒 ~ 𝑡𝑠 model-dependent  

pole at 𝑡 → 0𝛾𝑝 → 𝜂𝑝 𝛾𝑝 → 𝜋0𝑝
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Results for 𝛾𝑁 → 𝜂𝑁 and 𝛾𝑁 → 𝜋0𝑁
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Photoproduction on nuclei

3 channels:

𝛾 + 𝐴 → 𝜂 + 𝐴,
𝛾 + 𝐴 → 𝜂 +𝐴∗,
𝛾 + 𝐴 → 𝜂 + 𝑁 + (𝐴 − 1)

• Coherent

• Transitions to discrete states

• Direct reaction (nucleon knock-out)

Model: Impulse Approximation

𝑇 𝛾𝐴 → 𝜂𝐴∗ = ൻ𝐴∗|෍

𝑖

𝑡𝑁 𝑖 | ۧ𝐴
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Photoproduction on nuclei

Model: 𝜂𝐴 Final State Interaction

Square well: 𝑉 𝑟 = ቊ
−𝑖𝑉0, 𝑟 < 𝑅
0, 𝑟 ≥ 𝑅

−𝑉0

𝑅
𝑟

𝑉 𝑟

𝑉0 =
3𝛽𝜂

8𝜋𝑅3
𝜎𝜂𝑁, 𝜎𝜂𝑁 ≈ 𝜎𝜂′𝑁 ≈ 𝜎𝜋0𝑁 ≈ 23 𝑚𝑏

Eikonal w.f.       𝜙𝜂
−

Ԧ𝑟 = exp[𝑖 Ԧ𝑞 Ԧ𝑟 + 𝑖𝛽𝜂
−1න

0

∞

𝑉 Ԧ𝑟 + ො𝑞𝑠 𝑑𝑠]
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12𝐶(𝛾, 𝜂)12𝐶 and   12𝐶(𝛾, 𝜂)12𝐶∗

• 0ℏ𝜔 1𝑝 → 1𝑝 excitations ∶ Shell model with intermediate coupling

• 1ℏ𝜔, 2ℏ𝜔,… excitations ∶ Helm model (𝑒𝐴 → 𝑒′𝐴∗ matrix elements)

Levels of 12𝐶 included:

0ℏ𝜔

1ℏ𝜔, 2ℏ𝜔,…

GDR
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12𝐶(𝛾, 𝜂)12𝐶 and   12𝐶(𝛾, 𝜂)12𝐶∗(𝜀)

[A. Fix, Phys. Rev. C  108, 044607 (2023)]

Coherent

GDR

2+(𝜀 = 4.43 MeV)

3−(𝜀 = 9. 64 MeV)
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𝛾 + 12𝐶 → 𝜂 + 11𝐶∗ + 𝑛,       𝛾 + 12𝐶 → 𝜂 + 11𝐵∗ + 𝑝

Closure for 11𝐶∗and 11𝐵∗ states:

𝑇𝐴
2 =෍

𝑓

𝑖 ෠𝒪 𝑓 𝑖 ෠𝒪 𝑓
∗
= 𝑖 ෠𝒪+ ෠𝒪 𝑖 ∼ 𝐹 𝑝 𝑡𝑁 𝑝 2

ۧ|𝑖 ۧ|𝑓

𝑡𝑁

𝑡𝑁 = +

Nucl (𝜌 + 𝜔) Prim

𝑑𝜎

𝑑Ω
~ 𝑝𝑁(𝐴−1)

𝑑
𝜎

𝑑
θ
[𝜇
b
/r
ad
]
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Final State Interaction (FSI) 

Prim(coh)

Nucl(coh)

𝜃𝑚𝑎𝑥 ≈
𝑚𝜂

2

2𝐸𝛾

Nucl(coh) Prim(coh)
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Other nuclei and other mesons
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4𝐻𝑒(𝛾, 𝜂′)
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4𝐻𝑒(𝛾, 𝜋0)
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12𝐶(𝛾, 𝜂′)

16



12𝐶(𝛾, 𝜋0)
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2𝐻(𝛾, 𝜂)
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2𝐻(𝛾, 𝜂′)
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2𝐻(𝛾, 𝜋0)
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208𝑃𝑏(𝛾, 𝜂)
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Comments

?

22



Elementary amplitude
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෡𝑀𝑗 − Lorents and gauge invariant forms 

Regge propagator:

𝑉 = 𝜌, 𝜔



Shell model with intermediate coupling

pure configurations:

fractional parentage coeff.

(1𝑝)𝐴−5 1𝑝 single nucleon

Mixing coefficients



0ℏ𝜔 1ℏ𝜔, 2ℏ𝜔,…

1 – Coherent
2 – 4.43 MeV

(GDR)

12𝐶(𝛾, 𝜂)12𝐶 and   12𝐶(𝛾, 𝜂)12𝐶∗(𝜀)



4𝐻𝑒 Wave function
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r

𝛼𝑗 and 𝛽𝑗 are fitted to 4𝐻𝑒 charge FF up to 𝑄 = 6 fm−1



2𝐻 Wave function
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𝑢0 𝑝 =
2

𝜋
෍

𝑖=1

11
𝐶𝑖

𝑝2 +𝑚𝑖
2 , 𝑢2 𝑝 =

2

𝜋
෍

𝑖=1

11
𝐷𝑖

𝑝2 +𝑚𝑖
2

𝜙𝑀𝑑
Ԧ𝑝 = ෍

𝐿=0,2

෍

𝑀

𝑢𝐿 𝑝 𝑌𝐿𝑀 Ƹ𝑝 𝜒𝑀𝑆
(𝐿𝑀 1𝑀𝑆|1𝑀𝑑)

𝑢0 𝑝 and 𝑢2 𝑝 from Bonn NN model [R.Machleidt et al, Phys.Rep. 149, 1 (1987)]



208𝑃𝑏 Wave function

28

Symmetrized Fermi density:

𝜌 𝑟 = 𝜌0
1

1 + exp
𝑅 − 𝑟
𝑎

+
1

1 + exp
𝑅 + 𝑟
𝑎

= 𝜌0
sinh 𝑅/𝑎

cosh 𝑅/𝑎 + cosh 𝑟/𝑎

𝜌 𝑟 ≈ 𝜌0
1

1 + exp
𝑅 − 𝑟
𝑎

If 𝑅 ≫ 𝑎,

𝑅 = 6.654 fm, 𝑎 = 0.475 fm,Parameters:  𝑅 (radius) , 𝑎 (diffuseness) 


