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BESIII Collaboration, Phys. Lett. B 

817, 136328 (2021)
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Fit range: [1.889, 1.988] GeV

Maximum 𝑘𝑝: 0.30 GeV

Near-threshold experimental data

Fit range: [1.880, 1.908] GeV

Maximum 𝑘𝑛: 0.16 GeV

SND Collaboration, Phys. At. Nucl. 87, 

604 (2024).



➢ Two channels:                    CH1: 𝑝 ҧ𝑝 CH2: 𝑛ത𝑛

➢ Two channel S-wave T matrix:  two-potential formalism

X. Kong and F. Ravndal, Nucl. Phys. A665, 137 (2000). 

𝐓 𝐸 =
𝑇𝐶(𝐸) 0
0 0

+
𝑊𝐶 𝐸 0
0 1

𝐓𝑆𝐶(𝐸)
𝑊𝐶 𝐸 0
0 1

➢ Coulomb amplitude in CH1:  𝑇𝐶 𝐸 =
𝜋

𝑖𝜇𝑝𝑘𝑝

Γ(1−𝑖𝑥)

Γ(1+𝑖𝑥)
− 1

➢ Photon exchange in the initial/final states:   𝑊𝐶 𝐸 =
2𝜋𝑥

1−𝑒−2𝜋𝑥
Γ 1−𝑖𝑥

Γ 1+𝑖𝑥

1

2

E. Braaten, E. Johnson, and H. Zhang, J. High Energy Phys. 02 (2018) 150.

P.-P. Shi, Z.-H. Zhang, F.-K. Guo, and Z. Yang, Phys. Rev. D 105, 034024 (2022). 7

Method: Coupled-channel NREFT

𝜇𝑝 =
𝑚𝑝

2
, 𝑘𝑝 = 2𝜇𝑝 𝐸 − 2𝑚𝑝 ,

𝑥 = 𝛼𝜇𝑝/𝑘𝑝, 𝛼 =
1

137
.

Including:

• Coulomb interaction between 𝑝 and ҧ𝑝

• Strong interaction between 𝑁 and ഥN



➢ Coulomb-Strong scattering amplitude:   𝐓𝑆𝐶 𝐸 = 𝐕𝑆(Λ) + 𝐕𝑆(Λ)𝐆C(𝐸, Λ)𝐓𝑆𝐶 𝐸

➢ Strong potential with only contact term: 

𝐕S =
1

2

C0N + C1N + 𝛿em C0N − C1N
C0N − C1N C0N + C1N

=
𝑎1 + 𝑖 𝑎2 𝑏1 + 𝑖 𝑏2
𝑏1 + 𝑖 𝑏2 𝑐1 + 𝑖 𝑎2

➢ Green’s function:  𝐆C 𝐸, Λ = diag(GC11, GC22)

GC11 𝐸, Λ = −
𝜇𝑝Λ

𝜋2
−

𝛼𝜇𝑝
2

𝜋
ln

Λ

𝛼𝜇𝑝
− 𝛾𝐸 −

𝜇𝑝

2𝜋
𝜅𝑝 𝐸

GC22 𝐸, Λ = −
𝜇𝑛Λ

𝜋2
− 𝑖

𝜇𝑛

2𝜋
𝑘𝑛

J. Carbonell, G. Hupin, and S. Wycech, Eur. Phys. J. A 59, 259 (2023).

X.-K. Dong, F.-K. Guo, and B.-S. Zou, Phys. Rev. Lett. 126, 152001 (2021).

5-parameters: 
𝑎1, 𝑎2, 𝑏1, 𝑏2, 𝑐1

Unitarity constrain:
𝑎2 < 0, Im𝐓𝑖𝑖 < 0

𝜇𝑛 =
𝑚𝑛

2
, 𝛾𝐸 ≈ 0.577, 

𝑘𝑛 = 2𝜇𝑛 𝐸 − 2𝑚𝑛 ,

𝜅𝑝 𝐸 = 2𝛼𝜇𝑝 ln 𝑖𝑥 +
1

2𝑖𝑥
− 𝜓 −𝑖𝑥
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Method: Coupled-channel NREFT

LECs for 𝐼 = 0, 1 Electromagnetic and isospin-breaking correction 
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Method: Production amplitude and cross section

𝑒+𝑒− → 𝑝 ҧ𝑝

𝑒+𝑒− → 𝑛ത𝑛

➢ 𝑝 ҧ𝑝 production amplitude: ℳ𝑝 ҧ𝑝 = Prp(Λ) × 1 + 𝐺𝐶11(Λ) × 𝐓𝑠𝑐11 + 𝑅𝑛/𝑝 × 𝐺𝐶22(Λ) × 𝐓𝑠𝑐21 ×𝑊𝐶

➢ 𝑛ത𝑛 production amplitude: ℳ𝑛 ത𝑛 = Prp(Λ) × 𝑅𝑛/𝑝 + 𝐺𝐶11(Λ) × 𝐓𝑠𝑐12 + 𝑅𝑛/𝑝 × 𝐺𝐶22(Λ) × 𝐓𝑠𝑐22

➢ Production sources:   Prp(Λ) 𝑝 ҧ𝑝 , Prn(Λ)(𝑛ത𝑛), 𝑅𝑛/𝑝 = Prn/Prp

➢ Production cross sections:    𝜎 𝑒+𝑒− → 𝑝 ҧ𝑝 =
𝑘𝑝

16𝜋𝐸2 𝑘𝑒
Prp2 ℳ𝑝 ҧ𝑝/Prp

2
+ bkg

𝜎[𝑒+𝑒− → 𝑛ത𝑛] =
𝑘𝑛

16𝜋𝐸2 𝑘𝑒
Prp2( ℳ𝑛 ത𝑛/Prp

2 + bkg)

