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Objectives for AI-driven studies of the 𝜋+𝑛 electroproduction data.

• Explore AI capabilities to evaluate two-fold differential 𝜋+𝑛 electroproduction cross section 
and to provide interpolation/extrapolation on a user-defined kinematic grid. Assess 
accuracy of data prediction.

• Explore AI capabilities to establish the dynamics of 𝜋+𝑛 electroproduction reaction from 
the studies of multi-dimensional correlations in the measured observables, in particular, 
the ability to reproduce the 𝜑-dependence (see Eq in slide #4) for an algorithm with no 
prior constrains.

• Explore AI capabilities to reproduce two-fold differential 𝜋+𝑛 electroproduction cross 
section in the areas of small or zero acceptance.
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Dataset from CLAS experiment
The measured cross sections are stored in the CLAS Physics Database

created in collaboration between Hall B at Jefferson Lab and SINP MSU
https://clas.sinp.msu.ru/cgi-bin/jlab/db.cgi  

𝐸, 𝐺𝑒𝑉 ∈ {5.754, 5.499, 1.515}
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Beam energies for the 
data included in AI/ML 
studies:

https://clas.sinp.msu.ru/cgi-bin/jlab/db.cgi
https://clas.sinp.msu.ru/cgi-bin/jlab/db.cgi
https://clas.sinp.msu.ru/cgi-bin/jlab/db.cgi


Kinematic coverage
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Network architecture
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Rumelhart, D., Hinton, G. & Williams, R. 
Learning representations by back-propagating 
errors. Nature 323, 533–536 (1986). 
https://doi.org/10.1038/323533a0



Validation – baseline: Quality of the training
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Mean absolute error of AI algorithm of cross-section prediction on a test samples:

Average value and error of cross sections (experimental):
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MAE error is smaller than average error of differential cross-section.

Good quality of training!



𝐸 = 5.754 𝐺𝑒𝑉;𝑄2 = 2.915 𝐺𝑒𝑉2

1st resonance region

Validation
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𝐸 = 5.754 𝐺𝑒𝑉; 𝑄2 = 2.915 𝐺𝑒𝑉2 - 1st resonance maximum
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Red dots with error bars – 
experimental data

Blue line – fit of the 
experimental data by Eq. in 
slide #4

Green line - Neural network 
predictions with uncertainties 
shown by green areas obtained 
from bootstrap

good representation of the 𝜑-depende

AI algorithm provides 
predictions for 𝜋+𝑛 differential 
cross sections  within 𝜑-ranges 
where the data are not available

AI algorithm is capable of determining
𝜑-depende of 𝜋+𝑛 differential cross 
sections from the multi-dimensional 
data analysis  

𝐸:  5.754 𝐺𝑒𝑉, 𝑊: 1.23 𝐺𝑒𝑉, 𝑄2:  2.915 𝐺𝑒𝑉2, cos 𝜃 :  0.9.

𝐸:  5.754 𝐺𝑒𝑉, 𝑊: 1.23 𝐺𝑒𝑉, 𝑄2:  2.915 𝐺𝑒𝑉2, cos 𝜃 : −0.7.

𝐸:  5.754 𝐺𝑒𝑉, 𝑊: 1.23 𝐺𝑒𝑉, 𝑄2:  2.915 𝐺𝑒𝑉2, cos 𝜃 : −0.1.
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Red dots with error bars – 
structure functions from the 
experimental data fit.

Black line – predicted 
structure function obtained 
from the moments of the 
predicted within AI/ML cross 
sections with uncertainties 
from bootstrap

Blue line – the center of the 1st 
resonance region  (W=1.23 
GeV) 

Green line – the center of the 
2nd resonance region (W=1.52 
GeV) 

Purple line –  the center of 3rd 
resonance region for 𝜋+𝑛 
(W=1.68 GeV) 

𝐸 = 5.754 𝐺𝑒𝑉; 𝑄2 = 2.915 𝐺𝑒𝑉2 - structure functions
𝐸:  5.754 𝐺𝑒𝑉, 𝑄2:  2.915 𝐺𝑒𝑉2, cos 𝜃 :  0.9.

𝐸:  5.754 𝐺𝑒𝑉, 𝑄2:  2.915 𝐺𝑒𝑉2, cos 𝜃 : −0.1.

𝐸:  5.754 𝐺𝑒𝑉, 𝑄2:  2.915 𝐺𝑒𝑉2, cos 𝜃 : −0.9.
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Replica method
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1. Fix experimental dataset → 𝑫𝑺𝒆𝒙𝒑
𝒋,𝒌

 , where 𝑫𝑺𝒆𝒙𝒑
𝒋,𝒌

= 𝑫𝑺𝒆𝒙𝒑
𝒋−𝟏,𝒌

∪
𝒅𝝈

𝒅𝜴𝒆𝒙𝒑

𝒌

2. Train a model 𝑴𝒓𝒆𝒑𝒍.𝒈𝒆𝒏. (𝑜𝑛 𝑫𝑺𝒆𝒙𝒑
𝒋,𝒌 ) and make predictions → 𝒅𝝈

𝒅𝜴𝒓𝒆𝒑𝒍.𝒈𝒆𝒏.

