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- Goals

- Software framework

- GPD models, Compton Form Factors and cross sections formalism

- Event generator

- Projections

- Fits

Outline

Credit in parts of this work and presentation:  Kemal Tezgin (current postdoc), 
Tyler Schroeder, Renaud Lustrat (former undergrads) + few other undergraduates

This work is supported by DOE grants DE-SC0025657 (multichannel, experimental aspects)
and DE-SC0024618 (software, models)
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Our goals and about this project

- Theoretical projections and feeding event generators for experimental projections
for various hard exclusive reactions

- Ability to use different models of GPDs and different formalism for the cross sections

- Compute various observables

- Impact studies and fits of CFFs 

- Multi-channel analysis

- C++ software containing our various models which can be interfaced to fitter codes, 
event generators and experimental Monte-Carlo

- First version of this work in 2015, with significant updates in 2018/2019/2021, and major 
developments since Kemal Tezgin joined the group in 2024 with EXCLAIM collaboration
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Architecture of the C++ software

What has been done so far (credit: Kemal Tezgin):
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GPD models implemented 
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from this code:

* at t=0 to compare with 1999 article
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GK model GPDs
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DVCS+BH
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In our software, based on GK model: pions
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Software: our next steps

- Adding GPDs from GLL model and other versions of VGG (maybe other models too)

- Adding more options for FFs and pdfs parametrizations to fit a broader kinematic range

- Completing implementation of cross sections we have in other codes based on VGG, GK, 
BKM, GLL models, for comparisons in projections and systematic studies in so-called
“model-independent” fits => are we really model independent?

- Adding other reactions we have in various independent codes / from various groups 
 (so far DVCS, π+, π°; next step TCS, DDVCS, vector mesons/quarkonias)

- Current work from UVA group and Kemal on new DVCS formulation

parametrization

observables

=> Status is we can make projections and the structure is in place, 
we need to implement various modules and expend models 
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arXiv:2408.00163v1 [hep-ph] 
This work in preparation with the 
EXCLAIM collaboration

(some of us below)
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Pipeline of physics informed deep learning framework that goes 
from exclusive scattering data to information on hadron structure

EXCLAIM collaboration goals and connection to this work

arXiv:2408.00163v1 [hep-ph] 

- Using AI/ML tools at various levels, in simulations, fitting data, analysis, connecting lattice
data and phenomenological models… [we have collaborators from theory, lattice, CS]

- This software enables to connect and/or compare various models and expend the fitting 
framework, as well as input for event generator to make experimental projections, “fed-back” into
analysis tools (all this work in progress) 
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Event Generators
DEEPGen (Deep Exclusive Electro- and Photo-production Generator)
Developed for projections of future experiments at JLab since 2015 (last public version 
released 2019). Has been successfully tested against JLab data and other codes

and it’s EIC-kinematic extension DEEPSim (developed since 2021 – not public yet, 
we still want to improve it and add more models and reactions)

DEEPGen DEEPSim

DVCS rho
TCS J/psi
DDVCS Upsilon
VCS not completely tested: DVCS, TCS
Elastic, DIS
pion (low Q²)
kaon (low Q²)

test versions for: 
phi, rho, J/psi https://solid.jlab.org/wiki/index.php/DEEPGen_event_generator
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Principle

Specific:   - weighted events, multiple weights possible (various models, subprocesses…)
  - input grids, can use various models
  - output to any format (root, HEP, can feed into GEANT)
  - possible kinematic cuts or spatial cut, for instance for Hall A/C experiments 
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Specific to DEEPGen
tuned to JLab kinematics (11 GeV, special version for 22 GeV)
optional tuning for Hall C experiments (narrow angles)

- user defined kinematic range
- target material (proton, neutron, nucleus* ) and polarization (perp or //)
- beam energy and polarization. Electron and (polarized) photon supported)

 

- output format
- spatial / kinematic cuts
- radiative corrections*

Will feed from our 
new software

*nucleus: only target density, no nuclear effect *rc next slide 
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Specific to DEEPGen

DVCS, TCS, DDVCS: based on VGG model GPDs 

VCS, pions: based on MAID 2007 (Pasquini et al.)

quarkonia (J/psi, Upsilon – in “high energy” version) “homemade” parametrization based on Brodsky et al.

Radiative corrections: based on Mo&Tsai, user-defined cut-off, only external correction implemented
Calculating bremsstrahlung in the target and internal real corrections as "equivalent radiator"
Use virtual photon flux correction factor to rescale the energy to the electron beam after corrections.
For heavy target and high energy beam, possibility to radiate a cascade of photons in the target.  
[internal corrections will be added for Compton-like reactions, already implemented to VCS]

Photoproduction: photon beam is coming from bremsstrahlung and/or quasi-real photons. 
outgoing electron can radiate photons, as ig the interaction happen at half of the target lenght.
Beam energy profile is corrected at analysis level (for experimental projections)

Polarization vectors: each target nucleon and electron is assigned a random spin, photons can also 
be linearly polarized. Output file provides all options: unpolarized, single and double polarized cross-sec.
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Event weighting

DVCS+BH and VCS+BH weights are expressed in nb.GeV-4rad-1

TCS+BH weights are expressed in pb.GeV-4.rad-2

DDVCS+BH weights are expressed in pb.GeV-6.rad-3

VCS+BH weights are expressed in pb.GeV-4

exclusive π° or π+N weights are expressed in nb.GeV-4 

W (unpolarized) = dσ/(dt dQ² dxbj d_φ) 

cross_tot_unpol = unpolarized cross section for real photon beam
cross_BH        = Bethe-Heitler "only" unpolarized cross section for real photon beam
cross_TCS       = TCS "only" unpolarized cross section for real photon beam
cross_tot_pol   = beam + target polarized cross section (real photon / dilution factors)
cross_tot_pol_beam = beam only polarized cross section (real photon / dilution factor)
cross_tot_pol_target = target polarized cross section (real photon / dilution factor)