 Fixed parameter: bkg = 0 from 𝑒+𝑒− → 𝑝 ҧ𝑝𝜋0 or 𝑒+𝑒− → 𝐾𝑆𝐾𝐿𝜋
0 and was subtracted

 7 Free parameters: 𝑎1, 𝑎2, 𝑏1, 𝑏2, 𝑐1, Prp
2, 𝑅𝑛/𝑝
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Result: Line shapes

➢ Two kinds of near-threshold line shapes of 𝜎[𝑒+𝑒− → 𝑝 ҧ𝑝]

Fit 1: one sharp cusp at the 𝑛ത𝑛 threshold

Fit 2: one bump between the two thresholds

Λ ∈ 2.0,2.6  GeV



Two poles :
Pole-1 on the RS++
Pole-2 on the RS−+

𝑅𝑋𝑁 =
𝑔𝐼=1
𝑔𝐼=0

=
𝑔𝑋𝑝 − 𝑔𝑋𝑛

𝑔𝑋𝑝 + 𝑔𝑋𝑛
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Result: Pole positions

Fit 1:

𝐸1 = 1882.2−4.5
+9.4 − 𝑖 1.2−1.2

+6.3  MeV

𝐸2 = 1882.2−46.5
+79.4 − 𝑖 106.4−65.1

+83.5  MeV

Fit 2:

𝐸1 = 1878.2−1.0
+4.5 − 𝑖 5.9−4.7

+1.5  MeV

𝐸2 = 1817.7−13.1
+53.1 − 𝑖 99.4−34.2

+46.7  MeV
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Result: with constraint from antiprotonic hydrogen

➢ From ҧ𝑝-𝐻 atom: 𝑎𝑝 ҧ𝑝 = −0.933 45 + 𝑖 0.604(51) fm
J. Carbonell, G. Hupin, and S. Wycech, Eur. Phys. J. A 59, 259 (2023).

𝐸1 = 1869.7−1.7
+1.7 − 𝑖 8.5−1.6

+1.4  MeV

𝐸2 = 1582.6−251.1
+141.6 − 𝑖 144.7−124.7

+148.2  MeV
𝑎12,eff = 0.770−0.089

+0.093 − 𝑖(0.517−0.109
+0.092) fm

𝑎22,eff = −0.628−0.084
+0.062 + 𝑖(0.396−0.090

+0.108) fm



Summary
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For the 𝑒+𝑒− → 𝑁ഥ𝑁 process, using coupled-channel NREFT with isospin

breaking from the 𝑝-𝑛 mass difference and the Coulomb interactions between

𝑝 and ҧ𝑝 and fitting to the experimental data, we obtain

⚫ Near-threshold line shape: one sharp cusp at the 𝑛ത𝑛 threshold for Fit 1; one

bump between the two thresholds for Fit 2.

⚫ Poles: an isoscalar near-threshold quasibound state pole on the physical RS
(RS++); an isovector pole on the unphysical RS−+.

⚫ Constraint from ҧ𝑝-𝐻 atom: similar to the Fit 2.

⚫ Amplitudes for 𝑁ഥ𝑁 FSIs: 𝐽/𝜓 → 𝛾𝑝 ҧ𝑝, 𝐵± → 𝐾±𝑝 ҧ𝑝.

Thank you for your attention!



➢ Scattering length: S. Sakai, F.-K. Guo, and B. Kubis, Phys. Lett. B 808, 135623 (2020).

𝑎𝑖𝑗,eff = −
1

2𝜋
𝝁
1

2 𝑻𝑆𝐶 𝐸 = 2𝑚𝑖 𝝁
1

2
𝑖𝑗

, 𝝁 =
𝜇𝑝 0

0 𝜇𝑛

➢ Coulomb-Strong scattering amplitude at the threshold 𝐸 = 2𝑚𝑝: 

𝐓SC
thr = −2𝜋𝝁−

1

2 𝒂𝑁𝑁,eff 𝝁
−
1

2 , 𝒂𝑁𝑁,eff =
𝑎11,eff
Re + 𝑎11,eff

Im 𝑎12,eff
Re + 𝑎12,eff

Im

𝑎12,eff
Re + 𝑎12,eff

Im 𝑎22,eff
Re + 𝑎22,eff

Im

➢ Coulomb-Strong scattering amplitude: 

𝐓𝑆𝐶
−1 𝐸 = 𝐕𝑆

−1 Λ − 𝐆C 𝐸, Λ =
1

2𝜋
𝝁
1

2

−
1

𝑎11

1

𝑎12
1

𝑎12
−

1

𝑎22

𝝁
1

2 − 𝐆C
R 𝐸 ,

𝐓SC
−1 𝐸 = 𝐕S

R −1
− 𝐆C

R 𝐸

= 𝐓SC
thr −1

+ 𝐆C
R 𝐸 = 2𝑚𝑝 − 𝐆C

R 𝐸 = 𝐓SC
thr −1

− ෩𝐆C
R

➢ Renormalized Green’s function:                   

𝐆C
R 𝐸 =

−
𝜇𝑝
2𝜋

𝜅𝑝 𝐸 0

0 −𝑖
𝜇𝑛
2𝜋

𝑘𝑛(𝐸)
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Cut off dependence of the scattering lengths
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