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HIAF

Zhi-Yu Sun, Report of CNUF, 2023.
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HIAF-U

Zhi-Yu Sun, Report of CNUF (2023).

𝐸𝑏𝑒𝑎𝑚 = 9.3 GeV      →      𝑠 ∼ 4.4 GeV, 𝑝𝑝𝜙 threshold ~ 2.9 GeV.

𝐸𝑏𝑒𝑎𝑚 = 25. GeV      →      𝑠 ∼ 7.0 GeV, 𝑝𝑝𝐽/𝜓 threshold ~ 5.0 GeV.
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Proton-Proton Scattering

Nucleon Excitations

Near threshold experiments of 𝑝𝑝 → 𝑝𝑝𝜙, 𝑝𝑝 → 𝑝𝐾Λ, 𝑝𝑝 → 𝑝𝐾Σ ……

𝑅𝜙/𝜔 ∼ 8 × 𝑅𝑂𝑍𝐼 M. Hartmann et al., PRL 97 (2006)

𝒔𝒔 pair excited

Internally in nucleon

Introduce 𝑁∗ 1535 in 𝑝𝑝 → 𝑝𝑝𝜙 to explain the experimental data near threshold. 

Ju-Jun Xie et al., PRC 77 (2008).

For 𝑱/𝝍 case, 𝒄𝒄 pair needed.
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Hadronic Molecular States

LHCb: 𝑷𝒄 states 

R. Aaij et al. (LHCb Collaboration), PRL 115 (2015).

R. Aaij et al. (LHCb Collaboration), PRL 122 (2019).

In hadronic molecular picture: ഥ𝐷Σ𝑐
∗, ഥ𝐷∗Σ𝑐 including 𝑐  𝑐 pair.

Jia-Jun Wu et al., PRL 105 (2010), Meng-Lin  Du et al., PRL 124 (2020).

Analogous 𝒄ത𝒄 to 𝒔ത𝒔 pair: 𝐾Σ∗, 𝐾∗Σ. Jun He, PRD 95 (2017).

Nucleon excitations naturally contains a pair of 𝒔ത𝒔 (𝑵𝒔ത𝒔 or 𝑷s) or 𝒄ത𝒄 (𝑷𝒄).
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Aim
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Can be observed? → Production cross section

Where to observe? → Distribution of the final state particles

What to observe? → Polarization Observables

For 𝒑𝒑 → 𝒑𝒑𝝓: 

Threshold ~ 2.9 GeV, involving 𝑁𝑠  𝑠 (𝑃𝑠)  states. 

𝐸𝑏𝑒𝑎𝑚 = 9.3 GeV → 𝑠 ∼ 4.4 GeV → ~1.5 GeV above.

For 𝒑𝒑 → 𝒑𝒑𝑱/𝝍: 

Threshold ~ 5.0 GeV, involving  𝑃𝑐 states.

𝐸𝑏𝑒𝑎𝑚 = 25. GeV → 𝑠 ∼ 7.0 GeV → ~2.0 GeV above.
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Photoproduction: 𝛾𝑝 → 𝑝𝜙
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𝜸𝒑 → 𝒑𝝓 : Shu-Ming Wu et al., PRC 108 (2023)

𝑁𝑠  𝑠 (𝑃𝑠) states: 𝑁∗ 2080 3/2− and 𝑁∗ 2270 3/2−

Ratios of coupling constants and total width 

can be extracted.



Decay Behaviors of 𝑁𝑠  𝑠 (𝑃𝑠) 
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Yong-Hui Lin et al., NPA 980 (2018) Di Ben et al., PRC 112 (2025)

𝑁 2270 as 𝐾∗Σ∗ molecule →
Ratios of couplings 

+

Total width

+

Decay Ratios

↓

Determined couplings



Near Threshold: DISTO
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Λ𝜌 = 1.3 GeV

Λ𝑁 = 1.5 GeV

𝑔𝑁𝑁𝜌 = 3.25

𝜅𝜌 = 6.1

R. Koch, ZPC 59 (1985), D. Ronchen et al., EPJA 49 (2013)



Cross Sections
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K. Tsushima and K. Nakayama, PRC 68 (2003).

Molecules 5 / 20 μb

Proton 0.5 / 3 μb



Higher Spin Effects
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Di Ben et al., PRC 112 (2025)

States with higher orbital angular  

momenta (L) are more likely to be 

observed.



Spin Observables & Cascade Decay
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Decay anisotropy:
A. I. Titov et al., PRC 59 (1999)

Proton Kaon



STAR: Global Spin Alignment 𝜌00
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M. S. Abdallah et al. [STAR], Nature 614 (2023).

Averaged 𝑠𝑁𝑁 between 11 ~ 62 GeV:

𝜌00 = 0.3512 ± 0.0017 𝑠𝑡𝑎𝑡.
±0.0017(𝑠𝑦𝑠𝑡. )

Above 1/3 with 7.4𝜎

Deeply-Internal Resonances Excitation 

Mechanism (DiREM)
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Photoproduction: 𝛾𝑝 → 𝑝𝐽/𝜓
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𝜸𝒑 → 𝒑𝑱/𝝍 : Ming-Xiao Duan et al., arXiv: 2409.10364

Coupling constants of 𝑃𝑐 states can be restricted

Yong-Hui Lin and Bing-Song Zou, PRD 100 (2019)



Scattering: 𝑝𝑝 → 𝑝𝑃𝑐 → 𝑝𝑝𝐽/𝜓
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[25] S. Navas et al. [PDG], PRD 110 (2024).

[26] Jia-Ming Xie et al., EPJC 82 (2022)

[27] M. Guidal et al., NPA 627 (1997).

𝒈𝑷𝒄 𝑽 = 𝑱/𝝍 = 𝟎. 𝟎𝟓, 𝒈𝑷𝒄 𝑽 = 𝝆 = 𝟎. 𝟎𝟏



Production of  𝐽/𝜓

2025/11/30 ϕ and J/ψ Production in Proton-Proton Scattering, Di Ben 19

𝐽/𝜓 production at HIAF-U: 0.1 nb

Predominantly produced along the beam direction in CM frame.



Predictions of  𝐽/𝜓
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A. I. Titov et al., PRC 59 (1999)

Proton Muon
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Summary

✓ Production cross section of 𝜙 and 𝐽/𝜓 mesons at HIAF and HIAF-U 

reaches 10 𝜇𝑏 and 0.1 𝑛𝑏, respectively.

✓ States with higher orbital angular momenta (L) are more likely to be 

observed at sufficiently high energies.

✓ Deeply-Internal Resonances Excitation Mechanism (DiREM) can well 

reproduce the global spin alignment of 𝜙.

✓ Spin observables and cascade decay properties are provided as the model 

predictions.

✓ Final state particle distribution are provided as the guidance for future 

experiments at HIAF and HIAF-U.
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Thank you very much!
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