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Overview
• Many methods for reconstructing neutral current DIS variables (Q2, y, x) using scattered 

electron and Hadronic Final State (HFS) are complementary.  Which method is best 
depends on Q2, y, x and the strength of QED radiation.

• QED radiation can produce tails in Q2, y, x distributions if it is not identified and 
handled in the event.

• Machine learning can address both of these issues to provide a single reconstruction 
method that optimally uses all available information in the event.

• This approach also leads to smaller uncertainties and correlations in unfolding as well 
as other advantages.
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QED Radiation
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We use the following practical definitions of QED 
radiation

Initial State Radiation (ISR):  the radiated photon is 
closer to the electron beam direction.

Final State Radiation (FSR): the radiated photon is 
closer to the scattered electron direction.

We use the RAPGAP MC generator for our studies.

RAPGAP implements HERACLES for higher-order QED 
radiation.

Zero if no FSR,
>0 with FSR

Zero if no ISR,
>0 with ISR

Born-level Deep 
Inelastic Scattering

Radiative leptonic 
tensor including higher-
order QED corrections

Practical implementation 
in MC event generators.

ISR FSR
Effective coupling
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We use the following practical definitions of QED 
radiation

Initial State Radiation (ISR):  the radiated photon is 
closer to the electron beam direction.

Final State Radiation (FSR): the radiated photon is 
closer to the scattered electron direction.

We use the RAPGAP MC generator for our studies.

RAPGAP implements HERACLES for higher-order QED 
radiation.

Zero if no FSR,
>0 with FSR

Zero if no ISR,
>0 with ISR

Definition of DNN regression learning targets 
or the “true” Q2, y, x.

Standard definitions for events with no QED 
radiation in terms of beam electron     , 
scattered electron     , and beam proton      4-
vectors.

For events with QED radiation
Use post-ISR beam electron 4-vector
Use pre-FSR scattered electron 4-vector

<̀latexit sha1_base64="T5PIUmJp130s6TJvsYEwqWfJqkA=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpF262YTdjVBKf4MXD4p49Qd589+4aXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzf5X77CZXmiXw0kxSDmA4ljzijxkp+D4Uo9ytVt+bOQVaJV5AqFGj2K1+9QcKyGKVhgmrd9dzUBFOqDGcCZ+VepjGlbEyH2LVU0hh1MJ0fOyPnVhmQKFG2pCFz9ffElMZaT+LQdsbUjPSyl4v/ed3MRDfBlMs0MyjZYlGUCWISkn9OBlwhM2JiCWWK21sJG1FFmbH55CF4yy+vkla95l3W6g9X1cZtEUcJTuEMLsCDa2jAPTTBBwYcnuEV3hzpvDjvzseidc0pZk7gD5zPH0RfjlM=</latexit>

`0
<latexit sha1_base64="HbTKWXhYop8vVvf4wNwCvV82zVo=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lU0GPRi8cK9gPaUDbbSbt2swm7G6GU/gcvHhTx6v/x5r9x0+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0m/mtJ1Sax/LBjBP0IzqQPOSMGis1uyjEaalXrrhVdwayTLycVCBHvVf+6vZjlkYoDRNU647nJsafUGU4EzgtdVONCWUjOsCOpZJGqP3J7NopObFKn4SxsiUNmam/JyY00nocBbYzomaoF71M/M/rpCa89idcJqlByeaLwlQQE5PsddLnCpkRY0soU9zeStiQKsqMDSgLwVt8eZk0z6veRfX8/rJSu8njKMIRHMMZeHAFNbiDOjSAwSM8wyu8ObHz4rw7H/PWgpPPHMIfOJ8/pieOhA==</latexit>

p
<latexit sha1_base64="CehxkqebnhWh6/1u4vkT1pSxxnI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2k3bpZhN2N0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4NvPbT6g0j+WjmSToR3QoecgZNVZ6SEr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzH+lCrDmcBZqZdqTCgb0yF2LZU0Qu1P55fOyJlVBiSMlS1pyFz9PTGlkdaTKLCdETUjvexl4n9eNzXhtT/lMkkNSrZYFKaCmJhkb5MBV8iMmFhCmeL2VsJGVFFmbDhZCN7yy6ukVat6F9Xa/WWlfpPHUYQTOIVz8OAK6nAHDWgCgxCe4RXenLHz4rw7H4vWgpPPHMMfOJ8/D/KNDA==</latexit>