𝒌

3. Generate 100 pseudodata vectors of cross-sections 𝒅𝝈

𝒅𝜴𝒓𝒆𝒑𝒍

𝒊,𝒌
via Gaussian blurring 

technique with params: 

  𝝁𝒌 =
𝒅𝝈

𝒅𝜴𝒓𝒆𝒑𝒍.𝒈𝒆𝒏.

𝒌
, 𝝈𝒌 =

𝒅𝝈

𝒅𝜴𝒆𝒓𝒓𝒐𝒓

𝒌
,  where 𝒅𝝈

𝒅𝜴𝒆𝒓𝒓𝒐𝒓

𝒌
⊂  𝑫𝑺𝒆𝒙𝒑

𝒋,𝒌

4. Train 100 models 𝑴𝒓𝒆𝒑𝒍
𝒊  on corresponding 𝑫𝑺𝒓𝒆𝒑𝒍

𝒊,𝒋,𝒌
= 𝑫𝑺𝒆𝒙𝒑

𝒊,𝒋−𝟏,𝒌
∪

𝒅𝝈

𝒅𝜴𝒓𝒆𝒑𝒍

𝒊,𝒌
 

and make 100 cross-sections prediction vectors 𝒅𝝈

𝒅𝜴𝒓𝒆𝒑𝒍.𝒑𝒓𝒆𝒅𝒔.

𝒊,𝒌

5. Take standard deviation 𝝈 and average 𝝁 from 𝒅𝝈

𝒅𝜴𝒓𝒆𝒑𝒍.𝒑𝒓𝒆𝒅𝒔.

𝒊,𝒌
 compare with 𝒅𝝈

𝒅𝜴𝒆𝒙𝒑

𝒌
. 

𝒊 ∈ 𝟎, 𝟗𝟗 , 𝒋 ∈ 𝟎, 𝟓 , 𝒌 ∈ [𝟎, 𝟗𝟖𝟐𝟎𝟕]
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Replicas prediction
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Step 3 – replicas prediction validation

For each point in phase 
space, 100 predictions were 
made on 100 replica models 

and the green area 
represents 1 standard 

deviation over these 100 
predictions for each point.

𝐸:  5.754 𝐺𝑒𝑉, 𝑊: 1.23 𝐺𝑒𝑉, 𝑄2:  2.915 𝐺𝑒𝑉2, cos 𝜃 : −0.7.

𝐸:  5.754 𝐺𝑒𝑉, 𝑊: 1.23 𝐺𝑒𝑉, 𝑄2: 1.715 𝐺𝑒𝑉2, cos 𝜃 : −0.1.
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Replicas prediction validation
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MAID comparisons



Replicas prediction validation
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• The model 𝜋+𝑛 cross sections 
were computed from MAID07 within 
the entire kinematic area (black 
lines)

• AI was trained on the grid, where 
CLAS cross sections (red data 
points) are available, to reproduce 
the MAID07 quasi-data (black 
points). The AI estimates (green 
lines) are compared with MAID07 
results within the entire reaction 
phase space.

• AI algorithm well reproduce the 
MAID cross sections within areas of 
zero acceptance



Conclusions

• The  AI-driven approach for evaluations of the 𝜋+𝑛 differential cross sections and structure 
functions from the data measured with CLAS has been developed. The approach reproduces the 
available experimental results with good accuracy and offers predictions for 𝜋+𝑛 electroproduction 
observables within the area of 1.1 𝐺𝑒𝑉 < 𝑊 <  2 𝐺𝑒𝑉 and 0.5 𝐺𝑒𝑉2 < 𝑄2 < 4 𝐺𝑒𝑉2. 

• AI algorithms establish the 𝜑-dependence of 𝜋+𝑛 cross sections from multi-dimensional data 
analysis without prior knowledge.

• AI algorithms allow us to evaluate 𝜋+𝑛 differential cross section within the reaction phase space
where the experimental data are not available (in particular, in the areas of zero acceptance) from 
accounting for multi-dimensional correlations. 

• The structure functions for 𝜋+𝑛 electroproduction have been deduced from the CLAS data at 
1.1 𝐺𝑒𝑉 < 𝑊 <  2 𝐺𝑒𝑉 𝑎𝑛𝑑 0.5 𝐺𝑒𝑉2 < 𝑄2 < 4 𝐺𝑒𝑉2
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Thank you 
for your attention!
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