W_tot_unpol     = actual total unpolarized cross section with flux factor for quasi real beam
W_BH            = B-H "only" unpolarized cross section with flux factor for quasi real beam
W_TCS           = TCS "only" unpolarized cross section with flux factor for quasi real beam
W_tot_pol       = beam + target actual polarized cross section (quasi real beam + flux / dilution factors)
W_tot_pol_beam  = beam only polarized cross section (quasi real photon + flux / dilution factor)
W_tot_pol_target = target polarized cross section (quasi real photon + flux  / dilution factor)
BSA             = approximate single beam spin asymmetry at this kinematic (no dilution)
TSA             = approximate single target spin asymmetry (no dilution)
BTSA            = approximate double beam and target spin asymmetry (no dilution)

target_spindir  = spin orientation of target (+1 or -1)
beam_spindir    = spin orientation of beam (+1 or -1)
polbeamdeg      = beam polarization transfer times initial electron polarization rate (dilution factor)
poltargetdeg    = dilution factor of target polarization

user defined polarization options

very good to have for 
systematic studies, 
impact studies, 
experimental projections 
to assess feasibility

especially when BH
largely dominant 
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W_VCS_born      = VCS "only" unpolarized cross section, contains only the 2 born diagrams for photon emitted by the proton
W_VCS_nb        = VCS "only" unpolarized cross section, contains only the higher order terms/diagrams (non Born)

Event weighting

DVCS+BH and VCS+BH weights are expressed in nb.GeV-4rad-1

TCS+BH weights are expressed in pb.GeV-4.rad-2

DDVCS+BH weights are expressed in pb.GeV-6.rad-3

VCS+BH weights are expressed in pb.GeV-4

exclusive π° or π+N weights are expressed in nb.GeV-4 

W (unpolarized) = dσ/(dt dQ² dxbj d_φ) 

VCS case includes virtual corrections

Psi_s           = angle between reaction plane and spin direction of linearly polarized incoming photon (option linear polarization 
only)
cross_BH_x      = polarized differential cross section for BH if the beam spin is oriented "in plane" for the given kinematic
cross_BH_y      = polarized differential cross section for BH if the beam spin is oriented "tangent to plane" for the given 
kinematic

phi_s           = target spin orientation relative to the reaction plane (photons)

TCS case with linear photon polarization (diamond)

FlagSing        = if =1, this event is in the near-singularity region and has to be rejected for proper reconstruction (cut in θ, φ)
thetamin_nocut  = minimal θ above the near-singularity region for this given E, t, Q'²

TCS specific: generator level rejection of events near BH peaks
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TCS specific: generator level rejection of events near BH peaks
FlagSing        = if =1, this event is in the near-singularity region and has to be rejected for proper reconstruction (cut in θ, φ)
thetamin_nocut  = minimal θ above the near-singularity region for this given E, t, Q'²

Kinematic cuts / effective observables

each diagram responsible for a “sharp peak”
when e+ or e- becomes collinear to photon
Depends on t, Q’², E 

effect in pair production (TCS here, DDVCS)

+
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TCS specific: generator level rejection of events near BH peaks
FlagSing        = if =1, this event is in the near-singularity region and has to be rejected for proper reconstruction (cut in θ, φ)
thetamin_nocut  = minimal θ above the near-singularity region for this given E, t, Q'²

Kinematic cuts / effective observables

peaks, 
“removed”
by flag in 
generated 
data

before/after dynamic cut in theta
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Why multiple weights? 
Example of quick impact studies

- checking spread and size of asymmetries in specific bins
- comparison with “calculated”/ “measured” from polarized cross
sections or generator calculated asymmetries
- numerical way to calculate “effective” observables (in particular with 
kinematic dependent angular cuts in TCS and DDVCS) 
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Example of impact study for TCS
with a transverse polarized target

counts for each phi bins (x-axis) and kinematic xi, t bins
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Example of impact study for TCS
with a transverse polarized target

* part has been presented to Jlab
PAC in 2022, part never proposed
* figures: MB or Brannon Semp

Calculated single asymmetries from various model versions
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Projected single spin asymmetries in various bins 
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Calculated double asymmetries from various model versions
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Projected (ideal) double spin asymmetries in various bins
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Projected (realistic) double spin asymmetries in various bins
After passing through proposed Hall C setup (GEANT4 simulations)

large t, low xi
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large t, large xi

Projected (realistic) double spin asymmetries in various bins
After passing through proposed Hall C setup (GEANT4 simulations)
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Expansion to EIC with quarkonia

From work done with some undergrad students
(here JLab = Erik Wrightson mainly, EIC = Tyler Schroeder mainly)
slides credit: Tyler 
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Some projections made by Tyler from the 
generator, data used for projections
(not discussing here experimental 
considerations) 
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Why multichannel approach and universality studies?



34

Last step: “backtracking” from real or MC data to original CFFs and GPDs
in a single or multichannel approach
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Last step: “backtracking” from real or MC data to original CFFs and GPDs
in a single or multichannel approach
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SUMMARY

We are developing a full software framework to go from GPDs to CFFs and observable 
projections up to experimental projections, using an event generator

- multiple GPD and phenomenological model used

- collaboration with theorists / CS

- event generator already used for experiments at Jlab, extensions for EIC

- fits, currently done independently, will be added to this software

- software to be published (hopefully) end of the year
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