Q2 = �q · q
<latexit sha1_base64="8At8Ac7Y6QmUwKndexyE2SW2weQ=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR3FhmqqAboejGZQv2AZ2xZDKZNjSTTJOMUGoX/oobF4q49Tfc+Tem7Sy09cCFwzn3cu89QcKo0o7zbeWWlldW1/LrhY3Nre0de3evoUQqMaljwYRsBUgRRjmpa6oZaSWSoDhgpBn0byZ+84FIRQW/08OE+DHqchpRjLSROvZB7b4MoQevTJ3CAfRwKDQcdOyiU3KmgIvEzUgRZKh27C8vFDiNCdeYIaXarpNof4SkppiRccFLFUkQ7qMuaRvKUUyUP5reP4bHRglhJKQpruFU/T0xQrFSwzgwnTHSPTXvTcT/vHaqo0t/RHmSasLxbFGUMqgFnIQBQyoJ1mxoCMKSmlsh7iGJsDaRFUwI7vzLi6RRLrlnpXLtvFi5zuLIg0NwBE6ACy5ABdyCKqgDDB7BM3gFb9aT9WK9Wx+z1pyVzeyDP7A+fwDjDJN2</latexit>

y =
p · q
p · `

<latexit sha1_base64="QVhp14AzzLgcSvX7+50hAbJmbV8=">AAACEnicbVDLSgMxFM34rPU16tJNsAi6KTNV0I1QdOOygn1AZyiZNNOGZpIxyQjDMN/gxl9x40IRt67c+Tem7YDaeuDCyTn3cnNPEDOqtON8WQuLS8srq6W18vrG5ta2vbPbUiKRmDSxYEJ2AqQIo5w0NdWMdGJJUBQw0g5GV2O/fU+kooLf6jQmfoQGnIYUI22knn2cQg9emPJCiXAGY+jhvtDwDuY/D48wlvfsilN1JoDzxC1IBRRo9OxPry9wEhGuMUNKdV0n1n6GpKaYkbzsJYrECI/QgHQN5Sgiys8mJ+Xw0Ch9GAppims4UX9PZChSKo0C0xkhPVSz3lj8z+smOjz3M8rjRBOOp4vChEEt4Dgf2KeSYM1SQxCW1PwV4iEy2WiTYtmE4M6ePE9atap7Uq3dnFbql0UcJbAPDsARcMEZqINr0ABNgMEDeAIv4NV6tJ6tN+t92rpgFTN74A+sj28x4Zv1</latexit>

x = � q · q
2 p · q

<latexit sha1_base64="NkBAE2MF7KtSk+OSKb3iJRJ2qfc=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQxJJUQTdC0Y3LCvYBTSiTyaQdOpmkMxOxhHyEG3/FjQtF3Lpw5984bSNo64ELZ865lzv3eDGjUlnWl1FYWFxaXimultbWNza3zO2dpowSgUkDRywSbQ9JwignDUUVI+1YEBR6jLS8wdXYb90RIWnEb9UoJm6IepwGFCOlpa55dA8deKHrGDqBQDgdQgf7kYLDLIVVrcc/b5h1zbJVsSaA88TOSRnkqHfNT8ePcBISrjBDUnZsK1ZuioSimJGs5CSSxAgPUI90NOUoJNJNJ0dl8EArPgwioYsrOFF/T6QolHIUerozRKovZ72x+J/XSVRw7qaUx4kiHE8XBQmDKoLjhKBPBcGKjTRBWFD9V4j7SGejdI4lHYI9e/I8aVYr9kmlenNarl3mcRTBHtgHh8AGZ6AGrkEdNAAGD+AJvIBX49F4Nt6M92lrwchndsEfGB/fSBGb3A==</latexit>

