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➢ Study of process 𝑒+𝑒− → 𝑝 ҧ𝑝𝜋0 at BESIII

✓ Interesting features in the differential cross section of 𝑒+𝑒− → 𝐵1
ത𝐵2

✓ Extract intermediate 𝑁∗ or Δ∗ state to 𝑝𝜋0 or ҧ𝑝𝜋0

✓ Measure the cross sections of two-body processes, like 𝑒+𝑒− → 𝑝𝑁∗ or 𝑝Δ∗

             abnormal behaviors ?

I.     𝑝 ҧ𝑝, ΛഥΛ, Λ𝑐
ഥΛ𝑐 , 𝑒𝑡𝑐: a plateau starting from the baryon pair production threshold

II.   ΛതΣ0: non-zero cross section at the threshold

Natl. Sci. Rev. 8, nwab187 (2021) 
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Motivation

https://academic.oup.com/nsr/article/8/11/nwab187/6396767


Motivation

✓ Lack of the cross section results of process 𝑒+𝑒− → 𝑝 ҧ𝑝𝜋0 from 2.10 to 3.08 GeV, a 
continuum region, near production threshold 

Phys. Rev. D 90, 032007(2014)

Phys. Lett. B 771, 45(2017)

• In the vicinity of the 𝜓(3770) resonance        Phys. Rev. D 90, 032007(2014)

• In the vicinity of the 𝑌(4260) resonance        Phys. Lett. B 771, 45(2017)

✓ Can be used to estimate the cross sections of 𝑝 ҧ𝑝 → 𝑒+𝑒−𝜋0 for the PANDA experiment 
→ in turn can be used to measure the proton form factor in the unphysical region
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.032007
https://www.sciencedirect.com/science/article/pii/S0370269317303969?via%3Dihub


Data Sets

➢ Physical Process: 𝑒+𝑒− → 𝑝 ҧ𝑝𝜋0 → 𝑝 ҧ𝑝𝛾𝛾 with threshold 2.012 GeV

➢ Data sets: 20 energy points, 2.1000-3.0800 GeV, 636.8 pb−1

➢ Signal MC:

• 1M PHSP MC at each energy point
• 0.1M signal MC with DIY amplitude obtained from FDC

➢ Background MC:

➢ Strategy:

• Hadronic processes • QED processes

• Partial reconstruction: 2.1000-2.2324 GeV

          Low momentum of 𝑝/ ҧ𝑝/𝜋0 → Low detection efficiency

• Full reconstruction: 2.3094-3.0800 GeV
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 𝑁𝑝 = 0 & 𝑁 ҧ𝑝 = 1 (missing 𝑝):

• Barrel: 𝐸𝛾 ≥ 0.025GeV, 𝑐𝑜𝑠𝜃 < 0.8

• Endcaps: 𝐸𝛾 ≥ 0.05GeV, 0.86 < |cos𝜃| < 0.92

• 0 ≤ TDC ≤ 700ns

• Angle(𝛾, ҧ𝑝) ≥ 30°

• 𝑁𝛾 ≥ 2

➢ 1C kinematic fit: 

➢ Good neutral tracks:

• Loop good photons to choose the 
combination with the minimum 𝜒1𝐶

2 (𝑝 ҧ𝑝𝛾𝛾)

• Constrain 𝑚𝑚𝑖𝑠𝑠𝑡𝑟𝑎𝑐𝑘 = 𝑚𝑝
𝑃𝐷𝐺

• 𝜒1𝐶
2 ≤ 60

Partial reconstruction

 Good charged tracks:

➢ cos𝜃 < 0.93, 𝑉𝑟 < 1cm, 𝑉𝑧 < 10cm

➢ 𝑁𝐺𝑜𝑜𝑑 = 1 or 2

 PID (d𝐸/d𝑥+TOF):

➢ 𝑝( ҧ𝑝): 𝑝𝑟𝑜𝑏 𝑝 > 𝑝𝑟𝑜𝑏 𝑒/𝜋/𝐾  

➢ Requirement (2 cases):

• 𝑁𝑝 = 1 & 𝑁 ҧ𝑝 = 1      (missing 𝜋0)

• 𝑁𝑝 = 0 & 𝑁 ҧ𝑝 = 1 (missing 𝑝)

✓ There is no overlap between two cases.

 𝑁𝑝 = 1 & 𝑁 ҧ𝑝 = 1 (missing 𝜋0):

➢ cos𝜃𝜋0 ≤ 0.96

➢ Recoil 𝜋0:

• 𝑃𝜋0 = 𝑃𝑐𝑚𝑠 − 𝑃𝑝 − 𝑃 ҧ𝑝

➢ A successful Vertex Fit on 𝑝 and ҧ𝑝

➢ 𝜃𝑝 ҧ𝑝 ≤ 173∘

• Background of 𝑒+𝑒− → (𝑛𝛾𝐼)𝑝 ҧ𝑝 and cosmic ray
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1 2

Background Analysis

 Based on inclusive MC study (@2.1250 GeV)

• There is no peaking background.

