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1. Introduction
§  Nucleon anti-nucleon: one of the most typical strong 

interactions
§ LEAR has done lots of measurements



Baryon anti-baryon spectrum

§ Threshold enhancement of baryon anti-baryon is 
observed by lots of experiment: pp, ΛΛ, ΣΣ, ΛcΛc , 
ΞΞ(?)...

§ Their interactions are important to study the  the 
structures in the baryon anti-baryon spectroscopy.

§ BABAR, BESIII, BelleII...
§ FAIR: PANDA (pp), PAX (polarized p)?

red: anti-baryon



Strategy
§ New insights in strong interactions? 

New physics?

resonance, EM formfactor

FSI

baryon anti-baryon interaction
only pp



N scattering amplitude, two parts
§ elastic NN scattering: 

§ pion(s) exchange: NN Chiral EFT+G-parity 

§ LECs of contact term: to be fixed by data 

§ annihilation: unitarity, fit to the data

2. NN scattering amplitudes

J.Haidenbauer, talk at Bochum 

E.Epelbaum et.al., EPJA51 (2015) , 53



§ Up to N3LO, in time ordered ChEFT:
§ only irreducible diagrams contributes

§ Lippmann-Shwinger equation

ChEFT



ChEFT: potentials 
§ pion(s) exchange potentials:

§ Fourier transformation: change it into corordinat 
space to do regularization

              



ChEFT: potentials

§ Contact terms: short distance

§ Non-local regularization

§ Annihilation terms: short distance physics, around 
1 fm or less

Ignore the transition between 
annihilation channels 

the same form as that of 
contact terms



ChEFT: potentials

§ Imaginary term: -i, required by unitarity
§ Real term: be absorbed into terms of momentum

§ Higer power appears due to unitarity

Expansion around 
NN threshold.
For 5π, 6π cases, 
they have small 
Brs. 



Fits to Nijmegen's phase shifts
§ PW projection, Lippmann-Shwinger equation

§ The total χ2 for different cutoffs 

§  

n Cutoffs: 0.9, 1.0 fm, 
ChEFT does not work 
above k=500 MeV



Phase shifts of different cutoff

§ Lowest partial waves are perfect up to 300 MeV 



Phase shifts

§ Higher partial waves may be worse above 200 MeV



Error bands of different order
§ Convergent when increasing orders, even in resonance region
§ LO provides very limited description, only S-wave
§ N3LO,up to 300 MeV for S- and P- waves



§ Higher partial waves are well described at least up 
to 200 or 250 MeV

Error bands of different order



Observables
§ Cross sections



Angular distribution
§ Differential cross section, analyzing power and correlation 

parameters are helpful for PWA



pp annihilation cross section

§ Check in low energy region
§ The 1/β2 (not 1/β) anomalous threshold behaviour is 

caused by attractive Coulumn interaction



np annihilation cross section

§ Purely isospin one components, helpful for PWA



Energy shifts

§ Hadronic shifts and broadenings in hyperfine states of pH
§ Energy shifts and widths: Dese-Trueman formula

T.L. Trueman, NP26 (1961) 57
J. Carbonell et.al., ZPA 343 
(1992) 325

X.W. Kang et.al.  JHEP1402 
(2014) 113



NN FSI：proton FF

§ Proton form factor: probe of the inner structure of proton
§ ee→pp, helpful for determine the space-like region FF 

J.Haidenbauer, talk at Bochum 

How to connect? 
amplitude analysis 
may help. 



new measurement

§ CMD-3 has excellent measurement in low energy region
§ BESIII's in the region near threshold?

CMD-3, PLB05  (2019) 032  



FSI

§ To analyze ee→pp, we need to consider FSI
§ Distorted-wave Born approximation (DWBA):

§ Vector meson dominance:  3S1-3D1

J.Haidenbauer, X.-W. Kang, U.-G. 
Meißner, NPA 929 (2014) , PRD91 
(2015) 074003.
 



N2LO

§ N2LO result.  N3LO's is coming

J.Haidenbauer, X.-W. Kang, U.-G. 
Meißner, NPA 929 (2014)  



X1835? 

§ The amplitude gives information of structures, vice versa
§ There is a structure around pp threshold in many channels

BESIII: 
PRL108 (2016) 112003, 
PRL115 (2015)091803, 
PRL117 (2016)042002, 
PRL107 (2011) 182001,  
PRD88 (2013)  091502 



DWBA

§ The intermaediate states NN rescattering is included

§ We need distorted-wave Born approximation (DWBA)

§ J/ψ → ωpp, �pp channels: isospin 0 component does 
not contribute to the enhancement near the threshold 

X.W.Kang et.al., 
PRD91 (2015) 074003.



Modified isospin 1 NN amplitude
§ Isospin 1 amplitude is modified slightly to fit to the J/ψ → 

γpp data
§ Low energy part is the same as previous analysis
§ After modification, we find a isospin 1 resonance: 

binding energy ( -50.8-i 40.9) MeV, too wide to be seen 



Threshold effects

§ The inteference between background and cusp 
constructs the structre around pp threshold

§ Bound state description is not necessary



Prediction

§ We suggest BESIII to study the process of J/ψ→γωρ0

§ More narrow bound state has more pronouned 
structure



4. ΛcΛc FSI：Λc FF

§ We need to clarify the resonances appear in ΛcΛc 
scattering amplitude

§ With FSI we study ee→ΛcΛc

BABAR, PRD89 (2014) 111103.                  
Belle, PRD91 (2015) 112007,
          PRL101 (2008) 172001.



Hadronic scattering amplitude

§ Isospin 0, no OPE contribution
§ VMD,  3S1-3D1 

§ One resonance exchange in ChEFT



Born term and DWBA

§ Born amplitude, including pole term and non-
pole term

§ LS and DWBA



ee→ΛcΛc fit

§ LO ΛcΛc elastic scattering potential, without 
annihilation

§ Varying the cutoffs



ee→ΛcΛc fit

§ NLO ΛcΛc elastic scattering potential, with 
annihilation

§ varying the number of LECs



poles and scattering lengths

§ Poles and scattering lengths are stable with non-
pole term



poles and scattering lengths
§ Poles are not sensitive to the strength of annihilation



Electromagnetic formfactor

§ Effective form factors for LO, NLO
§ BESIII's has a different trend comparing to Belle's
§ The future measurement of BESIII up to 4.65 GeV 

is important



6. Summary

to 
Up to N3LO, we fit ChEFT amplitude to PWA's. It works 
well at PLab<300 MeV for S- and P-waves, and a bit 
lower for higher partial waves. Its low energy part is also 
consistent with the antiprotonic hydrogen phenomenology.  

 Amplitude analysis, analytical continuation to obtain the FF 
in unphysical region?  

ΛcΛc

We study e+e− →ΛcΛc process close to the theshold. the 
pole location of X(4630/4660) is obtained.The Λc FF is 
predicted.

We are studying the proton FF from ee →pp up to N3LO, with 
LS equation and DWBA method. The structure around pp 
threshold  exhibits a cusp-like behavior. 