q ⌘ `� `0
<latexit sha1_base64="Q1mA1HTNnJCPy0xUgaBzWzvJ9Qs=">AAACAnicbZDLSgMxFIbP1Futt1FX4iZYRDeWmSrosujGZQV7gc5QMmmmDc1cmmQKZShufBU3LhRx61O4821Mp7PQ6oGQj/8/h+T8XsyZVJb1ZRSWlldW14rrpY3Nre0dc3evKaNEENogEY9E28OSchbShmKK03YsKA48Tlve8Gbmt8ZUSBaF92oSUzfA/ZD5jGClpa55MEIOcugoYeMMOEdn2XXSNctWxcoK/QU7hzLkVe+an04vIklAQ0U4lrJjW7FyUywUI5xOS04iaYzJEPdpR2OIAyrdNFthio610kN+JPQJFcrUnxMpDqScBJ7uDLAayEVvJv7ndRLlX7kpC+NE0ZDMH/ITjlSEZnmgHhOUKD7RgIlg+q+IDLDAROnUSjoEe3Hlv9CsVuzzSvXuoly7zuMowiEcwSnYcAk1uIU6NIDAAzzBC7waj8az8Wa8z1sLRj6zD7/K+PgGk62Vng==</latexit>



Machine Learning strategy

5

Provide complete reconstruction information on the scattered electron and the 
Hadronic Final State as inputs.

Provide additional event observables that can indicate the presence of a QED 
radiation photon (ISR or FSR) and help quantify the radiation effects.

Feed all useful information into a regression Deep Neural Network (DNN) that 
predicts Q2, y, and x.



DNN inputs
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QED radiation:

ISR radiation (4):
E, h, and Df of photon in event closest to 
electron beam direction, where Df is w.r.t.
the scattered electron.

Number of ECAL clusters within DR<0.4 around 
electron.

FSR radiation (3):
ECAL energy within DR<0.4 around electron 
divided by the electron track momentum.

DIS reconstruction (Q2, y, x):

from event 
reconstruction

from event 
reconstruction

Scattered electron (3):  E, pT, and pz.

HFS (3):  E, pT (T), and pz.

Df between the scattered electron and HFS.

The difference Se - S.

Training samples:  RAPGAP generator and 
DELPHES fast simulation of ATHENA.
NC DIS with Q2

gen > 200 GeV2.  
32 GeV < event (E-pz) < 40 GeV ,  (±4 GeV 
around 2Ee)



Machine Learning : Deep Neural Network 
Sequential network with 8 layers.

Activation: relu for first layer, selu for middle.

Nodes per layer:   Nin, 64, 128, 512, 
1024, 512, 128, 64, Nout.

Samples: 28 million events, evenly split for 
training and validation.  Q2

gen> 200 GeV2.

Adam optimizer, learning rate 10-5.

15 inputs from previous slide, transformed to 
zero mean, unit RMS..

Training converges after ~40 to ~100 epochs in 
around 30 to 60 minutes on GPU machine.

Batch size 1024.

Applied this basic DNN structure to the 
following tasks:

QED radiation classification : ISR, FSR, 
NoR

QED radiation quantification :  predict 
pz

bal and pT
bal.

DIS reconstruction : Q2, y, x.
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Huber loss function with d = 0.01. 



Network diagram
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Q2

y

x
There are 1,197,184 connections in the network.

15 64 128 512 1024 512 128 64 3

L0 L1 L2 L3 L4 L5 L6 L7 L8

Ee
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DIS reconstruction :  regression DNN for Q2, y, x
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DNN has similar 
core resolution to 
best conventional 
method (electron at 
high y, DA at low y).

Large tails from 
QED radiation in 
conventional 
reconstruction 
methods absent in 
DNN.



10RMS and mean calculated for events with measured / gen ratio between 0 and 2.

DNN outperforms 
all conventional 
reconstruction 
methods.

DNN has 
smallest RMS 
and essentially 
no bias.
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Electron method has 
better core resolution 
than DNN for y>0.15 in 
NoR events (no tails).

DNN resolution 
much less affected 
by QED radiation

RMS and mean calculated for events with measured / gen ratio between 0 and 2.