➢ Dominant background:

➢ Background distributions:

No. Mode Processes

1 Missing 𝜋0 𝑒+𝑒− → 𝑝 ҧ𝑝𝛾𝐼(𝛾𝐼)

2 Missing 𝑝
𝑒+𝑒− → 𝜋+𝑛 ҧ𝑝

𝑒+𝑒− → 𝑝 ҧ𝑝(𝛾𝐼)
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• Total fit = MC shape ⊗ Gaussian (Signal) + Landau (Background)

                      + MC shape ⊗ Gaussian (Signal) + 1st-order Polynomial (Background)

• Fixed: 
𝑁Signal(Missing 𝜋0)

𝑁Signal(Missing 𝑝)
=

𝜖(Missing 𝜋0)

𝜖(Missing 𝑝)

• Shared parameters: the parameters of the smeared Gaussian function each mode

Signal Extraction

 A simultaneous unbinned extended maximum-likelihood fit at 2.1250 GeV

➢ Missing 𝜋0: ➢ Missing 𝑝: 
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Full reconstruction

 Good charged tracks:

➢ cos𝜃 < 0.93, 𝑉𝑟 < 1cm, 𝑉𝑧 < 10cm

➢ 𝑁𝐺𝑜𝑜𝑑 = 2, Σ𝑄 = 0

 PID (d𝐸/d𝑥 + TOF):

➢ 𝑝( ҧ𝑝): 𝑝𝑟𝑜𝑏 𝑝 > 𝑝𝑟𝑜𝑏 𝜋/𝐾

➢ 𝑁𝑝 = 𝑁 ҧ𝑝 = 1

 Vertex Fit

 Good neutral tracks:

➢ Barrel: 𝐸𝛾 ≥ 0.025GeV, cos𝜃 < 0.8

➢ Endcaps: 𝐸𝛾 ≥ 0.05GeV, 0.86 < |cos𝜃| < 0.92

➢ 0 ≤ TDC ≤ 700ns

➢ 𝜃𝛾𝑝 ≥ 10°, 𝜃𝛾 ҧ𝑝 ≥ 20°

➢ 𝑁𝛾 ≥ 2

 4C kinematic fit:

➢ A successful vertex fit on 𝑝 and ҧ𝑝 is required 
for each candidate

➢ Loop good photons to choose the combination 
with the minimum 𝜒4𝐶

2 𝑝 ҧ𝑝𝛾𝛾

➢ 𝜒4𝐶
2 ≤ 100

 𝜋0 reconstruction (@2.6444 GeV)

• There is no peaking background.
• The background level: < 1%
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Signal Extraction

 An unbinned extended maximum-likelihood fit at 2.6444 GeV

➢ Total fit = MC shape ⊗ Gaussian (Signal) + 1st-order Polynomial (Background)
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Cross Section: 𝑒+𝑒− → 𝑝 ҧ𝑝𝜋0

 Born cross section measurement

𝜎B(𝑒+𝑒− → 𝑝 ҧ𝑝𝜋0) =
𝑁Signal

ℒ ∙ 𝜖 ∙ (1 + 𝛿) ∙
1

1 − Π 2

➢ Calculation:

➢ 𝜖: the detection efficiency, derived from the signal MC events

✓ Generated by using the amplitude model with parameters fixed the PWA results

• Signal MC

• PWA

✓ FDC-Tensorflow package
✓ Intermediate resonances: fixed the mass and width in PDG

• Solution at each energy point

✓ five energy points with higher statistics: 2.1250, 2.3960, 2.6444+2.6464, 2.9000, 3.0800 GeV
✓ The solution at these five points are set as reference to other data sets nearby
✓ The fitting results at 2.1250 GeV are shared with 2.1000, 2.1500 and 2.1750 GeV
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 Distributions of the invariant mass of two bodies (@2.6444 GeV)

Signal MC

𝑑)  Data

𝑎) 𝑝𝜋0 system 𝑏) ҧ𝑝𝜋0 system 𝑐) 𝑝 ҧ𝑝 system

➢ Black: Data
       Red: Signal MC
       
➢ The data and signal MC 

are well consistent.

𝑒)  MC
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 Distributions of momentum and angle (@2.6444 GeV)

Signal MC

𝑎) 𝑝𝑝 𝑏) 𝑝 ҧ𝑝 𝑐) 𝑝𝜋0

𝑑) cos(𝜃𝑝) 𝑒) cos(𝜃 ҧ𝑝) 𝑓) cos(𝜃𝜋0)
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 Distributions of the invariant mass of two bodies (@3.0800 GeV)

Signal MC

𝑑)  Data

𝑎) 𝑝𝜋0 system 𝑏) ҧ𝑝𝜋0 system 𝑐) 𝑝 ҧ𝑝 system

➢ Black: Data
       Red: Signal MC
       
➢ The data and signal MC 

are well consistent.