Resolution (RMS) vs ygen
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RMS and mean calculated for events with measured / gen ratio between 0 and 2.

All methods (except 
hadron) are unbiased in 
events with no QED 
radiation 

DNN remains unbiased in 
events with QED 
radiation, while other 
methods have large bias.

DNN has successfully 
learned how to 
mitigate QED 
radiation effects.

Bias (mean) vs ygen
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Resolution on x in bins of ygen

DNN has better core resolution 
than best conventional method 
(electron at high y, DA at low y).

DNN distributions much 
more symmetric, free of 
large QED radiation tails.

H1 Full Simulation
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Benefit of ML Approach 
in Unfolding

We use all useful event information 
in the DNN inputs.

We train the DNN regression 
directly for what we want (the 
“true” Q2, y, x), not the particle-
level version of the reconstruction 
variables.

Standard unfolding is still 
necessary, but it has less to do.

Result: unfolding response matrix is 
much more diagonal.

Smaller statistical uncertainties.

Smaller bin-to-bin correlations.
JINST 17 (2022) P07009

https://iopscience.iop.org/article/10.1088/1748-0221/17/07/P07009


Advantages of Machine Learning Reconstruction in Unfolding

The response matrix for the DNN is much more diagonal at 
high x.

This translates into smaller statistical errors and smaller 
correlations in the unfolding results at high x.

15

H1 full simulation
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Generator Model Systematic Uncertainty in the Unfolding

Resuts of unfolding pseudodata from one generator using the response matrix 
from another generator.

Model systematic uncertainty is substantially reduced in the DNN approach.



Djangoh, NoRad / Nominal ratios  (QED correction)

Only event selection applied is Gen Q2 > 200
H1 full simulation

We train the DNN directly for what we want (the 
true Q2, y, and x  in no-Rad, post-ISR, or pre-FSR ).

The unfolding of detector effects is much 
improved.

This approach also leads to a much smaller QED 
correction.
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Taking things further...

electron

HFS

Completed work 
(this talk)

Inputs:
electron 4-vector
HFS 4-vector

electron

HFS

Inputs:
electron 4-vector
HFS reconstructed 
particle-flow candidates

Add more granular 
HFS information

Add even more granular 
HFS information

electron

Inputs:
electron 4-vector
HFS tracks and 
calorimeter hits



Conclusions
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We have applied modern machine learning techniques to reconstructing the kinematics 
of Deep Inelastic Scattering. 

Our method includes observables from the event that allow QED radiation effects to be 
significantly reduced in the reconstruction.

We have demonstrated our method in the full simulation of H1.

The DNN approach outperforms all conventional reconstruction methods in the full range 
of y for Q2 > 200 GeV2.

By training directly for what you want, you get better unfolding results and other 
advantages.

Improved resolution can extend the reach of existing data at high x.

NIMA 1025 (2022) 166164

JINST 17 (2022) P07009

https://doi.org/10.1016/j.nima.2021.166164
https://iopscience.iop.org/article/10.1088/1748-0221/17/07/P07009
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Extra Slides



Demonstration of DNN with H1 full simulation
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RAPGAP 3.1 generator (includes HERACLES).

GEANT 3 detector simulation.

Includes real calorimeter noise.

HERA beam energies:  Ee = 27.6 GeV, Ep = 920 GeV.

Includes run-specific conditions.

Event selection:

45 GeV < event (E-pz) < 65 GeV  (±10 GeV around 2 Ee) 

Around 11 million events, evenly split for training and validation.

NC DIS with Q2
gen > 200 GeV2.

Employ standard reconstruction methods for electron and HFS.

Demonstration of DNN 
technique with highly tuned, 
well understood, data-
validated full simulation 
from the H1 experiment.
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DNN has better core 
resolution than best 
conventional 
method (electron at 
high y, DA at low y).

DNN distributions 
much more 
symmetric, free of 
large QED radiation 
tails.
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DNN resolution 
outperforms all 
conventional 
methods.