𝑒)  MC
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 Distributions of momentum and angle (@3.0800 GeV)

Signal MC

𝑎) 𝑝𝑝 𝑏) 𝑝 ҧ𝑝 𝑐) 𝑝𝜋0

𝑑) cos(𝜃𝑝) 𝑒) cos(𝜃 ҧ𝑝) 𝑓) cos(𝜃𝜋0)
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Cross Section: 𝑒+𝑒− → 𝑝 ҧ𝑝𝜋0

 Born cross section measurement
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➢ ISR iteration (iterative MC Weighting Method)

➢ Cross sections

• The difference between two adjacent iterations is less than 0.1%

Front. Phys. (Beijing) 16, 64501(2021)



Cross Section: 𝑒+𝑒− → 𝑝 ҧ𝑝𝜋0

The first uncertainty is statistical and the second is systematic.
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Systematic Uncertainty

 Systematic uncertainty
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➢ Partial reconstruction:

• Combined as the average value weighted by detection efficiencies

• The Total one calculated by adding all individual contributions in quadrature

uncorrelated



Systematic Uncertainty

 Systematic uncertainty
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➢ Full reconstruction:

• The Total one calculated by adding all individual contributions in quadrature



Summary

➢ Summary

• Born cross section of the 𝑒+𝑒− → 𝑝 ҧ𝑝𝜋0 process within the center-of-mass 
energy range of 2.10-3.08 GeV is obtained. The uncertainties at most 
energy points are less than 10%.

•  An increase around 2.4GeV in the cross sections, which may be from the 
𝑝𝑁(1440) threshold, requires further experimental studies.

• Due to low statistics, extracting the 𝑁∗ and Δ∗ yields and measuring the 
cross sections of two body processes is still challenging.

Thank you !
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Back up



How to obtain signal MC

➢ PWA framework
• FDC-Tensorflow 
• The covariant tensor formalism
• Unbinned maximum likelihood fit to data

➢ Intermediate resonances considered

➢ Solution at each energy point
• five energy points with the higher statistics: 2.1250GeV, 2.3960GeV, 2.6444+2.6464GeV, 

2.9000GeV, 3.0800GeV
• The solution at 2.3960GeV, 2.6444+2.6464GeV, 2.9000GeV or 3.0800GeV is applied to 

other data sets nearby
• The fitting results at 2.1250GeV are shared with 2.1000GeV, 2.1500GeV and 2.1750GeV

➢ Signal MC
• Generated by using the amplitude model with parameters fixed the PWA results
• Generated by ConExc in the DIY mode with a module named as “FDC”

19Hua Shi Cross Section Measurement of 𝑒+𝑒− → 𝑝 ҧ𝑝𝜋0



➢ Four subprocesses + 𝑐. 𝑐. at 2.6454 GeV

FDC @2.6454 GeV

The messages(IG(JPC), mass, width) are from PDG.

➢ The fraction of four subprocesses and their interferences 
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➢ Distributions of the invariant mass of two bodies and angle (@2.6454 GeV):

FDC @2.6454 GeV
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➢ Distributions of the helicity angle (@2.6454 GeV):

FDC @2.6454 GeV

back

22Hua Shi Cross Section Measurement of 𝑒+𝑒− → 𝑝 ҧ𝑝𝜋0



 Distributions of the invariant mass of two bodies (@2.1250 GeV)

Missing 𝜋0

𝑒)  MC𝑑)  Data

𝑎) 𝑝𝜋0 system 𝑏) ҧ𝑝𝜋0 system 𝑐) 𝑝 ҧ𝑝 system

• Black: Data
       Red: Signal MC

• The data and signal MC 
are well consistent.
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 Distributions of momentum and angle (@2.1250 GeV)

Missing 𝜋0

𝑎) 𝑝𝑝 𝑏) 𝑝 ҧ𝑝 𝑐) 𝑝𝜋0

𝑑) cos(𝜃𝑝) 𝑒) cos(𝜃 ҧ𝑝) 𝑓) cos(𝜃𝜋0)
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 Distributions of the invariant mass of two bodies (@2.1250 GeV)

Missing 𝑝

𝑎) 𝑝𝜋0 system 𝑏) ҧ𝑝𝜋0 system 𝑐) 𝑝 ҧ𝑝 system

𝑒)  MC𝑑)  Data

• Black: Data
       Red: Signal MC

• The data and signal MC 
are well consistent.
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 Distributions of momentum and angle (@2.1250 GeV)

Missing 𝑝

𝑎) 𝑝𝑝 𝑏) 𝑝 ҧ𝑝 𝑐) 𝑝𝜋0

𝑑) cos(𝜃𝑝) 𝑒) cos(𝜃 ҧ𝑝) 𝑓) cos(𝜃𝜋0)
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