DNN resolution 
degrades for 
y<0.15, not seen 
in ATHENA 
fastsim study (but 
understood).
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Advantages of Machine Learning in Purity and Stability
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Tighter resolution leads to higher Purity and Stability.  Extends the reach of measurements.

H1 full simulation
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Advantages of Machine Learning in Purity and Stability H1 full simulation

Purity 
for DNN

Purity for 
eSigma

Approximate binning from H1 publication. x
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Advantages of Machine Learning in Purity and Stability H1 full simulation

Purity 
for DNN

Purity for 
eSigma

Possible finer binning.

DNN extends 
the reach at 
high x.

x
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H1 fastsim vs fullsim
DELPHES fastsim does not include noise hits in 
the calorimeter.

Adding an additional noise-resolution-
acceptance component (simple ad-hoc model) 
to the fastsim gives much better agreement 
with fullsim.

Trandom::Landau , mu=0, sigma = 0.05 GeV
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Test of adding same 
ad-hoc noise model 
to ATHENA fastsim. 

DNN resolution does 
degrade for y<0.15.

Reran entire procedure, 
including DNN training, with 
noise-added fastsim sample.

DNN still significantly 
outperforms 
conventional 
methods.
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Test of using DNN trained in RAPGAP sample to make predictions in DHANGOH sample.



QED Radiation
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Radiated from 
beam electron 
(ISR)

Radiated from 
scattered electron 
(FSR)

Angle between electron and photon (radians) Angle between electron and photon (radians)



The ATHENA experiment and DELPHES fast simulation
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Electron Ion Collider (EIC)
beams:  275 GeV (p), 18 GeV (e)

ATHENA experiment
3 T solenoid
All silicon tracker
Very good particle ID
Large acceptance (-4 < eta < 4)

DELPHES fast simulation
Detailed momentum smearing of gen
particles 

See references in extra slides for more info.

Extremely good 
momentum resolution!

Event selection for this presentation

Generated Q2 > 200 GeV2 

32 GeV < event (E-pz) < 40 GeV ,  (±4 GeV around 2Ee)  reduces QED radiation



QED radiation : classification DNN
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Learning targets: three binary state variables for ISR, FSR, NoR.

Output layer is 3 nodes for ISR, FSR, NoR with softmax
activation (each is 0 to 1, with sum = 1).

Loss function is categorical cross entropy.

Some QED 
radiation events 
are strongly 
identified.



QED radiation :  regression DNN for pz
bal and pT

bal

38

Learning targets are gen values of pz
bal and pT

bal.

Output layer is two nodes for pz
bal and pT

bal with 
linear activation.

Loss function is Huber.

DNN accurately estimates pz
bal and pT

bal in 
many events.



DIS reconstruction :  regression DNN for Q2, y, x
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We tried three approaches:

1. Add 3 QED classification outputs (ISR, FSR, NoR) to 15 other inputs.

2. Add 2 QED regression outputs (pz
bal and pT

bal) to 15 other inputs.

3. Use the same 15 inputs as in QED DNNs.

Learning targets are log of gen values of Q2, y, and x.
Three output nodes for log of Q2, y, and x with linear activation.
Loss function is Huber.



DIS reconstruction :  regression DNN for Q2, y, x
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We tried three approaches:

1. Add 3 QED classification outputs (ISR, FSR, NoR) to 15 other inputs.

2. Add 2 QED regression outputs (pz
bal and pT

bal) to 15 other inputs.

3. Use the same 15 inputs as in QED DNNs.

All 3 give essentially identical results!

Learning targets are log of gen values of Q2, y, and x.
Three output nodes for log of Q2, y, and x with linear activation.
Loss function is Huber.

We choose the simplest option (3).
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H1 full simulation
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H1 full simulation



Djangoh, NoRad / Nominal ratios  (QED correction)

Only event selection applied is Gen Q2 > 200
H1 full simulation



arXiv:1206.7007 : H1 high Q2 Cross Section paper

Purity : denominator is histogram binned in 
observed x and Q2.

Stability : denominator is histogram binned in 
gen x and Q2.

Numerator for both Purity and Stability :  
histogram where both obs and gen are in 
same bin.
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